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Introduction

When faced with a severe wood shortage due to overcut-
ting, the ancient. Greeks began to design their homes and
cities so as to take advantage of the sun's ability to warm
buildings it winter and cool them in summer. Through

the ages many civilizations have learned to tap the multiple processes
set in motion by the sun to garner useful energy. Uneven heating of
the earth's surface produces wind, yesterday's winds are today's
waves, and a season's worth of solar energy is trapped in plants
whose residues can be burned as fuel.

Almost 15 years after the first major oil price rise wreaked havoc on
the world's economies, efforts to tap the planet's myriad sources of
renewable energy have met with mixed success. The 1986 oil price
collapse further set back many renewables programs, particularly in
the United States. Renewables offer a timely alternative to dwindling
oil supplies and to environmentally damaging coal combustion, but
policy support and financial backing need to be strengthened if their
contribution is to increase significantly in the years ahead.

Expandee:use of renewables and a greater commitment to energy
efficiency are the most cost-effective and environmentally sound ap-
proaches to mitigating many seemingly intractable problems. In the
United States, fossil fuel pollutants may cause as many as 50,000
premature deaths annually. Across the Atlantic, the air pollution
caused by burning these fuels is implicated in damaging 31 million
hectares of trees in central and northern Europe. Each year fossil fuel
combustion emits some 5.4 billion tons of carbon. Forest clearing
releases another 1.0-2.6 billion tons per year. Atmospheric carbon
dioxide concentrations have increased 9 percent since 1960 and 30
percent since 1860, contributing to the greenhouse effect that is pre-
dicted to change the earth's climate.'

I sincerely thank Hilary French for invaluable research assistance and Susan Norris for
production assistance. I am also grateful to Terry Clausen, Willem Floor, Paul Gipe
George Hagerman, Tom Jaras, Mike Jones, John Kadysewski, Eric Larson, Don Mariei,
Paul Maycock, Ross Pumfrey, and especially Kevin Porter for reviewing early drafts of
this manuscript.
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Completely averting global warming no longer appears possible. But
strengthening the commitment to renewable energy sources can help
delay the warming, as well as the rise in sea level and changed
precipitation patterns that would accompany it. Many renewables
technologies do not require combustion, while those that do will not
be net carbon contributors if enough planting occurs to offset the
amount of biomass burned. Hydropower alone effectively displaces
578 million tons of carbon emissions from coal-fired power plants
each year, equivalent to over 10 percent of total 1987 emissions from
fossil fuels.2

Biomass and hydropower, two long-used renewable energy sources,
already provide about 21 percent of total energy consumed world-
wide, 15 percent and 6 percent respectively. The distribution of this
use is uneven: Some of the poorest developing countries derive more
than 75 percent of their energy from the direct combustion of bio-
mass; others, well-endowed with water resources, obtain most of their
electricity from hydro projects.3

The literature is replete, unfortunately, with projects that failed when
they exceeded the renewable capacity of natural systems. An energy
source is only renewable if, with proper management, its sustained
use will not deplete supplies. Wind, sunlight, flowing water, plants,
and forests are examples of seemingly perpetual energy sources. In
many areas where fuelwood is the major contributor to energy sup-
plies, however, it can no longer be thought of as renewable. Con-
sumption rates have overtaken sustainable yields. An early calcula-
tion of environmental limits is thus an essential component of any
renewable energy project.

Despite erratic political and financial support, some of the new re-
newable energy technologies have made remarkable strides during
the past decade. Investments in their develupment and use now total
some $30 billion annually. Two-thirds is spent on hydroelectric proj-
ects financed by leading banks. Some sectorssmall hydropower,
geothermal energy, and biomassare growing rapidly. Others, such
as the wind Larbihe and solar thermal equipment industries, are
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"Biomass and hydropower already
provide about 21 percent of the total

energy consumed worldwide."

going through a difficult shakeout period during which marginal
companies will fold.'

A few countries also appear to be moving in the right direction.
Brazil, Israel, Japan, the Philippines, and Sweden are well on their
way toward major reliance on renewable energy sources. Brazil, for
example, obtains almost 60 Percent of its energy from renewables. In
1986, Brazil was the world's largest producer of alcohol fuels, the
second largest producer of fuelwood, and the fourth largest producer
of hydroelectric power. Even the most modem sectors of the econ-
omy, such as automobiles and steel production, depend on these
energy sources.5

Brazil illustrates well both the pitfalls and the promise of reliance on
renewables. Many of its large hydro projects were approved without
rigorous environmental assessments and without first introducing
energy efficiency measures. In some cases people were uprooted and
unique plant and animal species eradicated only to build generating
capacity that went unused. Other programs have resulted in real
progress. One-third of the steel manufactured in the country relies on
charcoal for the smelting process. Fast-growing eucalyptus planta-
tion,, provide most of the wood. Higher biomass yields and more
efficient charcoal making and smelting processes will soon mean that
just one-fifth as much land is required to support a given level of steel
production as was required in the seventies.6

In most other countries, efforts on renewables have ebbed and flowed
with the political tide. A concerted effort to increase their use will
help head off impending environmental crises and the threat posed to
national security by unreliable fuel imports. To take advantage of the
growth spurt in renewables that is sure to accompany the next up-
ward climb on the oil-price roller coaster, countries need to lay the
institutional groundwork today.

Removing price subsidies for fossil fuels, for example, would enable
renewables to compt.te fairly in the marketplace. Increasing the funds
available for research and development (R&D), or diverting them
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from other areas, would spur the advance of promising new technolo-
gies. And enhanced international cooperation in R&D would cut costs
and facilitate the spread of improved renewable energy technologies.
If expanded to include developing countries, such cooperation would
aid those economies most in need of restructuring their energy sec-
tors and wean them from imported petroleum. Developing countries
typically do not have the money, or the expertise, to independently
launch major renewable energy programs.

Much of the Third World can take special advantage of new renew-
ables technologies, however, because most are small in scale, have
zero cr minimal fuel costs, and can often be assembled with local
labor Small-scale technologies with short construction times provide
greater adaptability in responding to unpredictable growth in power
demand. Economies that depend on renewable fuels are not as vul-
nerable to supply disruptions or price volatility, nor are they forced to
spend their foreign exchange on fuel imports. Half of all developing
countries rely on imported oil for over 75 percent of their commercial
energy needs. Yet sunshine, wind, water, and biomass a-z all available
locally.?

An intensified global commitment to renewable energy sources will
put the world economy on more stable footing. Building resilience
into energy policies via efficiency measures and diversified, smaller
scale supply options will help provide the flexibility needed to adapt
to an unpredictable future. Unfortunately, many energy policy-
makers, complacent after the oil price plunge of the mid-eighties, are
not looking ahead.

Formulating an energy strategy that can suseainably meet future
needs will require better analyses of the trade-offs among various
energy sources. Energy planners and policymakers need to look
beyond construction, fuel, and operating costs and assess variables
such as the relative amounts of land and water required, the amount
of carbon dioxide and other gases emitted, and the toxicity and
volume of the waste products. They might ask, for example, which
would inundate more land. large, new hydroelectric projects or ex-
panded use of carbon-emitting coal combustion. New supplies must
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"Small-scale technologies with short
construction times provide gmater

adaptability in responding to
unpredictable growth in power

demand."

not only be appropriate to local circumstances, they must also help
ward off threats to the global environment.

9

Harnessing Water's Power

Hydroelectric power supplied 21 percent of the world's electricity ir.
1986less than coal and oil, but more than nuclear power. Growing
interest in developing hydroelectric power is largely an outgrowth of
governments' desire to be more self-sufficient in energy and to pro-
vide low-cost electricity, often to areas or industries not previously
served by electric utilities. Initially, planners conducted surveys of
potential sites for large-scale hydropower projects, more recently,
attention has focused on the availability of sites for smaller facilities.8

In 1986, Venezuela completed the Guri dam, the largest in the world.
With a 10,000-megawatt generating capacity it can produce as much
electricity as 10 large nuclear power plants. Brazil is in the process of
building a hydroelectric plant with 20 percent more capacity than the
Guri, and China is contemplating an even larger one. At the same
time, many countries, particularly in the Third World, are installing
generators thousands of times smaller on remote rivers and streams.
(A generating plant is usually classified as "small" if it has a capacity of
15 megawatts or less.) The electricity is used to provide power to
isolated, sparsely populated communities and agricultural processing
plants far from electric utility power lines.9

Most hydro plants larger than 1,000 megawatts that are under con-
strurtion or planned are located in developing countries or in remote
areas of industrial nations. Industrial countries have already tapped
their most promising sitesareas with a steep, narrow gorge through
which water can falland those locations that remain have generally
been set aside as parkland or effectively excluded from consideration
because of their natural beauty. Whereas North America and Europe
had developed 59 and 36 percent of their large-scale hydropower
potential, respectively, by 1980, Asia had harnessed just 9 percent,
Latin America 8 percent, and Africa 5 percento
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Brazil and China presently have the largest and most ambitious pro-
grams. China alone has 7.5,000 megawatts of large hydro projects
under construction and plans to complete twice that much by the turn
of the zentury. Brazil nearly tripled its hydroelectric generating capac-
ity by adding 21,535 megawatts between 1973 and 1983, projects to tap
the vast potential that remains are moving forward. New sites are
further from population centers and would thus incur higher trans-
mission costs, but ent:.usiasm still runs high in some quarters."

Many who have studied hydropower developments in Brazil believe
that the construction pros ram has developed a life of its own and that
more rivers are being dammed than necessary. Indeed, many of the
dams now under construction are legacies of the military govern-
ment, and would not be approved under today's stricter environmen-
tal regulations. The Balbina, for example, was ordered more than a
decade ago, is not yet operational, and will flood an area of 1,554
square kilometershalf the size of Long Island and as much as
required at another Brazilian dam (the Tucurui) that produces 15 times
as much power. Since Brazil is fairly flat, its hydroelectric reservoirs
art disproportionately large, and flooding them threatens many trop-
ical species with extinction. And wildlife rescue efforts, poor as thou
may be, are better organized and funded than initiatives to resettle
the human inhabitants.12

These monster dams constitute some of the largest engineering proj-
ects in the world. The 12,6C megawatt Itaipu dam in Brazil is five
miles long, and half as high as the Empire State Building. World Bank
projections indicate that 223,560 megawatts of large hydro capacity
will be added in developing countries between 1981 and 1995, more
than half of it in Brazil, China, and India. This is equivalent to 225
large nuclear plants, or 82 percent of the world's nuclear apaci: in
1986 Thirteen developing countries collectively installed more than
40,000 megawatts of hydroelectric power between 1980 and 1985. (See
Table 1.) But future growth is not likely to be as robust as anticipated
because of the Third World debt crisis and the consequent shortage of
investment capital.°
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Table 1: Thirteen Largest Additions to Hydroelectric Capacity in
Developing Countries, 1980-85

Operating Capacity
Country 1980 1985 Increase

(megawatts)

Brazil 27,267 42,762 15,495
China 20,318 25,788 5,470
Colombia 2,908 5,939 3,031
Romania 3,414 5,914 2,500

India 11,794 14,211 2,417
Mexico 6,491 8,626 2,135
Yugoslavia 6,115 7,841 1,726
Vietnam 330 1,800 1,470

Turkey 2,131 3,575 1,444
Pakistan 1,800 3,200 1,400
Zaire 1,077 2,477 1,400
Philippines 940 2,195 1,255
Nigeria 760 1,900 1,140

Total 85,345 126,228 40,883

Source: World Bank, A Survey of the Future Role of Hydroelectric Power in 100 Developing
Countries (Washington, D.C.: 1984).

