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SCIENCE DESK

As Earth Warms, The Hottest Issue Is Energy
By KENNETH CHANG (NYT) 2413 words

Suppose that over the next decade or two the forecasts of global warming start to come true. Color
has drained from New England's autumns as maple trees die, and the Baltimore oriole can no longer
be found south of Buffalo. The Dust Bowl has returned to the Great Plains, and Arctic ice is melting
into open water. Upheavals in weather, the environment and life are accelerating around the world.
Then what?
If global warming occurs as predicted, there will be no easy way to turn the Earth's thermostat back
down. The best that most scientists would hope for would be to slow and then halt the warming, and
that would require a top-to-bottom revamping of the world's energy systems, shifting from fossil
fuels like coal, oil and natural gas to alternatives that in large part do not yet exist.
''We have to face the fact this is an enormous challenge,'' said Dr. Martin I. Hoffert, a professor of
physics at New York University.
But interviews with scientists, environment advocates and industry representatives show that there is
no consensus in how to meet that challenge. Some look to the traditional renewable energy sources:
solar and wind. Others believe use of fossil fuels will continue, but that the carbon dioxide can be
captured and then stored underground. The nuclear power industry hopes concern over global
warming may help spur a revival.
In an article in the journal Science last November, Dr. Hoffert and 17 other experts looked at
alternatives to fossil fuels and found all to have ''severe deficiencies in their ability to stabilize global
climate.''
The scientists believe that technological fixes are possible. Dr. Hoffert said the country needed to
embark on an energy research program on the scale of the Manhattan Project that built the atomic
bomb during World War II or the Apollo program that put men on the moon.
''Maybe six or seven of them operating simultaneously,'' he said. ''We should be prepared to invest
several hundred billion dollars in the next 10 to 15 years.''
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But to even have a hope of finding a solution, the effort must begin now, the scientists said. A new
technology usually takes several decades to develop the underlying science, build pilot projects and
then begin commercial deployment.
The authors of the Science paper expect that a smorgasbord of energy sources will be needed, and
they call for intensive research on radical ideas like vast solar arrays orbiting Earth that can collect
sunlight and beam the energy down. ''Many concepts will fail, and staying the course will require
leadership,'' they wrote. ''Stabilizing climate is not easy.''
The heart of the problem is carbon dioxide, the main byproduct from the burning of fossil fuels.
When the atmosphere is rich in carbon dioxide, heat is trapped, producing a greenhouse effect. Most
scientists believe the billions of tons of carbon dioxide released since the start of the Industrial
Revolution are in part to blame for the one-degree rise in global temperatures over the past century.
Carbon dioxide concentrations are now 30 percent higher than preindustrial levels.
With rising living standards in developing nations, emissions of carbon dioxide are increasing, and
the pace of warming is expected to speed up, too. Unchecked, carbon dioxide would reach twice
preindustrial levels by midcentury and perhaps double again by the end of the century. That could
force temperatures up by 3 to 10 degrees Fahrenheit by 2100, according to computer models.
Because carbon dioxide is colorless, odorless and disperses immediately into the air, few realize how
much spills out of tailpipes and smokestacks. An automobile, for example, generates perhaps 50 to
100 tons of carbon dioxide in its lifetime.
The United States produces more carbon dioxide than any other country by far. Each American, on
average, generates about 45,000 pounds of carbon dioxide a year. That is about twice as much as the
average person living in Japan or Europe and many times more than someone living in a developing
country like Zimbabwe, China or Panama. (Even if the United States achieves President Bush's goal
of an 18 percent reduction in the intensity of carbon dioxide emissions by 2012, the output of an
average American would still far exceed that of almost anyone else in the world.)
Even if all emissions stop, levels of carbon dioxide in the air will remain high for centuries as the
Earth gradually absorbs the excess.
Currently, the world's energy use per second is about 12 trillion watts -- which would light up 120
billion 100-watt bulbs -- and 85 percent of that comes from fossil fuels.
Of the remaining 15 percent, nuclear and hydroelectric power each supply about 6.5 percent. The
renewable energy sources often touted as the hope for the future -- wind and solar -- provide less than
2 percent.
In March, Dr. Hoffert and two colleagues reported in Science that to limit the temperature increase to
