
lizing CO2 at lower levels is probably not realistic. But even to
hold the atmospheric concentration to 550 ppm, he says, “emis-
sions over the century have to be 70 percent less than what we
predict business as usual is going to be. The scale of what we are
talking about is huge.” Undergraduates in his environmental sci-
ence and public policy seminar, “Technological Approaches to
Mitigation of Climate Change” (ESPP 90m), co-taught with
Agassiz professor of biological oceanography James J. McCarthy,
each choose an energy source in which they will become expert
during the semester: nuclear power, coal, oil, natural gas, or a re-
newable such as wind, hydropower, solar energy, or biomass.
Eventually, each student must devise a plan, using all these en-
ergy sources, to stabilize atmospheric concentrations of CO2
below 550 ppm by the year 2100 (an allowance is made for im-
proved energy e∞ciency).

Then the class and the professors critique the student models.
Because each participant is by now well versed in one form of en-
ergy, they can point out flaws in each other’s work. On this first
attempt, none of the students is able to reach the CO2 target
without making at least one highly optimistic assumption—a

sobering outcome. “It is a di∞cult problem,” Schrag reassures
them. “Staying under 550 ppm is not easy.”

With his graduate students, who gather once a week in an “en-
ergy-journal club” to critique the scientific literature on energy
and climate change, Schrag is less gentle. At a meeting last fall, the
group discussed a paper on climate change by Stephen Pacala and
Robert Socolow ’59, Ph.D. ’64, both professors at Princeton. The
authors attack the climate-change problem with “stabilization
wedges”: actions or existing technologies that can make a small
contribution to reducing CO2 output—equal to one billion tons
of carbon per year by 2050. The 15 wedges Pacala and Socolow
consider are not all equally plausible, but only seven good ones
are needed to put us on a path to stabilizing atmospheric CO2 at a
reasonable level by 2050, according to the article.

The graduate students adopt a “take no prisoners” approach.
Each casts a vote for or against the viability of each wedge. Re-
duced use of vehicles, improved soil management, increased
forestation, solar power: few of the wedges pass muster. Energy
e∞ciency meets their approval, but only as a short-term fix that
will buy the world time to make the switch to carbon-free

During the next 100 years, “The climate problem is a coal problem.”

H
einz professor of environmental policy John
Holdren, who holds a joint appointment in the Faculty
of Arts and Science’s department of earth and planetary
sciences, counts himself among the environmentalists

who believe a contribution from the expansion of nuclear
power—if its drawbacks can be overcome—would help meet
the need for carbon-free electricity in a climate-constrained
world. “Nuclear power provides about one-sixth of the world’s
electricity today,” generated by 440 reactors, he notes. In the
near future, as older power stations are taken o≠-line, nuclear’s
share of global electricity production will fall precipitously un-
less new plants are built.

In response to this forecast, Holdren and a group of colleagues
from MIT asked the question, “If we are going to need nuclear
power, what is the safest, most cost-e≠ective way to retain the
option to use this resource?” Their answer, outlined in a 2003 re-
port called The Future of Nuclear Power, identifies four key chal-
lenges to the industry: high cost, waste disposal, safety (which in
a post-9/11 world includes the possibility of terrorism), and
weapons proliferation.

Nuclear power has always been expensive because of the capi-
tal costs associated with starting up a plant. “Coal eats nuclear’s
lunch over 20 to 30 years unless the carbon output of fossil-fuel-
burning power plants is taxed at something like $100 per ton,”
Holdren says. Today, electricity generated by a nuclear power
plant costs about 6.4 cents per kilowatt hour (kwh), as com-
pared to 4.5 to 5 cents per kwh for coal and 3.5 to 4 cents per kwh
for natural gas, Holdren explains. Carbon taxes would induce
the market to control carbon-dioxide emissions, and many en-
ergy producers are already preparing for the day when those
taxes arrive. But even if costs were equivalent, a renaissance in

