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Foreword: The return of the nuclear messiahs
Here is a book for the times. Uranium enrichment and reprocessing,
once terms reserved for eggheads dealing in nuclear esoterica, are in the
headlines everyday. Politicians and diplomats argue about them and the
proliferation threats arising from the spread of commercial nuclear power
technology.
Yet, strangely, in a parallel universe also being played out on the public
stage, is the nuclear industry’s claim, amplified by the megaphones of
the media, that nuclear power can play a vital role in saving the Earth
from another peril – severe climate disruption caused by the anthropogenic emissions of greenhouse gases.
Could it? Could nuclear power really help save the world from what is
arguably the worst environmental scourge ever to confront humanity?
History would suggest two things: caution about the nuclear industry’s
messianic proclamations and careful analysis of the problem.
The early promises of the fervent advocates of nuclear energy were of an
economic paradise that nuclear energy would usher in for everyone from
the needy to the greedy. No whim or need would go unfulfilled. But it
was mainly fantasy and propaganda.
Almost two decades ago, browsing through the stacks of a well endowed
library, I ran into a 1950 article written by a research engineer by the
name of Ward Davidson from Consolidated Edison Company of New
York. It was published in the then-nuclear industry journal Atomics.
Updating an earlier 1947 opinion, he wrote that the technical problems
facing nuclear power were even more daunting than he had imagined.
For example, the materials requirements would be stringent, given the
high temperatures and damage from high neutron fluxes. Testing of the
alloys to ensure the quality and uniformity needed would be difficult. All
this meant, of course, that nuclear power would be quite expensive.
Reading that prescient 1950 assessment was an eye opener. Like almost
everyone else, I believed that the common technical conclusion prevalent
in nuclear circles in the 1940s and 1950s was that the nuclear energy
would soon be “too cheap to meter.” After all, that statement was made
by the Chairman of the U.S. Atomic Energy Commission in 1954 and
endlessly repeated. I had presumed that it was simply a mistake, but who
doesn’t make mistakes? This was the first inkling of what further reFor non-commercial use only
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search would decisively show: it was the uniform conclusion of all serious analyses at the time that nuclear electricity would be expensive.1
“Too cheap to meter” was part self-delusion, as shown by the florid and
fantastic statements made by the most serious people such as Glenn
Seaborg, who led the team that first isolated plutonium, and Robert Hutchins, the President of the University of Chicago during the Manhattan
Project. And it was part organized propaganda designed to hide the horrors of the hydrogen bomb.
In September of 1953, less than a month after the detonation of the Soviet's first hydrogen bomb, AEC Commissioner Thomas Murray wrote to
the commission's chairman that the U.S. could derive “propaganda capital” from a publicity campaign surrounding their recent decision to construct the Shippingport nuclear power plant.2 Sterling Cole, the chairman
of the Joint Committee on Atomic Energy in the U.S. Congress, reached
a similar conclusion regarding the importance of demonstrating the
“benefits” of nuclear power as a counter balance to the immense destructive force of the hydrogen bomb. This conclusion, in fact, led Cole to
worry that the Soviets might beat the U.S. to a functional nuclear power
plant, and thus steal the claim to being the true promoters of the “peaceful” atom. In a letter to a fellow Congressman, Sterling Cole wrote
It is possible that the relations of the United States with every
other country in the world could be seriously damaged if Russia were to build an atomic power plant for peacetime use
ahead of us. The possibility that Russia might actually demonstrate her “peaceful” intentions in the field of atomic energy
while we are still concentrating on atomic weapons could be a
major blow to our position in the world.3

As early of 1948, the Atomic Energy Commission reported to Congress
that “the cost of a nuclear-fuel power plant will be substantially greater
than that of a coal-burning plant of similar capacity.”4 In the January
1949 issue of Science, Robert Bacher, one of the original members of the
AEC and a member of the scientific team at Los Alamos during the war,
cautioned that despite the progress that was being made, it was “far too