3.6 degrees Fahrenheit, non-carbon-dioxide-emitting sources would have to generate 7 trillion to 25
trillion watts by midcentury, 4 to 14 times as much as current levels. That is roughly equivalent to
adding a large emissions-free power plant every day for the next 50 years.
And by the end of the century, they wrote, at least three-quarters and maybe all of the world's energy
would have to be emission-free.
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No existing technology appears capable of filling that void. The futuristic techology might be
impractically expensive. Developing a solar power satellite, for example, has been estimated at more
than $200 billion.
Energy Secretary Spencer Abraham cited the Science paper from last November in a speech at the
American Academy in Berlin two months ago. Mr. Abraham said that merely setting limits and
timetables on carbon dioxide like those in the Kyoto Protocol could not by themselves solve global
warming.
''We will also need to develop the revolutionary technologies that make these reductions happen,''
Mr. Abraham said. ''That means creating the kinds of technologies that do not simply refine current
energy systems, but actually transform the way we produce and consume energy.''
Too Far Away
Some long-hoped-for options will almost certainly not be ready. Fusion -- producing energy by
combining hydrogen atoms into helium, the process that lights up the sun -- has been heralded for
decades as a potentially limitless energy source, but scientists still have not shown it can be
harnessed practically. Experimental fusion reactors do not yet produce more power than they take to
run.
Increased energy efficiency -- like better-insulated buildings, more efficient air-conditioners, higher
mileage cars -- is not a solution by itself, but it could buy more time to develop cleaner energy.
The much-talked-about hydrogen economy, in which gasoline-powered engines are replaced by fuel
cells, is also not a solution. It merely shifts the question to what power source is used to produce the
hydrogen.
Today, most hydrogen is made from natural gas, a process that produces carbon dioxide that is then
released into the air. Hydrogen can also be produced by splitting apart water atoms, but that takes
more energy than the hydrogen will produce in the fuel cell. If the electricity to split the water comes
from the coal-fired power plant, then a hydrogen car would not cut carbon dioxide emissions.
Exploiting What's Here
A fundamental problem remains: how to produce electricity without carbon dioxide.
Hydroelectric power has reached its limits in most parts of the world; there are no more rivers to
dam.
Nuclear power is a proven technology to generate large amounts of electricity, but before it could be
expanded, the energy industry would have to overcome longstanding public fears that another
accident, like those at Three Mile Island or Chernobyl, will occur. Solutions also need to be found for
disposing of radioactive spent fuel and safeguarding it from terrorists.
Marvin Fertel, senior vice president of the Nuclear Energy Institute, an industry group, said warming
had become such a worry that some environmental groups were becoming amenable to new nuclear
plants. ''In private, that's what we get from them,'' he said.
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Researchers at the Electric Power Research Institute in Palo Alto, Calif., espouse a major expansion
of nuclear power, coupled with a switch from gasoline to hydrogen to power cars and trucks.
Electricity from the nuclear plants would split water to produce hydrogen, and then cables made of
superconductors would distribute both electricty and hydrogen, which would double as coolant for
the cables, across the country.
''I think in 30 to 50 years there will be systems like this,'' said Dr. Chauncey Starr, the institute's
founder and emeritus president. ''I think the advantages of this are sufficient to justify it.''
In the short run, fossil fuels will still be widely used, but it is still possible to control carbon dioxide.
In his Berlin speech, Mr. Abraham highlighted two projects the Energy Department was working on:
carbon sequestration -- the capturing of carbon dioxide before it is emitted and storing it underground
-- and FutureGen, a $1 billion prototype coal power plant that will produce few emissions. The plant
will seek to demonstrate by 2020 how to convert coal to hydrogen on a commercial scale that will
then be used to generate electricity in fuel cells or turbines. The waste carbon dioxide would be
captured and stored.
The technology for injecting carbon dioxide is straightforward, but scientists need better knowledge
on suitable locations and leak prevention.
Sequestration, however, will probably not be cost-effective for current power plants. The filters for
capturing carbon dioxide from the exhaust gas will by themselves consume 20 percent to 30 percent
of the power plant's electricity.
Renewing Renewables
Solar is still a future promise. The cost of energy from solar cells has dropped sharply in the past few