nuclear power would face obstacles. In 1983, Graham Allison,
then dean of the Kennedy School of Government, and Albert
Carnesale, then professor of public policy there, wrote an essay
describing the dilemma faced by a utility director weighing
whether to build a coal or a nuclear power plant. In their hypo-
thetical scenario, even when nuclear power is cheaper, the direc-
tor chooses a coal plant because of the political uncertainties
surrounding the nuclear alternative. But today, Allison believes
that the balance has changed. “The combination of liability relief,
fast-tracking of the regulatory approval process, and the intro-
duction of standardized reactor designs in the energy legislation
passed last summer make it likely that we are going to have some
new nuclear power plants,” he says.

Holdren notes that cost-competitiveness is not the whole
story, however. “What we do with nuclear radioactive waste is
not a solved problem,” he says. There are engineering questions
about the massive storage repository proposed for the Nevada
desert. Certainty about its ability to keep groundwater supplies
safe falls o≠ after 10,000 years—while the facility needs to func-
tion as planned for several hundred thousands of years. And the
space is already too small to accommodate even the lifetime out-
put of this country’s existing 104 nuclear power plants.

Holdren believes the toughest problem facing nuclear power
today is not waste storage, but breaking the energy/terrorism
link. Though modern reactors are operationally 10 to 100 times
safer than the designs at Three Mile Island or Chernobyl, he
says, nuclear power plants were not built with terrorists in
mind. Allison, perhaps the world’s leading expert on nuclear se-
curity, agrees: “The idea that suicidal terrorists would come in
groups of 20 was not the basis on which nuclear power plants
and their security systems were designed,” he points out. “Nev-

Is Nuclear Power Scalable?
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power. Land-based wind turbines are an economically competi-
tive power source right now. But as Schrag asks of each wedge,
“Is it scalable?” Scalability is the ultimate test, because energy
demand keeps growing and power sources must be able to keep
pace. “End-use” e∞ciency—making our cars, appliances, and
homes more energy e∞cient—is not scalable, he notes, “because
you can’t reduce demand to zero; you are always going to need
some energy.” Neither is wind power. Even if all the viable sites
in the world were covered with wind turbines, the energy prob-
lem couldn’t be solved. In the end, six or perhaps seven wedges
are left standing, but they are fraught with real-world obstacles.
Nuclear power, even though it may not be scalable for practical
and political reasons, is one of them.

Later, in his o∞ce, Schrag reveals the nub of the problem,
pointing to a graph that plots global energy demand in the next
hundred years (see page 43). Beneath the curve, the graph is
shaded to show the relative contributions to supply of each and
every possible energy source as it grows during the century or, as
in the case of oil and natural gas, peaks and then tails o≠ slightly.
Presented in such a graph—the one he uses happens to assume a
mid-range 1.5 percent annual growth in global energy demand—
what immediately jumps out is the enormous contribution of

coal by 2100. By then, nearly half the world’s energy supply is
projected to come from coal alone. As Schrag puts it, during the
next 100 years, “The climate problem is a coal problem.”

COAL COMFORT

C
onstraints on supply, he says, will dictate this outcome.
Known global reserves of oil (based on current, not future,
consumption) will last 41 years; natural gas, 67 years; and

coal 164 years. Some people believe that a peak for oil production
will come much sooner. Natural gas, once thought to be abundant
and cheap, has become harder to find. But coal remains abundant.
The United States has some of the largest coal reserves in the
world, notes Schrag, adding, “If we are serious about developing
domestic energy sources, and weaning ourselves of foreign
sources of oil and gas, coal will have to play a large role.”  