In the United States, which has the largest installed hydroelectric
capacity, the dam-building era is winding to a close. Not a single new
large dam was approved to receive federal funding between 1976 and
1986. For dams that receive federal dollars after 1986, local govern-
ments have to put up half the money, a requirement that likely will
cause many projects to be cancelled and others to be reduced in size.
After 85 years of building massive water projects in the western
United States, the U.S. Bureau of Reclamation announced in 1987 that
its mandate to tap new water supplies had virtually expired and that
the agency would halve its work force over the next decade.14

13

11



12

Any large new supplies of hydroelectric power for the United States
are likely to be imported from Canada. In 1986, transborder sales
totaled 12.7 billion kilowatt-hours, about 0.5 percent of U.S. electricity
use. During the nineties, New Englanders may receive 7 percent of
their electricity from Quebec, for a price of about $3 billion. Offers to
sell additional hydroelectric power and to build new dams dedicated
in part to exporting power have been made by British Columbia,
Quebec, and Manitoba. The transactions hold special appeal to north-
eastern states with high electricity price.: and expensive nuclear
plants.°

In regions of the world where water is scarcer, plans to build cl...ms
and reservoirs can lead to international battles. Turkey, for example,
intends to vastly expand AF hydroelectric capacity, but construction of
its Ataturk dam on the Euphrates has already lowered water levels
downstream. Five of the eight 100-megawatt turbines at Syria's Tabaq
dam, completed in 1978, are reportedly out of the water as a result.
Iraq claims the same injustice has occurred to it from the Syrian dams.
Yet hydropower is a major component in the electricity supply sys-
tems of Egypt, Lebanon, and Syria, providing over 40 percent of total
capacity, and expansion plans are still being drawn up.16

Huge dams can make substantial contributions to economic de v-elop-
ment in electricity-short countries, but like any large electricity gener-
ating option, there are trade-offs. Reservoirs inundate forests, farm-
land, and wildlife habitat, and uproot entire communities of
indigenous peoples. If China proceeds with its Three Gorges proj-
ectthe world's largest at 13,000 megawattsseveral million people
will be displaced. Ain additional million people will be forced from
their homes in central India if a project to build 3,000 dams in the
Narmada Valley is pursued.r

Impounding a river radically changes the surrounding ecosystem.
Nutrient-bearing sediments, instead of being deposited on agri-
cultural floodplains and providing food for downstream fish, accumu-
late behind turbines and dams. Hydroelectric dams may also change
the temperature and oxygen content of downstream waters, altering
he mix of aquatic and riparian species. The construction of ever
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higher dams-113 will exceed 150 meters by 1990and the increased
prevalence of seismic activity near reservoirs are leading many to
speculate that the combination of increased water pressure and unsta-
ble geological formations will result in more frequent and severe 33
earthquakes. In tropical environments, reservoirs also expand the
breeding grounds for the carriers of malaria, schistosomiasis. and
river blindness.°

The reservoirs behind many large dams, especially those downstream
from deforested and poorly managed watersheds, have silted up
faster than anticipated, substantially shortening the working life of
projects and jeopardizing their economic viability. Siltation behind
the Ambuklao dam in the Philippines is estimated to have cut the
project's useful life in half. Revenue losses caused by sedimentation
behind the Cachi dam in Costa Rica have been estimated to reach
between $133 million and $274 million over a 50-year period. In
Colombia, an innovative program to transfer financial resources from
the lowland beneficiaries of hydropower development to upland
farmers is under way. A sales tax on electric power from major
hydroelectric plants has been authorized to help stabilize upland
watersheds through soil conservation and reforestation.°

Programs to alleviate the negative effects of dams on fish populations
include the installation of screens to divert fish away from the tur-
bines' dangerous blades and ladders to assist fish swimming up-
stream. More careful placement of intake structures can reduce down-
stream temperature changes, and increased turbulence raises the
water's oxygen level. These mitigation strategies have met with mixed
success and their effectiveness or lack thereof is the primary factor
blocking continued expansion of hydropower in the northwestern
and northeastern United States.2°

On a smaller scale, hydropower generation not connected to a central
grid totaled nearly 10,000 megawatts worldwide in 1983. Most of these
projects were in developing countries, but West Germany alone had
3,000 small units in operation. Frost & Sullivan, a market research
firm, predicts that decentralized hydropower in stand-alone systems
will climb to 36,000 megawatts by 1991.21
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A World Bank survey of 100 developing countries found that 31 of
them had more than doubled their hydroelectric capacity between
1980 and 1985. At least 28 of these have small-hydropower programs.
In Burundi, Costa Rica, Guatemala, Guinea, Madagascar, Nepal, Pa-
pua New Guinea, mad Peru, small-hydropower potential exceeds total
installed generating capacity from all energy sources. China leads the
world in this field, with some 90,000 turbines supplying electricity to
rural areas.n

Industrial countries are also realizing the contribution that small
hydro projects can make. By 1985, private entrepreneurs in the
United States had brought almost 1,000 megawatts of small hydro-
power on-line and electric utilities had installed more than twice that
amount. Almost 60 percent of the total 3,200 megawatts came on-line
during the eighties. Elsewhere, small dams that had fallen into dis-
repair are also being refurbished. Poland has begun to rehabilitate 640
small plants and in the Canadian province of Ontario, 570 formerly
developed sites have been identified.23

The technology for generating electricity from falling water is well
developed. Commercial systems have been available since the turn of
the century, when the first hydroelectric plant started producing
power at Niagara Falls on the U.S.-Canadian border. With most man-
ufacturers of turbine technology located in Europe and North Amer-
ica, however, hydro development in the Third World is often depen-
dent on foreign equipment suppliers.

Hydro projects are capital-intensive, and foreign currency require-
ments can mount rapidly. The capital costs of large projects are
generally in the $500-2,500 per kilowatt range, while those for small
projects vary from less than $1,000 to over $6,000 per kilowatt. Aver-
age costs for small facilities hover around $2,000. The primary factors
that determine project cost are the design, the equipment used, and
the frequent need for new civil works. Limiting the tendency to
overengineer projects can save several thousand dollars per kilowatt.
To this end, China, Colombia, India, Indonesia, Nepal, Pakistan, and
Thailand have all developed the capability to manufacture small tur-



"To operate well for many decades,
hydro projects require sound

management of entire watersheds."

bines domestically. China also exports these turbogenerators to both
industrial and developing countries.24

To operate well for many decades, hydro projects require sound
management, not just of equipment, but of entire watersheds. Frag-
mented institutional structures impede enlightened management be-
cause each function of a watershed belongs to a different agency. As
Brandeis University Professor Donald Worster writes in Wilderness
magazine, "Everybody wants a piece of [rivers], wants to siphon them
off, dump wastes in them, drink from them, or mow barges along
them, but no one has ever been given overall charge of protecting
their renewability."25 Hydroelectric power will not be truly renewable
until the functions of flood control, irrigation, transportation, power
production, tree planting, fisheries management, and sanitation are
coordinated within the overall goal of maintaining healthy and pro-
ductive rivers.

The power of the oceans is also being investigated as a potential
source of electricity. Many experimental and a few commercial facili-
ties have been developed to capture the energy of tides, waves, and
the temperature difference between surface and deep waters.

Although small tidal mills fn provide mechanical power were com-
mon along the north Atlantic coasts of Europe and North America
hundreds of years ago, only in recent decades has interest in using
tides to generate electricity been rekindled. Numerous small and
several fairly large plants are now operating. Each relies on a dam
built across the mouth of a cove to form a pond. As the rising tide
comas in, sluice gates open to allow water to enter. Soon after high
tide the gates are cicsed and water returning to the sea is directed
through an electricity generating turbine.

The power available from a tidal pond is proportional to the square of
the tide's range; A three-meter tide generates nine times as much
power as a one-meter tide. A survey of proposed projects worldwide
indicates that a minimum tidal range of three to five meters is re-
iuired for a tidal power plant to be considered economically feasible.

3 17
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The world's greatest resource exists at the upper end of the Bay of
Fundy in Canada, where the tidal range reaches 10-12 meters.26

For two decades the world's largest tidal plant, a 240-megawatt unit,
has performed well at the La Rance estuary in northern France. It was
built as a prototype, but is now operated commercially. A small 0.4-
megawatt plant started operating near Murmansk in the Soviet Union
at the same time. The Soviets plan to build a 40-megawatt plant at
Mezen Bay on the Kola Peninsula and a 300-megawatt unit at Lum-
bovka on the White Sea. China brought a 10-megawatt plant on-line
in 1986 after gaining operating experience at several smaller facilities.
An 18-megawatt tidal plant that was installed in an existing flood
control dam started operating in 1984 at Annapolis Royal, Nova
Scotia, on the Bay of Fundy."

Canada is assessing the merits, and perhaps more importar.11y the
drawbacks, of building 1,000-megawatt and larger facilities in use Bay
of Fundy. Scientists are studying the environmental impacts that such
large plants might have, both inside and outside the proposed tidal
reservoirs. Potential impacts inside include reduced tidal range,
which would dry out the perimeter, and reduced tidal current flows.
Potential outside-basin effects include altered sea levels, perhaps as
far south as Cape Cod, Massachusetts, and the death of migratory fish
species.28

The United Kingdom is considering a proposal to dam the Severn
Estuary on the west coast of England. The 16-kilometer barrage
would cost 7 billion pounds ($4 billion), and 192 turbogenerators
would be capable of producing 7,000 megawatts of electricity, enough
to meet 5 percent of the country's current electricity demand early
next century."