1

This Foreword is based on Part I of Makhijani and Saleska 1999.
Murray 1953
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early to make any predictions about the economic feasibility of atomic
power.”5
One of the most direct of the early critiques of the economics of nuclear
power came in a December 1950 speech before the American Association for the Advancement of Science by C.G. Suits. At the time, Suits
was the Vice-President and Director of Research at General Electric
which was then operating the Hanford plutonium production reactors in
Washington State and was one of the principal companies developing
nuclear reactors for the production of electricity. In his speech, which
was reprinted in the industry journal Nucleonics, Suits stated bluntly that:
It is safe to say… that atomic power is not the means by which
man will for the first time emancipate himself economically,
whatever that may mean; or forever throw off his mantle of
toil, whatever that may mean. Loud guffaws could be heard
from some of the laboratories working on this problem if anyone should in an unfortunate moment refer to the atom as the
means for throwing off man's mantle of toil. It is certainly not
that!
…
… At present, atomic power presents an exceptionally costly
and inconvenient means of obtaining energy which can be extracted more economically from conventional fuels… The
economics of atomic power are not attractive at present, nor
are they likely to be for a long time in the future. This is expensive power, not cheap power as the public has been led to
believe.6

In 1953, an official AEC study concluded that “no reactor could be constructed in the very near future which would be economic on the basis of
power generation alone.” Significantly, this language was identical to
that in a study published by industrial companies and major utilities including Bechtel, Monsanto, Dow Chemical, Pacific Gas and Electric,
Detroit Edison, and Commonwealth Edison.7
The dismal assessment of the prospects of nuclear went back to the Manhattan Project. In a star-studded 1948 report, authored by Enrico Fermi,
Glenn Seaborg, and J. Robert Oppenheimer, the authors concluded that
there was “unwarranted optimism” about the speed with which the technical difficulties facing nuclear power could be overcome. Ironically, the
5

Bacher 1949 p. 6 and LANL Biography
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7
Makhijani and Saleska 1999 p. 67-68
6
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self-same Glenn Seaborg waxed eloquent about how plutonium fuel
could transport everyone into a technical wonderland of “planetary engineering” – which, of course, could only be done if energy were very
cheap..
Now, over half a century after the fantasies and the propaganda, and over
a quarter of a century since the last reactor was ordered in the United
States, the nuclear industry is returning. Then it was the promise of an
endless supply of fuel – what Alvin Weinberg, the first Director of Oak
Ridge National Laboratory called a “magical” energy source. Uraniun238, not a reactor fuel, would be turned into fuel in breeder reactors,
even as those same reactors consumed plutonium fuel. The net result
would be more fuel at the end of the cycle than there was at the beginning. With supplies of uranium-238 being rather vast, the physics of the
fantasy was only slightly exaggerated.
But physics is not enough. An energy source must still meet the tests of
safety, reliability, and cost. In the case of nuclear energy, there is also
the unique problem of nuclear proliferation, in part hidden in the form of
the plutonium content of the spent fuel and in part in the form of the
spread of know-how. Taken together, these factors made the physics
“magic” evaporate the first time around. Breeder reactors and the associated reprocessing have yet to be commercialized after over $100 billion
in expenditures worldwide (constant 1996 dollars) and more than fifty
years of effort.8
It is the same today. As Brice Smith notes, and as several careful analyses have shown, the carbon dioxide emissions from a nuclear electricity
system can be kept very small, in fact, an all nuclear-energy-system
could theoretically reduce them to zero. But the physics is not the problem now; nor was it then.
The problems are:
1. How much will nuclear energy cost relative to other means of
getting rid of carbon dioxide emissions?
2. What kinds of subsides will be required, given that Wall Street is
skittish about nuclear power?