decades. One kilowatt-hour of electricity -- the energy to light a 100-watt bulb for 10 hours -- used to
cost several dollars when produced by solar cells. Now it is only about 35 cents. With fossil fuels, a
kilowatt-hour costs just a few cents.
But solar still has much room for improvement. Commercial cells are only 10 to 15 percent efficient.
With much more research, new strategies to absorb sunlight more efficiently could lead to cells that
reached 50 to 60 percent efficiency. If the cells could be made cheaply enough, they could produce
electricity for only 1 or 2 cents a kilowatt-hour.
Dr. Arthur Nozik, a senior research fellow at the National Renewable Energy Laboratory in Golden,
Colo., said the advanced solar concepts were scientifically feasible. But, echoing Dr. Hoffert, Dr.
Nozik said: ''We need like a Manhattan Project or an Apollo program to put a lot more resources into
solving the problem. It's going to require a revolution, not an evolution. I wouldn't expect to get there
in 2050 if we're going at the same pace.''
But if scientists succeed with a cheap, efficient solar cell, ''you'd be on Easy Street,'' Dr. Nozik said.
Wind power is already practical in many places like Denmark, where 17 percent of the electricity
comes from wind turbines. The newest turbines, with propellers as wide in diameter as a football
field, produce energy at a cost of 4 or 5 cents a kilowatt-hour. Further refinements like lighter rotors
could drop the price by another cent or two, making it directly competitive with natural gas.
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Dr. Robert W. Thresher, director of the National Wind Technology Center at the energy laboratory,
envisions large farms of wind turbines being built offshore. ''They would be out of sight,'' he said.
''There's no shortage of space and wind.''
Solar and wind power will be hampered because the sun doesn't always shine and the wind doesn't
always blow. The current power grid is not well suited for intermittent power sources because the
amount of power produced at any moment must match the amount being consumed. To exploit the
sun and wind, utilities would have to develop devices that could act as giant batteries.
One concept is to pump compressed air into an underground cavern. When electricity was needed,
the air would be released, and the air pressure would turn a turbine to generate electricity.
The Big Ideas
Then there are the big ideas that could change everything. To get around the problem of the
intermittency in solar power, solar arrays could be placed where the sun shines 24 hours a day -- in
space. The power could be beamed to the ground via microwaves.
Another big idea comes from Dr. Klaus S. Lackner, a professor of geophysics at Columbia
University: what if carbon dioxide could be scrubbed out of the air? His back-of-the-envelope
calculations indicate it may be feasible, although he is far from being ready to demonstrate how.
But if that were possible, that would eliminate the need to shift from gasoline to hydrogen for cars.
That would save the time and cost of building pipelines for shipping hydrogen, and gasoline is in
many ways a superior fuel than hydrogen. (Hydrogen needs to be stored under very high pressure or
at very cold temperatures.) Owners of gas-guzzling S.U.V.'s could assuage their guilt by paying for
the scrubbing of carbon dioxide produced by their vehicles.
Eventually, the captured carbon dioxide could be processed to create an artificial gasoline, Dr.
Lackner said. Then the world would discover, much to its surprise, that everything old would be new
and clean again.
''Carbon may actually be just as clean, just as renewable,'' Dr. Lackner said.
CAPTIONS: Photos: A solar power satellite is among the possible alternatives to carbon dioxideemitting fossil fuels. It could take advantage of the fact that the sun shines 24 hours a day in space.
(Photo by NASA artwork by Pat Rawlings/SAIC)(pg. F1); Wind turbines and solar power, which are
renewable energy sources, provide less than 2 percent of the world's electricity. (Photo by Getty
Images)(pg. F2)
Chart: ''Stabilizing Greenhouse Gases''
Carbon in the atmosphere is measured in parts per million by volume. Pre-industrial levels were
about 275 p.p.m.; they are now about 370. Here is how much carbon-free energy is expected with
current trends, and how much is needed to meet two stabilization goals.
CURRENT TREND
Expected energy growth plus some efficiency gains.
Graph shows total power consumption and emission-free power since 2000.
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GOAL: 550 P.P.M.
Double pre-industrial levels.
Graph shows Sharp increase in emission-free power this century.
GOAL: 350 P.P.M.
Slight reduction from current levels.
All power would have to be emission-free by about 2045.
(Sources by Dr. Martin I. Hoffert, New York University; Dr. Ken Caldeira, Lawrence Livermore
National Laboratory)
Copyright 2004 The New York Times Company
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FOR NOW, THE TREND IS MORE OIL
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TECHNOLOGIES THAT LARGELY EXIST