A problem common to all such facilities is the cyclical nature of the
tides coupled with the fact that the ,nost economical tidal plants only
produce electricity during ebb tide. Virtually all the requisite tech-
nology has been developed, for conventional hydroelectric projects
and marine construction firms, but the large economies of scale asso-
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"After years of experimentation,
Norway brought the world's first wave

power plants on-line in early 1986.

dated with tidal projects require multibillion-dollar investments. Gov-
ernments are looking to the private sector for financing, but such
costly high-risk ventures for projects that would only produce power
part of the time hold little appeal in today's energy markets. If backers
could be found, they would surely demand government assistance or
participation to mitigate the risks.30

After years of experimentation, Norwaya nation rich in hydro-
power, oil, and natural gasbrought the world's first wave power
plants on-line in early 1986. The two prototype plants have a com-
bined capacity of 0.85 megawatts. One plant consists of a 5,500 -
square -meter reservoir that is open to the sea via a 90-meter tapered
channel that narrows as it moves into the reservoir. As waves ap-
proach the apex, they spill water over the channel sides, keeping the
reservoir three meters above sea level. As it returns to the ocean, the
water is directed through a turbine, generating electricity.

The second plant, called an oscillating water column, produces elec-
tricity from both the rise and fall of individual waves. When the water
level rises in the column, it pushes air up through a turbine, as the
water level falls, air is pulled in from the atmosphere. Once again, the
air passes through a turbine, which spins in the same direction,
regardless of which way the air is flowing. Built for less than $1,900
per kilowatt, the column technology generates power for 4-60 per
kilowatt-houra competitive rate.3'

The success of these prototypes and the ease with which prospective
purchasers can survey the site, (-Ally 50 kilometers from the Bergen
airport, have prompted Indonesia, Portugal, and Puerto Rico to place
orders. Norway is also pleased with the results and plans to build
larger plants by 1990. Ironically, the United Kingdom, which did
much of the R&D work and then abandoned wave power as un-
economical, has now decided to build its own 200-kilowatt pilot plant
on the island of Islay off Scotland's west coast, based on Norway's
experience. The State Energy Commission of Western Australia has
also decided to support the construction of a 1-megawatt plant at
Esperance.32
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Japan operates several hundred small wave generators (0.5-3.0 kilo-
watts) to power its navigational buoys and has tested larger turbines
(125 kilowatts) aboard the experimental ship Kaimei in the Sea of
Japan. Other wave generating technologies in the range of 1 to 20
kilowatts have been developed and tested in the Soviet Union, Swe-
den, and the United States?

Temperature differences between the warm ocean surface and colder,
deeper layers may someday be used to generate electricity. Covering
70 percent of the earth's surface, the ocean is by far the largest natural
solar collector in the world. Surface temperatures in the tropics are
typically 27 degrees Celsius, and the water at 1,000 meters or below is
about 4 degrees Celsius. In a closed-cycle system, the warm water
gives up its heat to a fluid with a low boiling point, most commonly
ammonia or freon. After powering a turbogenerator, the steam is
condensed by cold water from the depths?

In an open-cycle system, seawater itself is boiled in a vacuum cham-
ber, producing both electricity and desalinated water. Within the next
five years, the U.S. Department of Energy plans to construct a 165 -
kilowatt prototype of an open-cycle facility off the coast of Hawaii.
Accounting for seawater and vacuum irt:mp requirements, the plant
should have a net output of 40-50 kilowatts. In the future, small ocean
thermal energy conversion facilities may be used by energy- and
water-short islands.35

Of potential use in both oceans and rivers are turbine that harness
the energy of water currents. Prototypes ranging in size from 20 to 100
kilowatts have been tested in Canada, Japan, and the United States.
Like wind turbines, these come in both horizontal-axis and vertical-
axis varieties. Commercial units based on these designs are consid-
ered economically feasible at flow speeds of one to two meters per
second.36

New Uses for Biomass

Biomass, derived directly or indirectly from plant photosynthesis, is a
versatile fuel source capable cf providing high-quality gaseous, liq-
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uid, and solid fuels as well as electricity. Primary sources include
forestry and wood processing residues, crop residues and animal
wastes, and energy crops. Though less than 1 percent of annual
biomass growth is tapped for energy, it provides 15 percent of the 19
energy used worldwide.37

An important distinction to make when assessing biomass-based
systems is whether the process converts wastes and residues into
fuel, which increases the efficiency of existing economic activity, or
whether it instead requires the cultivation of biomass specifically for
energy, which require_ all the inputs of an agricultural or silvicultural
production system.

Wood is the most widely used biomass energy source. Over half the
wood cut each year is burned to produce energy. According to U.N.
statistics, the world's largest fuelwood producers, in order, are India,
Brazil, China, Indonesia, the United States, and Nigeria.38

Available energy potential from forest and timber industry residues
was found by the-International Energy Agency (IEA) to be highest in
the United States. (See Table 2.) With proper management, many
countries can expand their fuelwood use without depleting natural
forests. On average, about 25 percent of the wood entering the timber
industry is available for conversion to energy.39

Many developing countries, on the other hand, are experiencing a
severe wood shortage. Unprecedented and unsustainable rates of
forest clearing to provide agricultural and grazing land, timber sup-
plies, and fuel have left nearly 100 million people suffering from an
acute scarcity of fuelwood, and 1.2 billion more with unsustainable
supplies. Wherever cutting exceeds regrowth, wood is no longer a
renewable fue1.49

In the United States, industrial, comn....rcial, and utility applications
account for some two-thirds of the wood used for energy. The re-
mainder provides 10 percent of the nation's residential heating, warm-
ing 5.6 million homes exclusively and 21 million homes partially with
wood. Almost half of all wood fuel is consumed by the pulp and
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Table 2: Available and Recoverable Energy Potential from
Agricultural, Forestry, and Timber Industry Residues,

Selected Countries, 1979

Country

Available
Potential

from
Forestry

and Timber
Industry

Recoverable Potential

To ,1

Share
of Total
Energy

Requirements
Crop

Residues
Animal
Wastes

(million tons of oil equivalent) (percent)

Turkey 5.9 5.4 1.5 12.8 41.7
Finland 8.6 0.4 0.2 9.2 36.8
Sweden 10.4 0.8 0.2 11.4 22.8
Canada 32.1 2.3 1.8 36.2 16.8
Austria 2.8 0.4 0.3 3.5 14.0

Spain 2.4 4.1 0.6 7.1 10.0
France 6.1 5.2 2.4 13.7 7.2
United States 68.5 20.2 5.0 93.7 5.2
West Germany 6.2 2.2 1.6 10.0 3.7
Japan 6.7 0.4 1.2 8.3 2.1

Source: International Energy Agency, Renewable Sources of Energy (Paris Organisation
for Economic Co-operation and Development, 1987).

paper industry, which meets mare than 55 percent of its own energy
needs. The second largest market is the lumber industry, and the
fastest-growing sector is the non-forest-products industries. Users
include electric utilities, industry giants such as Dow Corning and
Proctor & Gamble, and companies formed specifically to take advan-
tage of regional wood supplies by generating electricity and selling it
to local utilities. (See Table 3.)"

Since 1983, four U.S. utilities have built ood-burning power plants,
each able to generate more than 45 megawatts of electricity; their
combined output is enough to supply some 175,000 homes Accord-
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Table 3: United States: Selected Biomass-Fueled Electricity
Generating Facilities

Project Capacity

(megawatts)

Forest Products Industry
Union Camp Corp. (VA)
Champion Intl. Corp. (FL)
Manville Forest Prod. Co. (LA)
Louisiana Pacific Corp. (CA)

Electric Utilities
Northern States Power (WI) 72
Burlington Electric Dept. (VT) 50
Eugene Water Sr Electric 46

Board (OR)
Washington Water & Power

(WA)

Independent Power Producers
Ultrasystems (CA) 27

Ultrasystems (ME) 27
Wheelabrator Energy (CA) 25
Alternative Energy Decisions 17

(ME)

Nontraditional Producers
The Lihue Plantation (HI) 26
Dow Corning (MI) 22
Farmers Rice Milling Co.(LA) 11
Proctor & Gamble (NY) 10

Fuel Source Start-Up 21

96 pulping waste, peanut shells
78 pulping waste, bark
72 wood and pulping wastes
26 wood waste

forest residues2
forest residues
mill residue

46 mill residues

forest, industry and
ag. residues

forest residues
orchard prunings
forest and industrial

residues

bagasse
wood chips
rice husks
industrial waste wood,

wood chips

1937
1961
1961
1983

1983
1984
1983

1983

1988

1986
1989
1986

1980
1982
1984
1983

'Predominantly biomass-fueled. Sometimes supplemented with Lual ur natural gas.
2Multifuel capability, but has been burning mostly wood since 1983.

Source; Worldwatch Institute, based upon Meridian Corporation, Elettru.. Power From
Biofuels. Planned and Existing Projects in the Un:ted States (Washington, D.C.. U.S.
Department of Energy, 1985), news reports, and private communications.
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ing to a study conducted by the California Energy Commission,
wood-fired boilers can be installed for about $1,340 per kilowatt, 20

22
percent less than a coal plant costs. In Oregon, Vermont, Washington,
and Wisconsin, these utility customers are receiving the benefits of
having their money stay in state, providing jobs and tax revenues
instead of leaving the region or nation to pay foreign fuel suppliers.42

Industrial-sector fuelwood users are greater in number and spread
more widely throughout the country. The largest market is in Califor-
nia, where almost two dozen 10-50 megawatt wood energy projects
are on-line now and dozens more will be shortly. Over 500 megawatts
of power are already on-line or under construction throughout the
state. In Maine, a half-dozen such projects were scheduled for com-
pletion in 1987, with another half-dozen under construction. The
more than 250 megawatts of wood energy projects in Maine, worth
over $500 million, are equivalent to the rest of the economic develop-
ment in the state combined.43

Leading U.S. forest products regions such as the Northwest and
Southeast are ripe for expanded wood energy use, but they are not
the only potential growth areas. States such as New York and Michi-
gan also have vast forest resources, but regulatory hurdles have
blocked their use.44

One assessment found that each year the state of Virginia produces
enough sawdust, logging residue, and unsalable low-quality trees to
replace 42 percent of the oil and gas consumed in its industrial and
commercial sectors. Thus far, little of this potential has been har-
nessed, but industrial parks, colleges, hospitals, and a variety of other
enterprises are likely to take the plunge once oil prices start creeping
up again. Fuelwood costs are likely to remain low, especially if the
supplier would otherwise be faced with mounting waste disposal
charges.45

Wood-fired electricity is also being tried in smaller generating plants
in the Third World. In the late seventies, 17 dendrothermal projects of
3 megawatts each were planned throughout the Philippines. Local
farmers were to supply the fuel from plantations of leucaena, a fast-
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growing hardwood. Although British and French equipment for all 17
was delivered, only 4 plants were completed on schedule and just 2
are said to be operating reliably. The overly ambitious project was
unable to garner sufficient financing, was blocked by bureaucratic 23
infighting, and was based on excessively optimistic predictions of
wood yields on marginal soils. A more modest effort might have
succeeded.46

Crop residues and animal wastes are a significant by-product of the
food-producing agricultural sector, but diverse agricultural policies,
marginal energy :onversion economics, and alternative, nonenergy
uses make assessing their potential difficult. An IEA study found that
using the most energy-eficient processes available in 1979, agri-
cultural wastes could contribute between 0.4 and 8.2 percent of total
energy requirements in IEA member countries, with the exception of
Turkey, where the contribution could equal 22.5 percent. Denmark,
Greece, Ireland, Portugal, and Spain were considered able to provide
at least 5 percent of their total energy needs from crop residues and
animal wastes." In light of recent advances in biomass conversion
technologies, a similar assessment conducted today would likely re-
veal even higher potential contributions.