8
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3. What will be the risks of catastrophic accidents if we build reactors at the rate of one a week or more, cookie-cutter style around
the world?
4. What will happen to the security of power supply in case of terrorist attacks or disastrous accidents on the scale of Chernobyl?
5. What about all the plutonium in the waste?
In Insurmountable Risks, Brice Smith carefully analyzes all these questions and more. It is a meticulously researched work that points to the
great dangers of attempting to solve the problem of reducing carbon dioxide emissions by resorting to large-scale use of nuclear energy. Were
there no alternative, the severity of the threat facing humankind as well
as other species from global climate change might well warrant serious
consideration of the risks of nuclear energy. But we do have alternatives
that will not leave proliferation headaches and risks of radioactive landscapes like the ghostly zone around Chernobyl to future generations.
Before buying into the idea that nuclear energy is going to save us from
global climate change because of its theoretical potential for low carbon
dioxide emissions, read this book. And then work for the alternatives.
Arjun Makhijani, Ph.D.
President, Institute for Energy and Environmental Research
Takoma Park, Maryland
May 15, 2006
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Chapter One: The World of Tomorrow and Yesterday
It is not too much to expect that our children will enjoy in their homes electrical energy too cheap to meter, --will know of great periodic regional famines in
the world only as matters of history, -- will travel effortlessly over the seas and under them and through
the air with a minimum of danger and at great speeds,
- and will experience a lifespan far longer than ours,
as disease yields and man comes to understand what
causes him to age. This is the forecast for an age of
peace.1
- Lewis Strauss, Chairman of the U.S. Atomic
Energy Commission (1954)

If an enterprise as enormous and costly as nuclear power can have an
anniversary, than 2004 would have been its 50th. In the last half a century, the promotion of nuclear power has undergone many changes, but
today it remains a technological pariah in many parts of the world despite
the potential interest of countries like India and China and the growing
interest of the Bush Administration. Following the Second World War,
with the rapid expansion in the production of consumer goods in the
United States and other countries, nuclear power was held out as the
hope for a new and better world run by cheap and plentiful electricity.
The widespread failure of nuclear power in the U.S. from an economic
perspective, coupled with the unique problems of safety, waste disposal,
and nuclear weapons proliferation has forced its proponents to look for
new rationales in their attempt to revive the “nuclear option.”
Over the last 20 years, the prospect of global climate change driven by
the emission of greenhouse gases2 has provided just such a rationale.
Compared to the other major energy sources now utilized around the
world to generate base load electricity (coal, oil, and natural gas), nuclear
power plants emit far lower levels of greenhouse gases even when mining, enrichment, and fuel fabrication are taken into consideration.3 Today, the argument that nuclear power is essential to preventing the potentially catastrophic consequences of global warming is the dominant
theme uniting arguments to keep existing plants open beyond their intended operational lifespan and for new power plants to be built. These
For non-commercial use only
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arguments are achieving new prominence, even among some environmentalists, following the entry into force of the Kyoto Protocol on February 16, 2005.4
However, just as the claim that nuclear power would one day be “too
cheap to meter” was known to be a myth well before ground was broken
on the first civilian reactor in the United States, this book will show that
a careful examination today reveals that the expense and unique vulnerabilities associated with expanding nuclear power would make it a very
risky option for trying to address the problems of climate change. These
costs and vulnerabilities are well known and, in fact, are essentially the
same set or problems that led to the failure of nuclear power the first time
around. As summarized by the Intergovernmental Panel on Climate
Change in 2001
In spite of this advantage [negligible greenhouse gas emissions], nuclear power is not seen as the solution to the global
warming problem in many countries. The main issues are (1)
the high costs compared to alternative CCGTs [Combined Cycle Gas Technologies], (2) public acceptance involving operating safety and waste, (3) safety of radioactive waste management and recycling of nuclear fuel, (4) the risks of nuclear fuel
transportation, and (5) nuclear weapons proliferation.5

It has been more than 50 years since ground was broken on the first civilian nuclear power plant and more than 25 years since the last reactor order was placed in the United States. It is time for nuclear power to finally retire so that the global community can move on to focusing its efforts on developing more rapid, effective, and sustainable options for
addressing the most pressing environmental concern of our day.