Meanwhile, energy demand will increase precipitously world-
wide, partly due to a global population growth of 50 percent by
century’s end, but largely because per capita energy use in popu-
lous countries such as China and India—which also have tre-
mendous coal reserves—will rise toward the levels seen in devel-
oped nations. “Economic growth”—on the order of 500
percent—“dominates the equation,” says Schrag.

ertheless, the chances of an aircraft penetrating the dome of a
reactor and causing a meltdown are pretty slim because it has
got to hit in just the right spot.” But Al Qaeda looked into tar-
geting nuclear plants with airplanes, he says, and has never
taken them o≠ their lists.

An act of terrorism at a nuclear power plant would be analo-
gous to a big dirty bomb, says Allison. “A dirty bomb is a blast in
which some radioactive material gets pulverized and then
spewed into the atmosphere. Mostly what this does is cause
panic.” Some people will get a dose of radiation at a level that
would increase the risk of cancer in 25 years, and a few might
su≠er radiation poisoning, which at high doses can be fatal. Dirty
bombs make big messes, and may require massive relocations, as
at Chernobyl, but they pale by comparison to the primary threat
that Allison has written about in Nuclear Terrorism: The Ultimate
Preventable Catastrophe—the possibility that terrorists might get
hold of and detonate a nuclear bomb in a major city. “What does
a nuclear power plant like Seabrook [in New Hampshire] have to
do with that?” asks Allison. “Essentially zero. Not zero, but es-
sentially zero.”

Not all nuclear power plants are light-water reactors like
Seabrook, however, and Holdren and others have warned that
their nuclear fuels and wastes do present a security risk, espe-
cially as they are handled in some foreign countries. Unfortu-
nately, any country that can enrich natural uranium to 2 to 3 per-
cent (the concentration needed to fuel a power plant) can easily
use those same machines to enrich the U-235 to 80 or 90 percent,
the concentration needed for a nuclear bomb.

A similar vulnerability surrounds the spent fuel that comes
out of a reactor. Plutonium in the spent fuel is easily separated
from other waste through chemical processing and, like the ura-
nium, can be used to make a nuclear bomb. France and Japan, on
the other hand, routinely extract and reprocess plutonium for
reuse as reactor fuel, but the dual-use potential of this process
has led Holdren and his coauthors to recommend a “once-

through fuel cycle” in which the spent fuel is not reprocessed,
but instead goes directly into a storage repository.

Keeping bomb-making material out of the hands of all but the
existing nuclear states has been a guiding principle in diplomatic
e≠orts to restrain North Korea’s and Iran’s nuclear programs, for
example, without denying those countries the right to operate
nuclear power plants peacefully. “If the world is going to have a
lot more nuclear power plants,” says Allison, “you are going to
have to have some arrangement for supplying fuel credibly and
for taking it away that doesn’t require everybody getting into the
business [of making it] themselves.” He points out that Mo-
hamed ElBaradei, director general of the International Atomic
Energy Agency (IAEA) “is trying to create a neutral fuel bank…
that would guarantee countries like Iran their fuel.” This pro-
posed international arrangement is called the assured nuclear
fuel cycle. Allison notes that the United States and Russia “have
agreed to donate several tons of uranium as the first installment
of this fuel bank.”

Could terrorists actually acquire enough material to build a
bomb? ElBaradei, who with the IAEA was awarded the 2005
Nobel Peace Prize, was asked this question on a recent visit to
Harvard. “In the last 10 years,” he replied, “I’ve seen 200 cases of
nuclear material being smuggled across borders. So far, not
enough to build a nuclear bomb.” Yet it could happen, he said.
“This is a world in denial.”

From the wider environmental perspective, meanwhile, even a
tenfold expansion in nuclear capacity by 2100 would by itself
barely reduce the atmospheric burden of CO2—from a projected
900 ppm (parts per million) to 820 ppm, both catastrophically
higher than today’s concentration of 380 ppm, according to
Daniel Schrag. But the options for addressing climate change—
nuclear power, renewable energy sources, carbon sequestration,
and increased energy e∞ciency—are few. As Holdren and his
coauthors wrote, “In our judgment, it would be a mistake to ex-
clude any of these four options at this time.”
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