In the tropical Caribbean, where sugar is the major export crop but
producers face depressed world markets, more-efficient use of plant
residues coupled with a switch to already tested fast-growing cane
varieties that produce more biomass could significantly augment en-
ergy supplies. The amount of electricity available in Barbados, Cuba,
the Dominican Republic, Guatemala, Guyana, and Honduras would
increase severalfold. In Thailand, another sugar producer, cane resi-
dues could fuel 300 megawatts of electricity generating capacity and
thereby add 25 percent to the value of the industry.48

The Hawaiian sugar industry started selling electricity in the late
seventies and in 1985 supplied 58 percent of the power on the island
of Kauai and 33 percent on the island of Hawaii. Sugar companies
have installed at least 150 megawatts of capacity to burn bagasse, the
residue after juice is extractea, and sell almost half of their power to
the state's electric utilities. In the face of falling sugar prices, Hawaiian
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millers admit that without the revenues from electric power sales,
their sugar production would have declined sharply by now. In the
continental United States, another 80 megawatts' worth of bagasse-
fired plants are operating in Florida and Louisiana."

Researchers at Princeton University estimate that globally some 50,000
megawatts of gas-turbine cogeneration units could be supported with
the 1985 level of sugarcane production. South Amerca alone has the
potential for 18,000 megawatts. These projections are based on im-
proved gas turbine techaologies, the result of recent advances in jet
engine designs. In the more than 70 developing countries that grow
sugarcane, commercial use of gas turbines could provide as much
electricity as the utilities in these nations now generate with oil. The
cost of generating electricity with gas-turbine cogeneration units
would be lower than for most central-station alternatives.59

In most rice-growing developing countries, rice husks are the most
abundant crop residue. Every five tons of rice mi:ied produces we
ton of husks with an energy content about the same as a ton of wood.
At some mills, the residue is burned to generate mechanical energy
and steam, but at many it is simply discarded. Using gasifiers or
combustion systems, this by-product can be used to power the mill,
run irrigation pumps, electnfy rural areas, or provide electricity to the
grid.

Husk-fired steam power plants are operating in India, Malaysia, he
Philippines, Suriname, Thailand, and the United States. A 10.5 -
megawatt plant in the state of Punjab will operate year-round and
burn 20 tons of rice husks per hour. As the world's second largest rice
grower, India produces some 18 million tons of hulls annually,
enough to justify investment in 500 megawatts of husk fired generat-
ing capacity. The resulting ash is also a valuable product because it is
high in silica. Both the Thai and U.S. facilities export their ash to
European steel manufacturers for use as an insulators'

Vast paddy areas in Asia are not yet electrified, and mills there
depend on imported diesel engines and fuel. The total number of
diesel engines used in small rice mills in developing countries proba-
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"Globally, some 50,000 megawatts of
gas-turbine cogeneration units could
be supported with the 1985 level of

sugarcane production."

bly exceeds 200,000, with almost 60,000 in Indonesia alone. New husk
gasifiersthe result of research and field testing in China, Indonesia,
Mali, the Netherlands, the Philippines, Thailand, the United States,
and West Germanymay someday be used widely throughout the
many rice-growing countries in Asia. A study conducted at the In-
stitute of Technology in Bandung, Indonesia, calculated that the coun-
try could save over $30 million each year by replacing relatively low-
priced diesel fuel systems with gasifiers.52

Other crop residues that could be used more extensively include
coconut shells, cotton stalks and ginning waste, peanut and other nut
hulls, fruit pits, coffee and other seed hulls, and various sources of
straw and fiber. Some food - processing plants already use these resi-
dues to provide on-site energy supplies, but there is vast untapped
potential. Care must be taken when assessing the viability of these
projects to consider the uses to which these materials would other
wise be put: Robbing the land of vital nutrients is counterproductive,
whereas producing valuable energy from a by-product that would
otherwise be discarded is eminently sensible.53

Two additional sources of biomass include food surpluses and plants
grown specifically to produce energy. The potential for fast-:growing
fuel plantations varies greatly among countries because of different
resource endowments and sociopolitical systems. Marginal land used
to produce energy may be a boon in one setting, but deprive hungry
people of land and food in another. One promising approach involves
the cultivation of microalgae in otherwise unproductive inland
brackish waters. Researchers at the U.S. Solar Energy Research In-
stitute have developed strains that produce up to 66 percent of their
body weight as oil.54

The potential energy contribution of existing food surpluses is easier
to determine, but difficult to extrapolate because of changing agri-
cultural policies, market prices, and weather patterns. The IEA esti-
mates that converting sugar surpluses in the European Community to
ethanol would displace 2 percent of liquid petroleum fuels, in the
United States, corn surpluses converted to ethanol could replace 7
percent of the country's gasoline consumption.55
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Brazil and the United States have the world's two largest biomass-
based ethanol programs. In Brazil, sugarcane grown specifically for
fuel was converted into 10.5 billion liters of ethanol in 1986, providing
about half the country's automotive fuel. Most autos burn a gasoline-
ethanol mixture that is 20 percent alcohol, but 29 percent of the
nation's 10.6 million cars run on pur ethano1.56

The large alcohol-fuels program combined with successful offshore oil
exploration has enabled Brazil, the largest Third World debtor, to curb
its oil imports dramatically and conserve foreign exchange for invest-
ment and debt repayment. The ethanol program has created an esti-
mated 475,000 full-time jobs in agriculture and industry, and indi-
redly another 100,000 jobs in commerce, services, and government.
Mechanical power for cane crushers, electricity for on-site needs, and
steam for alcohol distillation are provided by cogeneration units that
burn the leftover bagasse.57

The United States, in contrast, relied on surplus corn and other grains
for 90 percent of the 3 billion liters of ethanol it produced in 1987.
More than 7 percent of the "gasoline" sold in the countr was actually
gasohol, a 1-to-9 blend. In the past, ethanol markets hayve been bol-
stered by generous tax advantages at th, state and national levels and
by regulations mandating the reduction of lead in gasoline. Ethanol
can replace lead as an octane enhancer.55

Alcohol fuels are now gaining support as an air pollution control
measure. More than 60 U.S. cities did not meet federal carbon monox-
ide and ozone standards by the end of 1987. Colorado is the first state
to require motorists in its major cities to use gasohol during the winter
when pollution is worst. Officials expect carbon monoxide emissions
to be cut by 12 percent. Federal legislation has been introduced that
would require gasohol use nationally by 1992.59

At today's consumption rates, converting just 10 percent of U.S. cars
to run solely on alternative fuels would reduce oil imports by 800,000
barrels per daycomparable to what the country imported from
Saudi Arabia, Iran, and Iraq in 1986. With 62 percent of U.S. pe-
troleum consumption (more than the country produces) burned for
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"At today's consumption rates,
converting just 10 percent of U.S. cars

to run solely on alternative fuels
would reduce oil imports by 800,000

barrels per day."

transportation, renewably based and domestically produced liquid
fuels and improved auto fuel economy could reduce significantly the
country's dependence on imported oil.°

Low prices for sugar and other food crops, a shortage of foreign
exchange, and the desire for increased energy independence have
prompted at least a dozen other countries to launch alcohol-fuels
programs. Except for Canada and the Philippines, the projects are
located in Latin America and Africa. Argentina has the world's third
largest program, but is able to produce only one-thirtieth as much
ethanol each year as Brazil. In Europe, the primary factor behind
increased interest in alcohol fuels is the region's tremendous agri-
cultural surplus. Momentum is building to rechannel export subsidies
into alcohol-fuels programs. France appears to be taking the lead,
with Italy also carefully studying the possibility.61

Power From the Sun

Many techniques exist to collect, concentrate, and convert solar radia-
tion into useful energy. The most basic methods use collectors to
absorb relatively low-temperature heat and then transfer it to water or
air. Somewhat more complicated are systems that concentrate sun-
light to produce higher temperature heat for steam or electricity. A
third, more sophisticated use of solar power takes advantage of the
photovoltaic effect to convert the sun's rays directly into electricity.

Northern Europeans started experimenting with solar collection de-
vices in the sev-nteenth century to protect tropical plants brought
home by explorers from distant lands. Two hundred years later, the
first commercial solar producta water heatercame on the market
in the United States. From the early, bare water tanks placed in the
sun, solar collector technology has advanced considerably. Today's
collectors come in many shapes and sizes, some have transparent
cover plates that trap heat without allowing it to be reradiated and that
keep out cooling air currents. The heat from the collector is absorbed
by a black surface, then transferred to either water or air for immedi-
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ate use or conveyed to a storage system. Heat loss is reduced by using
insulated materials.