Section 1.1 - From Peaceful Panacea to Environmental Necessity
The year 1954 was indeed a banner year in the birth of the nuclear power
industry. On January 21, 1954, the U.S.S Nautilus set sail becoming the
world’s first nuclear powered submarine. In September, ground was
broken by President Eisenhower at the site of the Shippingport nuclear
power plant in Pennsylvania. The reactor there used a similar design to
that which had been developed for the Nautilus. Earlier that year Congress, under pressure from the Atomic Energy Commission and its industrial partners, had amended the Atomic Energy Act to encourage greater
participation of private companies in the nuclear enterprise. When the 60
megawatt-electric (MW) 6 reactor at Shippingport opened three years
2
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later, it would become the first commercial nuclear reactor in the U.S.
Outside the United States, things were also moving rapidly in 1954.
Three months before ground was broken at Shippingport, the Soviet Union connected a small 5 MW reactor to the electric grid at Obninsk, and
by that time work had already been underway for more than a year on the
50 MW Calder Hall reactor in England that would produce both electricity and weapons grade plutonium.
However, 1954 was also an auspicious year for nuclear power in which
Lewis Strauss, then Chairman of the Atomic Energy Commission, uttered the single most famous promise for the future of the then infant
technology
It is not too much to expect that our children will enjoy in their
homes electrical energy too cheap to meter, --will know of
great periodic regional famines in the world only as matters of
history, -- will travel effortlessly over the seas and under them
and through the air with a minimum of danger and at great
speeds, - and will experience a lifespan far longer than ours, as
disease yields and man comes to understand what causes him
to age. This is the forecast for an age of peace.7

Strauss was hardly alone in making such pronouncements of the revolutionary potential of “cheap” and “inexhaustible” nuclear power. For example, shortly after World War II, Robert Hutchins, then Chancellor of
the University of Chicago where scientists had conducted the initial research on nuclear reactors during the war, predicted that
A very few individuals working a few hours a day at very easy
tasks in the central atomic power plant will provide all the
heat, light, and power required by the community and these
utilities will be so cheap that their cost can hardly be reckoned.8