SMALL-SCALE
OPERATION
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FOSSIL WITH
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NEW
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FUTURE
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TECHNOLOGIES THAT REQUIRE MAJOR RESEARCH AND DEVELOPMENT

Technologies that
can exist off the
grid, or feed it.
EARTH-BASED SOLAR

SPACE-BASED SOLAR

2003 SHARE OF U.S. ENERGY 0.7%
EQUAL TO POWER USED BY: NEW MEXICO

NEEDED: BETTER SILICON

A dedicated source would
replace costly second-hand
silicon from chip industry.

POTENTIAL AFTER 2050: LARGE

Most comercially
available photovoltaic systems convert only
about 15 percent of sunlight
energy to electricity;
research cells reach 30
percent. Larger obstacles to
widespread use include
cost and a national electric
grid that is unsuited for
intermittent sources. Work
continues on other solar
methods: thermal systems
which concentrate sunlight
to produce heat for power
generation.

Better
methods, such as dyebased solar cells and rollto-roll production, could
reduce prices.

ECONOMIES OF SCALE
DETAIL

FLEXIBLE,
ULTRA-THIN
ARRAYS IN
DEVELOPMENT

TOP SHEET OF
ALUMINUM FOIL

MINUTE SILICON
SPHERES

BOTTOM FOIL SHEET

WIND
2003 SHARE 1.1% EQUIVALENT:
EQUAL TO POWER USED BY: DELAWARE AND UTAH
ENERCON
E-112

POTENTIAL: LARGE

The world’s fastest-growing energy source,
increasing 30 percent annually. (Denmark
gets 17 percent of its electricity from wind.) There is
enough wind energy in North Dakota, Texas and
Kansas to meet the nation’s present power CHECK
needs.

BLADE
DIAMETER
370 FT.

TOTAL
HEIGHT
305 FT.

MODERATE

Satellites can collect eight
times more solar energy on
the same surface area than
earthbound collectors.
Stations on the moon could
return about 200 times more
energy per pound of
material from earth than
satellites; they could
be built largely from
lunar materials.
Capturing just
one percent
of the solar
energy that
hits the moon
could meet all
global energy
needs in 2050.
Right: one
of many
satellite
prototypes.

NEEDED:
MORE
CAPACITY

Larger turbines, like the
Enercon E-112 from
Germany, can produce
enough power for 2,000 to
4,000 homes — the same
as 450 windmills from 1980.

EFFICIENCIES

Today’s fission reactors
produce deadly waste
lasting thousands of years.
Supplies of uranium fuel are
limited and plant accidents
could be catastrophic; the
process also can provide
weapons material. Fission
improvements are possible,
but aggressive research
could perfect fusion, which
is more promising longterm: its fuel is abundant,
and its minimal waste is
unsuitable for weapons.