Water heating is currently the most popular application of solar col-
lectors; payback times are a shop t three to five years. Swimming pools
and residences are the largest markets, but commercial and industrial
systems are becoming more common. In Cyprus, the world's largest
solar energy user per capita, private industry has installed solar water
heaters on 90 percent of the houses and on a significant portion of
apartment buildings and hotels.62

In Israel, over 700,000 households, accounting for 65 percent of all
domestic water heating, have simple solar systems that cost less than
$500 per family to install. Needing only $25 worth of supplemental
electric heating per year, the systems pay for themselves in less than
four years. To encourage use of this low-cost technology and reduce
dependence on imported petroleum, a 1980 law requires the use of
solar water heating in all new residential buildings up to nine stories
high. In Japan, including more rudimentary devices produced in the
sixties, 4 million solar water heaters are in use. In 1984, the peak year
for collector sales, 500,000 units were installed. In the remote north-
western region of Australia, 37 percent of households rely on such
systems.°

Through the mid-eighties, the world's largest collector market was in
the United States, where 85 percent of 1984 sales were for residential
applicationsmostly in Sun Belt states. Unfortunately, by 1986 lower
oil and gas prices and the elimination of residential renewable energy
tax credits caused the bottom to fall out of the U.S. market. Sales
volume dropped more than 70 percent from its 1984 level, and 28,000
of the estimated 30,000 employees in the industry lost their jobs.M

The efficiency of flat-plate collectors has increased by 30 percent since
1977, but further gains, along with better materials, are being sought.
Lightweight gels and polymer films for glazings and absorber compo-
nents could cut collector mass sevenfold, thereby reducing produc-
tion, distribution, and installation costs. If costs come down far
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"In Cyprus, the world's largest solar
energy user per capita, private industry

has installed solar water heaters on 90
percent of the houses."

enough, collectors to heat and cool air, which now account for only 10
percent of the market, may be more widely used.65

The second major category of solar technologies encompasses pro-
cesses that concentrate the sun's rays to produce higher temperatures.
Several approaches have been developed that achieve temperatures
ranging from 85 to more than 3,000 degrees Celsius. The simplest
systems, called solar ponds, rely on lined cavities filled with water
and salt; as salt water is denser than fresh water, the salt water on the
bottom absorbs heat while water on the surface traps the underlying
layer. The most complex systems incorporate thousands of concentrat-
ing reflectors that track the sun and focus its light onto a central
receiver. A fluid passing through that receiver is used directly to
produce heat or indirectly to turn a turbine and generate electricity.

Experimentation and some commercial development of these technol-
ogies is taking place .41 dozens of countries. Israel built the first small
electricity generating, solar pond in 1979 on the shores of the Dead Sea
and in 1984 completed a larger, 5-megawatt pond. An Australian and
an American company have each built smaller systems that came on-
line in 1985 and 1986 respectively. Ormat Turbines, an Israeli com-
pany, is involved in a project to build the world's largest solar pond, in
southern California. The unit's 48-megawatt capacity would supply
some 40,000 households with electricity.66

Other solar thermal energy technologies require significantly more
equipment than ponds do. Each type depends on a differently shaped
solar reflector to concentrate sunshine. Trough systems use U-shaped
mirrors to concentrate the sun's rays onto water- or oil-filled tubes.
Most track the sun on one axis and produce temperatures from 100 to
400 degrees Celsius. Concave parabolic dishes follow the sun on two
axes and focus the sunlight onto a single point; they yield tersi-
peratures as high as 1,700 degrees Celsius.

Central receiver systems use computer-controlled concentrators
called heliostats to focus sunlight onto a tower. More than a half-
dozen central receiver projects at least 1 megawatt in size have been
built with government assistance. (See Table 4.) Though not yet eco-
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Table 4: Large Solar Thermal Electric Systems, Constructed or
Planned, 1987

Project Location Technology Capacity

Expected or
Actual

Completion
Date

(megawatts) (year)

Danby Lake1 California Solar pond 48
Luz, SEGS 1 California Trough Collector 14 1984

Luz, SEGS 2 California Trough Collector 30 1985
Luz, SEGS 3 California Trough Collector 30 1986
Luz, SEGE 4 California Trough Collector 30 1986

Luz, SEGS 5 California Trough Collector 30 1987
Luz, SEGS 6 California Trough Collector 30 1988
Luz, SEGS 7-19 California Trough Collector 450 1989-92
Luz, Eliat Israel Trough Collector 25 1990

Solar One California Central Receiver 10 1982
Mysovoye Soviet Union Central Receiver 5 1986

Bet Ha'Arava Israel Solar Pond 5 1984

Solarplant 1 California Dish Receiver 4 1984

Themis France Central Receiver 2 1983

CESA-1 Spain Central Receiver 1 1983
Sunshine 1 Japan Central Receiver 1 1981

Sunshine 2 Japan Hybrid 1 1981

Eu relios Italy Central Receiver 1 1981

Solntsye Soviet Union Central Receiver 1 1983

'Project on had with no definite completion date.

Source: Worldwatch Institute, based upon research reports, news articles, and private
communications.
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nomically competitive, studies conducted by several U.S. utilities
indicate that costs may come down enough to justify commercial
investment around the turn of the century. Even so, this technology is
only likely to be economical for large-scale applications.67

Dish and trough systems, because of their smaller economies of scale,
have been built for less money per unit of generating capacity. A
trough system developed by Luz Engineering is enjoying the greatest
commercial success. Five of its privately financed Solar Energy Gener-
ating Systems already operate in California's Mohave Desert and 14
more are scheduled to come on-line by 1992.68

The 30-megawatt plants supply enough electricity for some 10,000
U.S. homes, take only a year to construct, and with supplemental
natural gas can consistently provide power during the peak afternoon
hours, when utilities value it most. Capital costs have been halved
since 1984 and are now comparable to those of recently built U.S.
nuclear facilities. The Israeli government has signed a power purchase
agreement for a 25-megawatt unit that will be built alongside other
solar technologies at a demonstration test site. Serious negotiations
are also under way to build a plant in the Indian state of Punjab.°

The third major category of solar technologies relies on the pho-
tovoltaic effect, discovered by Edmund Becquerel in 1839. This phe-
nomenon causes electricity to be produced when light strikes certain
materials. No heat, water, or moving parts are required, just a photon
to jar an electron from its orbit, causing an electric current to flow. A
10-percent efficient photovoltaic (PV) cell about 100 square cen-
timeters in size can produce 1 watt of electricity at noon on a clear day.
First used to power spacecraft, the terrestrial market now dominates
and has grown at an average annual rate of 44 percent from 1980 to
1985.7°

In 1976, the average market price for a PV module was $44 per peak
watt, and a half-million watts (0.5 megawatts') worth were sold. Only
a decade later, costs were down eightfold (in constant 1986 dollars) to
$5.25 and shipments had climbed to 24.7 megawatts.7I (See Figure 1.)
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1986 Dollars Per
Peak Watt

32 60 Sources: Battelle, Paul Maycock, Strategies Unlimited
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Figure 1: World Photovoltaic Shipments and Average Market
Prices, 1975-86

Half the photovoltaics sold in 1986 provide power to equipment or
villages not hooked up to electric utility distribution lines. The com-
munications industry accounts for the largest segment of this stand-
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"More than 200 million solar-powered
calculators were sold in 1987."

alone market and has come to depend on PV systems to reliably relay
radio, telephone, and television signals. Multinational communica-
tions companies, isolated s :Ilages, and researchers in the field all
depend on this vital information link. Extending utility lines to re-
mote communication sites can cost between $23,000 and $46,000 per
kilometer!

Rural electrification projects that rely on photovoltaics are slowly
spreading throughout the Third World. The greatest progress has
occurred in the Dominican Republic and on islands in French Poly-
nesia and Greece. Photovoltaics are used to provide refrigeration for
life-protecting vaccines, pumping for irrigation projects, and lighting
and entertainment for homes. Worldwide, more than 15,000 homes
receive their electricity from PV cells, and in West Germany a house
was recently built with modules integrated into the roof tiles.73

The U.S. Coast Guard owns the largest number of stand-alone PV
systems-10,525 used to power navigational aids. Each system saves
taxpayers an estimated $5,000 because it eliminates the need to re-
place batteries at distant lighthouses and ocean buoys. The agency is
seeking funding for another 6,400 units in 1988. In some countries,
local gasoline stations offer solar-powered battery chargers. And in
the Persian Gulf, offshore oil drilling platforms are increasingly
powered by photovoltaics. From fence charging to cargo weighing to
security systems, PV uses appear limited only by imagination and the
cost of alternative energy sources.74

The second largest, and newest, category of PV use is for consumer
products. Sanyo, Sharp, and Fuji pioneered in this market, and in
1978 the world's first solar-powered calculator was sold. More than
200 million solar calculators were sold in 1987. Though still relatively
novel, solar toys, clocks, and backyard lighting systems are all avail
able commercially. These developments were made possible by the
discovery of a radically new way of making photovoltaic cells.?5

Until the eighties, virtually all PV modules were made using some
form of single crystal silicon. Although this is the second most abun
dant element in the earth's crust, the meticulous processing and high
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degree of purity requiredfrom one part per billion up to less than
one part per million of impurities are tolerable meant that reducing
PV costs posed formidable problems.

The major new approach was to develop "thin-film" cells in which the
photovoltaic materials are lecc than one one-hundredth as thick (one
micron) as their crystalline counterparts. Made from materials that
can be deposited from a gaseous medium onto a substrate, they can
be fabricated using continuous production processes. They can also
be made in large modules, one foot by three feet. Amorphous silicon
modules are presently the most advanced, but research is continuing
on many other interesthr material;,. Lower cost thin-film devices,
although not as efficien'_ as single crystal silicon cells, are much
cheaper to manufacture and now account for one-third of the total PV
market. Japan, which has focused its PV efforts primarily on thin-film
consumer products, has seen its market share grow from 15 percent
in 1980 to 46 percent in 1986. (See Figure 2.)76

The United States produces thin-film cells primarily for power pro-
duction. ARCO Solar, until 1986 the world's leading PV manufacturer,
introduced be first thin-film power module in 1984. The company
also has a few consumer products available. Japan only recently
branched out into the power market, with systems designed for rural
applications in developing countries. The United States, for the mo-
ment at least, retains its lead in sales of power generating equipment
and provides most of the PV modules used by electric utilities and
grid-connected customers-12 percent of the 1986 market.77

Together, Japan and the United States account for three-quarters of
the world's PV shipments. Brazil, France, India, Italy, the United
Kingdom, and West Germany account for most of the rest. Chronar
Corporation, a U.S. company, encourages joint venture manufactur-
ing using its equipment. The companyllas at least partial ownership
of plants in China, France, the United Kingdom, and Yugoslavia. One
of its first deals was with Alabama Power to build a 1-megawatt PV
manufacturing plant in Birmingham. The transaction represented the
first direct investment in PV manufacturing made by an American
util:ty.78
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Figure 2: U.S. and Japanese Photovoltaic Sales, 1980-86

Photovoltaic sales will continue to grow at double-digit rates, but a
dramatic and widespread increase in their use depends on continued
progress in reducing costs, raising efficiencies, improving automated
manufacturing techniques, and resolving degradation problems.
Commercial PV modules range in efficiency from 7 percent for those
made of amorphous silicon to 13 percent for those made of crystalline
silicon. By stacking amorphous silicor. cells on tip of one another,
researchers have succeeded in converting 14 percent of the sun's rays
into useful power in small solar cells. Theoretically, this level can be
doubled. Using concentrated sunlight and crystalline silicon, labora-
tory cells have achieved efficiencies approaching 28 percent:79

The major barrier to wider use of photovoltaics is their cost. At a June
1987 international meeting in California, experts concluded that at
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today's market prices of $4-5 per watt, the annual worldwide market
for photovoltaics was some $125 million. (Adding in the cost of other
system components probably raises the 1986 sales figure to approx-
imately twice that much.) These analysts speculated that when the
price drops to $3, the market would go to $1.5 billion, and that when
it dips below $1 per watt, sales would soar to about $100 billion
annually.°

ARCO Solar is sufficiently convinced of the industry's growth poten-
tial that it is increasing the annual manufacturing capability at one of
its plants to 5 megawatts. And Chronar Corporation recently an-
nounced plans to build a 10-megawatt production facility. When com-
pleted in late 1988, it will be the largest amorphous silicon PV man-
ufacturing plant in the world. This one factory will be capable of
producing 40 percent as many IN cells as were traded internationally
in 1986.81

Tapping the Wind

Early in this century Danish industry relied on wind power for one-
quarter of its energy, and 150-200 megawatts of wind capacity were
installed throughout the country. Cheap oil and gas and rural elec-
trification displaced these early turbines, and wind energy did not
make a resurgence until its rapid growth in the eighties. Electricity
producing wind turbines (as opposed to windmills used for mechan-
ical energy) are now installed in 95 countries from the tropics to the
Arctic.°

Winds are created by tht inequal heating of the earth's surface and
atmosphere and by the regional differences in pressures that result.
Local wind patterns are further influenced by the terrain. Most coasts
on every continent and many inland areas are rich in wind resources
that, if developed, could supply a major share of the world's elec-
tricity.

During the decade following the 1973 oil embargo, well over 10,000
wind machines were installed worldwide. Many of these units are
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"At times during the summer of 1987,
wind power accounted for more than 5

percent of the power sold by Pacific
Gas an: Electric."

small and used either to charge batteries or to produce minuscule
amounts of electricity, usually less than 100 watts. The market in
China for turbines in this size range has grown dramatically, from
1,282 units in 1982 to almost 11,000 in 1986. The demand was created
largely by the recent availability of television reception nationwide
while much of China has no power grid. Five of the world's 10 largest
manufacturers of small wind turbines in 1986 were Chinese.°

The international wind power generating market also expanded
rapidly in the eighties, from 34 megawatts shipped in 1981 to 567
megawatts in 1985a seventeenfold increase. By 1986, cumulative
worldwide turbine sales reached $2.5 billion. The United States led in
the installation of intermediate-size (50-750 kilowatt) wind turbines,
and between 1981 and 1986 over 90 percent of the wind energy
produced worldwide was sold to the customers of two electric. utilities

California.64

From 144 machines with a combined capacity of 7 megawatts in 1981,
California had 16,769 turbines with a generating capacity of 1,463
megawatts by the end of 1987. (See Table 5.) These turbines ....ere
installed in significantly less time than required for traditional gener-
ating facilities, and, for the most recent machines, at a lower cost. In
1986, wind turbines generated some 1 percent of the electricity used
in northern California.°

Most of the turbines installed in the United States are in three moun
tain passes in California Altamont, San Gagonio, and Tehachapi.
In Altamont and San Gorgonio, contrary to most other areas, wind
speeds are highest in the summer, which coincides with the peak
seasonal demand placed on California utilities. At firm:. during the
summer of 1987, wind power accounted for more than 5 percent of
the power sold by Pacific Gas and Electric, one of the nation's largest
electric utilities. According to recent assessment coaducted by the
company, less than half the easily developable wind resources in its
service territory have bee.. exploited.86

Seasonal variations and maximum wind speeds are important in
assessing an area's v.-ind power potential because the available power
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Table 5: California Wind Farms, 1981-87

Year
Machines
Installed

Capacity
Installed

Average
Capacity

Average
Cost

Power
Generate&

(number) (megawatts) (kilowatts)

(dollars
per

kilowatt)

(million
kilowatt-
hours)

1981 144 7 49 3,100 1

1982 1,145 64 56 2,175 6
1983 2,493 172 69 1,900 49
1984 4,687 366 78 1,860 1F5
1985 3,922 398 101 1,887 670
1986 2,878 276 96 1,2502 1,218
19872 1,500 180 120 n.a. 1,600

Total 16,769 1,463 87 3,739

'Must wind machines are installed in the last half of a given year and du nut produce
substantial power until the next year.
=Preliminary.

Sources. Pre-1985 from Paul Cipe, An Overview of the U.S. Wind Industry,' Alternative
Sources of Energy, September:October 1985, based pnmarily on California
Energy Commission (CEC) data, 1985 and most 1986 data from Sam Rashkin,
CEC, Sacramento, Calif., private communication, October 6, 1987, prelimi-
nary estimates from Paul Cipe, American Wind Energy Association,
Tehachapi, Calif., private communication, November 5, 1987.

depends in part on the average wind speed. When it du..bles power
output increases eightfold. Most systems are designed to vperate in
winds of 4-30 meters per second. Potential power output is also
proportional to the area swept by each revolution of the turbine's
rotor. Doubling the area doubles the power output. Improved turbine
design permitted the average rotor diameter of California's machines
to reach 17 meters in 1984, resulting in a 50-percent increase in
potential power output compared with the 1982 turbine models.
Larger rotors effectively lower the capital costs of wind turbines be-
cause more elect,idty can be produced with fewer machines.87
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During the early eighties many inexperienced manufacturers rushed
to cash in on the heavily subsidized California market and built
inadequately tested machines. Multiple repairs and major system
overhauls soon bankrupted many of these firms. Those that remain 39
have combined sturdy, reliable, proven windmill designs with new
materials, knowledge, and manufacturing techniques to create more
reliable products. Today's turbines operate 80-98 percent of the time
that the wind is blowing.88

The average size of turbines installed in California increased from 49
kilowatts in 1981 to 120 kilowatts in 1987. Many of the newest models
haiye capacities of 150-750 kilowatts. Gov-zunent-funded programs,
however, started by promoting large, multimegawatt turbines. Eleven
wind machines rated at 1,000 kilowatts or higher had been built as of
1985seven in the United States, two in Sweden, and one each in
Denmark and West Germany. Despite the dismal operating record of
some large units, Canada, Denmark, the Netherlands, Sweden, the
United Kingdom, and West Germany are building new mu:ti-
megawatt machines. These governments, partly because of space con-
straints, are still advocating the use of large turbines, making them
the centerpiece of research and development activity.89

The reverberations of the U.S. wind energy tax credit termination at
the end of 1985 were felt by turbine suppliers worldwide. Outside the
United States, Denmark was the hardest hit, as it supplies over half of
California's turbines. In 1985, Danish manufacturers shipped more
than 2,500 wind units to North America. Wind turbine exports, o.te of
the country's most valuable, fell by half in 1986. U.S. suppliers also
suffered setbacks and few U.S. manufacturers remain in business.90

The international wind turbine market peaked in 1985 and sales
figures are unlikely to return to that level until the nineties. But
despite the decline in the California market, interest in wind energy is
growing rapidly in other areas of the world. According to a recent
international survey, the North American market is expected to grad-
ually decrease in importance to about 50 percent of the global total by
the early nineties. Europe will then account for 25 percent or more of
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the world market, absorbing at least 100 megawatts annually, and the
remaining quarter will be geographically dispersed.91

Denmark, besides being the leading international supplier of inter-
mediate-size wind turbines, with 7 of the world's top 10 manufactur-
ers, has also built a domestic market. By mid-1987 installed capacity
totaled 100 megawatts, including the first sea-based wind plant, on
the east coast of Jutland. Although early wind development in Den-
mark relied almost exclusively on individual 55-kilowatt farm units
connected to the grid, the plan for the future is to build clusters of
turbines in which each unit will be larger than 200 kilowatts. Elkraft
and Elsam, the country's two utility power pools, expect to install 100
megawatts' worth of turbines by 1991.92

The Chinese government is calling for wind farms with a total capac-
ity of at least 100 megawatts to be built between 1990 and 1996. In the
Netherlands, a five-year plan with the goal of installing 150 mega-
watts of capacity by 1992 is under way. By the end of the century, the
government hopt.= to have 1,000 megawatts of capacity in place. Spain
plans 45 megawatts by 1993 and Greece expects to install 80 mega-
watts' worth on islands. Smaller wind farms are also either installed
or planned in Australia, Belgium, Israel, Italy, the Soviet Union, the
United Kingdom, and West Germany.93

By far the most ambitious wind energy program belongs to the
Ministry of Energy in India, which is pushing to have 5,000 mega-
watts of wind power generating capacity installed by Lth public and
private developers by the year 2000. The country, which had virtually
no wind turbines until 1985, now boasts as much installed capacity as
California had is 1981 and is expected to be one of the most rapidly
growing markets in the world. If the government achieves its goal,
wind may supply more electricity by the end of the century than the
country's somewhat optimistic nuclear program.94

Average costs for installed intermediate-size wind turbines have
fallen by more than half since 1981, to some $800-1,200 per kilowatt.
In many markets, such turbines are now competitive with traditional
generating technologies. Costs are likely to be reduced further as



"India, which had virtually no wind
turbines until 1985, now boasts as

much installed capacity as California
had in 1981."

more manufacturers, including newly interested Japanese firms, start
to mass-produce turbines. Efforts on technical improvements include
the development of better blade and shaft materials, and variable-
speed constant frequency generators. Some residents near wind farm
developments are also demanding a reduction in low - frequency
noise.9°

Laying the Institutional Groundwork

Success at this stage in the development of renewably based energy
technologies cannot be judged simply on the share of energy pro-
vided or the number of megawatts installed. Technical improvements,
including high:: efficiencies, increased reliability, and the develop-
ment of new designs and materials, measure potential contribution.
For many of the new technologies, monitoring cost reductions also
indicates how much work remains before they achieve commercial
acceptance.

Development of new technologies requires sustained research to for-
mulate and test new theories, followed by experimentation with sys-
tem components and by demonstration projects to assess whether the
system is ready for commercial marketing. Because of the risk in-
volved, governments typically pay a large share of these costs, with
private contributions increasing as the technology nears commer-
cialization.