POTENTIAL: LARGE
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CHECK
About
x percent of
electricity is lost in transmission. Better systems
would have much higher
efficiencies, in effect
providing a substantial
portion of future energy
needs, also allowing
distant generation of
wind and other energy
sources for major
population centers.

2003 SHARE 3.3%
EQUALIVALENT: MICHIGAN

Moon arrays or reflectors
in lunar orbit aim energy
to antennas on earth.
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MOON

NASA

INFLATABLE
STRUCTURE
CURES TO
RIGID SHAPE

NEEDED: LIGHTWEIGHT ARRAY

Thin, durable collectors
easy to put in orbit.
ECONOMIES OF SCALE

TRANSMITTING
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Launch and fabrication
costs must be lowered by a
factor of 10,000.
into advanced
optics, electonics, materials.
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MICROWAVE
REFLECTOR

NEEDED: CONTROLLED
REACTION DEMONSTRATION

FUSION
REACTION
DEUTERIUM

TRITIUM

Preparations are underway
for the first plant, which will
require a decade of work.
WASTE THAT RECYCLES

Neutrons eventually make
the containment structure
radioactive.

PROTON
NEUTRON

ENERGETIC
NEUTRON

HELIUM

With the right containment
material, cooling-off time
could be reduced to less
than 30 years. It would be
reused, eliminating the
need for disposal.

EFFICIENCIES, INCLUDING IMPROVED ELECTRICAL GRIDS

POTENTIAL: LARGE

HYDRO/GEOTHERMAL

EARTH

ABOUT
2 MILES

POTENTIAL: LARGE

STATUE
OF
LIBERTY

GOOD

POTENTIAL: MODERATE/LARGE

NEXT GENERATION NUCLEAR

U.S. WIND RESOURCES

EXCELLENT

Solar energy captured
and transmitted via
microwaves or lasers.
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BIOENERGY

GAS, OIL SUBSTITUTION

TWO LAYERS OF
INSULATION
LIQUID
NITROGEN

POTENTIAL: SMALL

Hydroelectric power has
largely realized its potential,
so its share of increased
energy demand will shrink.
Geothermal methods hold
promise for some locations,
but they probably won’t
become leading sources.

Plant material is a closed
loop: Carbon released by
burning it is absorbed by
new crops. But land use
concerns, including the
need to preserve wilderness and food crop
farming, limit its potential.

New micro-engineered
materials for storage and
transport of hydrogen.
SUPERCONDUCTING PIPELINE

Underground power
conduits using supercooled
hydrogen must be stable
and flawlessly insulated or
they will lose their
superconductivity.
SUPERCONDUCTOR
HYDROGEN AT 77 DEGREES KELVIN; UP TO 7,000

CHECK

CARBON STORAGE
NEEDED: CHEMICAL PROCESS

2003 SHARE 2.4%
EQUIVALENT: MASSACHUSETTS

POTENTIAL: SMALL

NEEDED: NANOTECHNOLOGY

Vastly speed up centurieslong weathering process
that returns CO2 to rock.
POTENTIAL: MODERATE

Low-emission fossil fuels,
especially natural gas and
clean-burning oil, are seen
as a bridge to an ultimately
carbon-free economy.

POTENTIAL: LARGE

Capturing carbon dioxide
(CO2) and storing it
underground will be difficult
and costly. A safer but
more challenging solution is
to sequester it as a solid,
abundant and suitable for
construction material.
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SECURE UNDERGROUND
STORAGE Accidental leaks

CARBON
MAGNESIUM
BRICKS

could be catastrophic,
displacing the breathable
atmosphere around storage
areas. Longterm leakage
rates of less than 1 percent
could release enough gas
to erase the benefits of
sequestration.
Bill Marsh/The New York Times