The commitment that governments make to R&D on renewables can
be measured in several ways. Looking strictly at the dollar figure gives
an indication of the amount spent on technical advances. In the
United States, still the leader in this category, research and develop-
ment funding for renewables peaked in 1980 at $900 million (1986
dollars). Appropriations have since fallen 80 percent, with no re-
bound in sight. Total funding on renewable energy throughout IEA
member countries has fallen 64 percent since its 1980 peak. In 1986,
R&D funding for renew ables fell below 1977 levels for the first time.
Greece and Portugal are the only countries whose budgets !-.ave
continued to increase. In Japan, Switzerland, and Turkey, the drop
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has been 25 percent or less; in Sweden, West Germany, and the
United Kingdom, less than half.96

The share of total energy R&D funds going to renewables indicates
their relative political support and perhaps the share of new energy
supplies that they will contribute. They have strong political backing
in Greece, for example, which devotes 63 percent of its energy R&D
budget to renewabres and does not have a nuclear program. (See
Table 6.) Japan, which does have a large nuclear program, devotes
only 4 percent of its energy R&D budget to renewables, but nonethe-

Table 6: Government R&D Spending on Renewables in Selected
Countries, 1986

Country

Renewables
R&D

Spending
Share of Energy

R&D Budget
Spending
Per Capita

(million
dollars) (percent) (dollars)

Sweden 17.3 21.8 2.06
Switzerland 10.2 14.7 1.57
Netherlands 17.0 10.6 1.17
West Germany 65.9 11.6 1.09

Greece 9.7 63.2 .97
Japan 99.2 4.3 .82
United States 177.2 7.8 .73
Italy 29.5 3.9 .52

Denmark 2.6 17.8 .51
Spain 19.4 27.6 .50
United Kingdom 16.6 4.4 .29

Sources: International Energy Agency, Energy Po licies and Programmes of ILA Countries.
1986 Review (Paris. Organisation for Economic Co-operation and Develop-
ment, 1987); Population Reference Bureau, 1986 World Population Data Sheet
(Washington, D.C.: 1986).
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"The learning process requires that
new knowledge be accompanied by

changes in R&D programs, but sudden
cuts in projects and staff can be

devastating."

less outspends Greece almost 10 to 1. Japan has 12 times as many
people and an economy 17 times larger than Greece's."

Perhaps the best measure for comparing overall government commit-
ment is per capita expenditures. This factors out population size and
funding support for other technologies. Sweden, which leads in this
category, focuses its efforts on biomasswood, energy crops, and
agricultural surpluses. Because of a national referendum, Sweden
must phase out all 12 of its nuclear plants by 2010.98

Following the nuclear accident at Chernobyl, government support for
renewable energy technologiesparticularly those that rely on solar
powerhas apparently increased in Italy, Japan, Spain, and West
Germany. The Swiss government's solar budget is expected to triple
by 1990. Denmark and the Netherlands are pushing wind turbines,
and Greece and India arc launching broad-based renewable energy
programs that will rely on a variety of sources."

Widely fluctuating research and development support, as experienced
during the eighties, thwarts progress on new technologies. Without
reliable funding, the needed long-term programs are difficult to plan
and more complicated to implement. That is not to say that there
should be no midcourse corrections. The learning process requires
that new knowledge be accompanied by changes in R&D programs,
but sudden cuts in ongoing research projects and staff can be devas-
tating.

Decisions on how to spend the money that is available are crucial. To
open up the research process and stem the preference for established
companies and technologies, independent engine( *.ng boards could
be given the responsibility for selecting the most promising projects.

In Japan, the government and private sector work together closely in
developing new technologies. Each contributes monetarily, the gov-
ernment often eases regulatory and fiscal restraints, and the private
sector regularly reportswith one voiceon its progress and needs.
The New Energy Foundation is a nonprofit organization that includes
among its members virtually all the major Japanese manufacturers of
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photovoltaics. Besides assessing industry progress and pointing out
obstacles to growth, it estimates the investments in plant and equip-
ment that will be needed to achieve cost goals over 10- and 20-year
periods. Its recommendations concerning research priorities carry
significant weight with the government.)

One renewable source that has made remarkable strides in recent
years because of R&D support is geothermal energy. The use of
technologies powered by the heat of the earth's core is growing
rapidly in many regions. Of the roughly 5,000 megawatts of capacity
installed 7.torldwide, the United States has almost half, followed by
the Philippines, Mexico, Italy, and Japan. More than 2,000 additional
megawatts are planned to enter service by 1991, and a recent report by
the Electric Power Research Institute found that North American
capacity alone could reach between 4,200 and 18,700 megawatts by the
year 2000. New extraction techniques promise to expand the geo-
graphical range in which geothermal energy can be used.101

Some of the relatively young renewable energy technologies that have
made substantial progress in recent years, but have not achieved the
overoptimistic goals set by many in the seventies, include advanced
solar collectors, wind turbines, and photovoltaics. So!ar collectors and
wind turbines are now economical in many settings, but institutional
barriers and a financial community whose perceptions lag several
years behind technical advances are slowing their penetration of en-
ergy markets. Photovoltaic technologies are now ccmpetitive in many
regions not served by utility power lines. In future decades, they may
become standard equipment on new buildings, using the sunlight
streaming through windows to generate electricity.102

Technologies with long-term potential that require additional, sus-
tained research to demonstrate their feasibility and reduce their costs
include biochemical methods of converting biomass feedstocks, vari-
ous solar thermal configurations, and systems that make use of the
temperature difference between surface and deep ocean waters. De-
velopment of an economical storage method that could stockpile
electricity for later use would also be a boon for renewables. W,-id and
sunlight are not always available when needed, but if their energy



could be stored for later use, their intermittent nature would pose less
of a problem.

Two possible storage methods include "pumped hydro" and chemical
storage in batteries. Pumping water uphill during periods of low
electricity demand in order to generate power during peak demand is
a common practice in the United States, where more than 16,000
megawatts' worth of such facilities have been installed. The practice is
starting to be adopted in other countries, but thus far few have
installed significant pumped hydro capacity. Battery storage is a
newer technology just now being tested. Southern California Edison
started construction oi the world's largest lead-acid battery storage
system in August 1987. The battery will be able to supply 10 mega-
watts of power for four hours, enough to meet the needs of 5,000
customers. The system is projected to cost $13.5 million. Future
plants using advanced batteries made with different materials are
expected to cost only half as much.103

Developing new technologies is a requisite step to ensure their use,
but not a sufficient one. In most countries, the electric power industry
is composed of either government-owned or government - regulated
monopolies badly in need of reform. Averse to change, these institu-
tions are slow to adopt new technologies, policies, and pricing sys-
tems. Electricity prices do not reflect market value; rather, they are
determined by fiat or by regulation, and often be -it Rile relation to the
cost of building new power plants. Utilities have nor etheless proved
resilient, and it is only in the United States that fundamental change
has begun.

The Public Utility Regulatory Policies Act (PURPA), passed by the
U.S. Congress in 1978, made it possible for a wide range of new-
comers to compete in the power industry. Utilities. were required to
purchase power made available by independent producers at the
"avoided cost" of utility generation. In California, where the act was
most vigorously enforced, private developers aided by tax rredits not
only found it economical to build virtually all of the state's new
generating capacity, they are now displacing existing power plants.
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By the fall of 1987, private developers of renewable energy projects
had requested regulatory approval to build 16,335 megawatts of ca-
pacity. By the end of 1985, over 6,000 megawatts' worth had already
been built. Biomass made the greatest contribution, followed by wind
and small hydropower. When combined with technology installed by
the nation's utilities, 14 percent of the 1985 electricity generating
capacity in the United States relied on renewable energy sources. (See
Table 7.) Including nonelectric applications, renewables contribute
about as much total energy in the United Sta es as Sweden and
Portugal together derive from all energy sources.1°4

Unfortunately, with the cessation of most renewable energy tax cred-
its and with low natural gas prices, the independent power industry
is starting to turn away from renewably based projects in favor of
natural gas cogeneration systems. The share of Proposed new gener-
ating capacity that would rely on renewables is falling steeply down
from 29 percent in 1986 to 12 percent in 1987and changes are being
considered that would increase the competition among large and
small power plants and probably further reduce the role of renew
ables.

One of PURPA's goals was to diversify the nation's energy supply and
encourage the use of renewable energy sources. To ensure that the
private power industry does not focus all its eftuLts on fossil-fuel-
based projects, with the lowest initial costs, some incentives or new
regulatory initiatives are required that would effectively reserve a
share of new generating capacity for renewables. Innovation itself has
value, as do technologies such as wind and geothermal power that do
not use fuel, do not pollute, and are invulnerable to oil price in-
creases.

The competitive power industry in the United States has already
encouraged innovation. Independent production of electricity has
spurred private investment by providing the first commercial market
for renewable-energy-based generating pants. Not only are costs
falling, but reliability is improving in facilities that are on average 50
times smaller than the fossil- and nuclear-fuelbased generating
plants formerly built by elec.-IT:, utilities. Smaller increments of gener-



Table 7: United States: Renewably Based Electricity Generating
Capacity, 1985

Fuel Type
Independently

Produced
Utility

Produced Total

(megawatts)

Wood 1,674 200 1,874
Wind 1,283 24 1,307
Small Hydropower 943 2,247 3,190
Waste' 935 150 1,085
Geothermal 226 1,580 1,806
Solar 82 13 95
Other 871 871
Large Hydropower 86,6162 86,616

Total Renewables
Capacity 6,014 90,830 96,844

Total Generating
Capacity 20,062 656,118 676,180

(percent)

Share of Capacity That
Is Renewably Based 30 14 14

'Includes municipal solid waste and agricultural residues.
2lndudes 16,356 megawatts of pumped storage capacity.

Sources: Edison Electric Institute, '1985 Capacity and Ge:ieration Non Utility Sources
of Energy," Washington, D.C., Apnl 1987; Douglas Cogan and Susan
Williams, Generatin4g Energy Alternatives, 1987 Edition (Washington, D.C.. In-
vestor Responsibility Research Center, 1987), U.S. Department of Ener ,
Inventory of Power Plants in the United States 1985 (Washington, D.C.: 198 ,
pumped storage capacity of large hydropower from Jean Jarecki, U.S. Federal
Energy Regulatory Commission, Washington, D.C., private communication,
September 30, 1987.

ating capacity, which can be built in considerably less time than large,
conventional facilities, lessen both the risk and difficulty of accom-
modating unpredictable growth in power demand. A 1987 study by
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the California Energy Commission found that many of these technol-
ogies are already more economical than conventional nuclear and coal
plants.m

Legislation designed after PURPA, though less comprehensive, is
now on the books in Greece and New Zealand. Proponents hope to
stimulate wind and solar projects. Denmark, India, Israel, the
Netherlands, Pakistan, Turkey, the United Kingdom, and West Ger-
many are promulgating new rules of their own, and legislation has
been proposed in Sweden. In Nepal and China private entrepreneurs
are encouraged to build and operate small-hydropower facilities, both
to sell power to the grid and to introduce it in nonelectrified aeas.1137

Increasing the Contribution from Renewables

Only periodically throughout history has reliance on renewable en-
ergy sources been interrupted by the discovery of apparently plen-
tiful and cheap fuels, such as new deposits of coal, oil, natural gas,
and uranium. But coal burning is warming the atmosphere and pro-
ducing c,d rain that is implicated in damaging 31 million hectares of
forests in central Europe. Nuclear power is producing radioactive
waste that will be hazardous for millennia. And oil wells axe not
replenishable on a human time scale.108

Desp*.e dwindling global supplies and :he oil price jolts of the se /en-
ties, 1. any countries are utk.renE:ng their dependence on the volatile
Mid& . East. When oil prices r2sume their upward climb, countries
that did not institute policie. to strengthen their energy indepen-
dence may Ile more vulr -able to supply ci:srui.uons than they were
in the seventies The 'eaers of these nations will be rightly blamed
for failing to prepare for widely foreseen chaos in world oil markets.

In addition, the competition for remaining oil reserves will be greater.
According to a recent study publishe I by the World Resources In-
stitute, if per capita Third World commerael energy use continues to
grow at an annual rate of 3.6 percent, as it did in the seventies, energy
use per capita by 2020 would still be only 57 percent of what it was in
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"The costs of acid rain damage, climate
change, and diminished security

warrant higher investments in
alternatives to fossil fuels."

Western Europe in 1975. But if in addition, the population of develop-
ing countries nearly doubles, as expected, the demand for commercial
energy in those countries would increase 7.5 times from 1980 to 2020.
The increment in energy use by developing countries would equal 1.3
times the world's total energy use in 1980, three times its oil produc-
tion, or five times its coal production. The authors point out that "It
would be exceedingly difficult to meet such energy requirements at
reasonable costs and without major environmental or security prob-
lems."109

The costs of acid rain damage, climate change, and diminished se-
curity warrant higher investments in alternatives to fossil fuels. In-
creasing the contribution of renewables requires market pricing of all
energy sources, greater R&D funding from both the public and pri-
vate sector, and institutional restructuring to open electricity markets
and remove barriers to the use of renewables.

The most effective way to open the market for ...enewables is to get the
price signals right. Such subsidies as artificially low prices for diesel
fuel and kerosene, incentives for coal mining and transportation, tax
breaks for petroleum producers, and below-cost electricity prices all
hamper the development and commercial attractiveness of alterna-
tives.

In China, for instance, consumer subsidies for heavy fuel oil and
crude oil equal $5.4 billion, electricity subsidies amount to $8.9 bil-
lion, and coal subsidies total $10.4 billion. Total energy subsidies
equal $19.4 billionequivalent to 7 percent of China's gross national
product (GNP) and 20 percent of its export earnings. Energy subsidies
are even higher in Egypt, where they equal 13 percent of GNP and 88
percent of export revenues. Elsewhere, military involvement to keep
open petroleum supply lines and taxpayer-funded insurance policies
for accidents at nuclear reactors should be tallied as energy sub -
sidies.'10

In the absence of competitive markets, governments may sometimes
want to explicitly encourage the use of new technologies. This may be
done by offering fiscal incentives such as tax credits or by establishing
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government-funded testing laboratories that help assure consumers
of the reliability of new technologies.

50 In the United States, the availability of renewable energy tax credits
for businesses and residences from 1978 through 1985 spurred the
markets for wind turbines, small hydro facilities, geothermal projects,
solar collectors, and photovoltaic cells. Unfortunately, instead of
being gradually diminished in value, most of these tax credits were
yankel out wholesalea devastating disruption to poorly financed
renewable energy industries. Denmark, which offers similar credits to
wind project developers, is phasing them out incrementally to ease
the transitional shock to the industry. The standard setting approach
has also been adopted. Israel, Spain, and the United States, for
example, test solar collector technologies, and Denmark and the
Netherlands have certification programs for wind turbines. In 1985,

the Danish government provided the wind industry with $6 million in
total subsidies. Wind turbine sales of about $250 million were some 42

times greater in value.'"

Many renewable energy technologies already make a substantial con-
tribution to global energy supplies. Biomass fuels alone now supply
15 percent of the worlds energy. In developing countries their share
triples, though often the supplies are not managed renewably and the
fuel is burned wastefully. Like all energy sources, renewables will
make the greatest contribution when used efficiently. Anaerobically
fermenting animal dung, for example, provides both biogas for resi-
dential cooking and lighting and a better fertilizer than raw dung.
New biomass gasifiers that produce both heat and electricity produce
more useful energy per unit of fuel than traditional combustion sys-
tems.'"

One country that has made increased reliance on renewables a gov-
ernment pnority is the Philippines, where half the energy and 63
percent of the electricity used in 1984 were supplied by biomass,
hydropower, and geothermal energy. Oil price hikes in the seventies
prompted the government in actively seek alternatives to the coun-
try's heavy dependence on impoiied petroleum. Renewable sources
of energy accounted for 87 percent of the net increase in energy
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Iii the Philippines, renewable sources
accounted for 87 percent of the net
increase in energy supply between

1974 and 1984."

supply between 1974 and 1984. Programs were launched to burn and
gasify rice hulls, sugarcane residues, wood, and coconut husks and
shells. The Alcogas program to produce ethanol from sugarcane has
had a rocky history but received renewed support from the Aquino
government in October 1986. The strategy aims not only to reduct
petroleum imports but also to aid the depressed sugar industry and
to lower the average levels of lead in the blood of Filipinos.'"

The greatest government support in the Philippines has gone to
geothermal energy. Installed capacity grew from 3 megawatts h. 1978
to 894 megawatts in 1986. Another 1,300 megawatts of capacity are
under construction or planned. The government has worked closely
with private industry to develop this energy source; it conducts all
survey and exploration work, exer. pts developers from duties and
taxes on imported and purchased equipment, and acts as a cofunder
and profit-sharer on commercial projects."4

In India, slightly less than half of total energy use is provided by
renewables, but most of that is noncommercial fuelwood, agricultural
wastes, and animal dung. The country's Department of Nonconven-
tional Energy Sources has drawn up a plan to build 15,000 megawatts
of renewably bned electricity capacity by the year 2000. (This is in
addition to the country's large hydro program.) Wind turbines and
biomass technologies would make the greatest contributions, fol-
lowed by small hydroelectric and solar thermal power stations and an
even smaller share from biogas and municipal refuse burning facili-
ties. By the turn of the century, small scale renewable energy technol-
ogies will contribute more to India's commercial energy supplies than
will nuclear power."5

Unfortunately, because of the international debt crisis, few developing
countries are perceived as good prospects for commercial lending.
With investments in traditional enterprises dramatically slowed, con-
vincing bankers of the merits of renewable energy systems will be
difficult at best. But if international lending agencies, such as the
World Bank, were to get behind investments in small-scale, locally
appropriate, renewable energy technologies, a proposition that is
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uncle( consideration, private financial institutions might be persuaded
to join in.

The purpose of the United Nations Conference on New and Renew-
able Sources of Energy in 1981 was w encourage widespread adoption
of renewable energy sources in developing countries, but the follow-
up program fell victim to domestic political agendas and bureaucratic
inertia. Although some bilateral and multilateral aid programs have
effectively promoted the development of indigenous energy re-
sources, their efforts need to be strengthened and expanded if real
change is to occur.

During the next decade, the contribution of renewable energy sources
is expected to increase significantly in a handful of countries. (See
Table 8.) Some of the relative newcomers to this group include Den-
mark, Greece, Israel, Japan, and West afrnany. In many of these
nations, the government has made increased use of renewables a
priority and has backed up the commitment with funding and policy
support.116

Too man, _ountries, however, still have no vision a sustainable
energy future. Long-term planning ranges from solving daily crises to
drawing up next year's budget. Lack of foresight results in the security
risk of unreliable supply, the possibility of military engagement to
protect energy sources and transportation routes, and inattention to
the environmental consequences of using conventional energy
sources.

Although the nuclear accident at Chernobyl prompted some govern-
ments to seriously reevaluate their energy strategies, the rethinking
and economic restructuring has not gone far enough Most countries
still depend on fossil- and nuclear-fired generating equipment, with
20- to 30-year payback periods, that is installed by monopolistic util-
ities. Policymakers are not taking advantage of the increased eco-
nomic competitiveness of many renewable energy technologies The
absence of a coherent, long-range energy policy cripples private in-
vestment in capital-intensive renewables technologies, despite their
minimal operating and fuel costs.
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Table 8: Share of Total Primary Energy Requirements Supplied
by Renewables in Selected Countries, 1984/85, with

Projections for 2000

Country 1984/85 2000

(percent)

Brazil' 59.0 64.3
Norway 61.1 63.0
Japan 5.1 13.5
Australia 9.4 12.6
Israel 2.3 12.0

Denmark 10.0
Greece 5.9 8.9
United States 7.4 8.7
West Germany 2.5 5.5

'Figures for 1983 and 1993.

Sources: Ministry of Mines and Energy, "Energy Self-Sufficiency. A Scenario Devel-
oped as an Extension of the Brazilian Energy Model," Government of Brazil,
Brasilia, 1984, Strategies Unlimited, "International Energy and Trade Policies
of California's Export Competitors," California Energy-Commission, Sacra-
mento, Calif., 1987, Scott Sklar, International Trade Policy for the Renewable
Energy Industries. An Assessment," Solar Today, March/April 1987, Interna
tional-Energy Agency, Energy Policies and Programmes of lEA Countries 1986
Review (Pans. Organisahon -for Economic Co-operation and Development,
1987).

A sustainable energy path that relies on renewables and energy effi-
ciency will provide policymakers the flexibility to cope with an uncer-
tain global future. Those ready to make the change need to improve
market pricing signals, open up the 'nergy supply and energy sav-
ings business, and reinvigorate research and development programs.
Educating their colleagues as well as consumers to see the true pre-
sent value of future savings, and tailoring financial practices to reflect
this vision, will be difficult. Nations that accept the challenge will be
rewarded with increased energy security, more stable economies, and
a healthier global environment.
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