David Lilienthal, the head of the Tennessee Valley Authority and the
first Chairman of the Atomic Energy Commission, wrote of the “almost
limitless beneficial applications of atomic energy.”9 Finally, Glenn
Seaborg, the co-discoverer of plutonium, one of the leading chemists in
the Manhattan Project, and Chairman of the Atomic Energy Commission
from 1961 to 1971, was perhaps one of the most poetic of the early nuclear proponents. He envisioned a world where a scientific elite would
“build a new world through nuclear technology.” He saw nuclear power
as opening the way for “planetary engineering,” enabling humans to irrigate the desert, move mountains, and redirect rivers. He saw millions of
homes receiving heat and light from a single nuclear plant, and an exFor non-commercial use only
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panding industrial sector powered by cheap and plentiful electric power.
Seaborg even envisioned such novel applications as nuclear powered
artificial hearts and SCUBA suits heated by plutonium.10 Connected to
these fantastic prophecies, however, was also a powerful Cold War
backdrop that sought to make use of nuclear power as a propaganda tool
in the conflict between the United States and the Soviet Union.11 At
stake in the push to develop nuclear power was the ability to lay claim to
the mantle of the “peaceful” atom in the context of growing public anxiety over a nuclear arms race that was rapidly escalating.
On July 16, 1945, the U.S. detonated the world's first nuclear device at
the Alamogordo test site in New Mexico. The core of this “gadget” was
made from plutonium that had been produced in the nuclear reactors at
the Hanford Engineer Works in southeastern Washington State. Less
than a month later, the world was formally introduced to the power of
nuclear energy when the cities of Hiroshima and Nagasaki were destroyed in a pair of blinding flashes that resulted in more than 100,000
immediate deaths as well as untold suffering among many of the survivors. On August 29, 1949, the Soviet Union tested its first atomic bomb
at a site in Kazakhstan shattering the U.S. nuclear monopoly, and rendering vulnerable the U.S. population to the same type of fate that had been
inflicted on the citizens of Hiroshima and Nagasaki. On October 3,
1952, the British joined the “nuclear club” by testing their first atomic
device in Australia. Less than a month later, the U.S. tested the world's
first thermonuclear device in the Pacific. Following close behind, the
Soviet Union tested its first thermonuclear device on August 12, 1953.
These tests opened the way for weapons a thousand times more powerful
than those dropped on Japan. As the year 1953 came to an end, the twin
images of the mushroom cloud and the devastation of Hiroshima and
Nagasaki were the faces of nuclear energy to the people of the world.
In early 1954 the U.S. nuclear weapons complex suffered one of its most
serious and public accidents which highlighted a third face of nuclear
energy, namely fallout from weapons testing. While it was known
within the weapons complex that atmospheric nuclear tests could result
in fallout over vast areas, the March 1, 1954 test of the first “weaponized” hydrogen bomb provided dramatic evidence of these dangers to the
public. The discussion of this test, carried out openly in the pages of
U.S. newspapers, was particularly impactful given that it was coupled to
a weapon of almost unimaginable destructive power. The bomb detonated in the Bravo test resulted in a blast of 15 megatons, more than
twice the expected yield and nearly 1,000 times more powerful than the
4
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bomb that destroyed Hiroshima. The mushroom cloud from the blast
rose 40 kilometers into the sky and had a diameter of 120 kilometers after 10 minutes. The explosion was described by then Secretary of Defense Charles Wilson as unbelievable.12 President Eisenhower told a
news conference that he believed “the scientists must have been surprised and astonished at the results,” and Representative Chet Holifield, a
member of Congress and witness to the Bravo test, described the explosion to the media as “so far beyond what was predicted that you might
say it was out of control.”13
The fallout cloud from the Bravo test heavily contaminated a Japanese
fishing vessel called the Lucky Dragon sparking an international incident. In addition, the fallout also affected the inhabited islands of Rongelap, Ailinginae, Rongerik, and Utirik in the Marshall Islands. Of the
239 Marshallese who were exposed to the fallout from Bravo, the 86
people on Rongelap received the highest doses. By the end of October
1954, one of the 23 crew members of the Lucky Dragon, Aikichi Kuboyama, had died from radiation poisoning and the rest remained in intensive care.14 Approximately 3,000 people attended Kuboyama’s funeral which took place just weeks after ground was broken at Shippingport.15 Finally, despite assurances by AEC Chairman Lewis Strauss that
the “only contaminated fish discovered were those in the open hold of
the Japanese trawler [the Lucky Dragon]” roughly one out of every eight
boats inspected (683 all told) were, in fact, found to have radioactive fish
onboard. All together, Japanese monitors found 457 tons of tuna contaminated by the fallout.16
Converting the image of nuclear power from a destructive and potentially
apocalyptic force into that of a constructive and beneficial force was a
major goal of those within the U.S. nuclear establishment right from its
very beginning.17 This effort culminated in President Eisenhower’s December 8, 1953 address before the General Assembly of the United Nations in which he announced the launch of an initiative to spread the use
of civilian nuclear technology around the world. By the time of Eisenhower’s “Atoms for Peace” address, the U.S. had already conducted
more than 40 nuclear tests, including the detonation of the world's first
thermonuclear device. Eisenhower noted that since WWII, the U.S. nuclear arsenal alone had already grown to the point where it exceeded “by
many times the explosive equivalent of the total of all bombs and all
shells that came from every plane and every gun in every theatre of war
in all of the years of World War II.”18 He painted a grim picture of a nuclear war between the United States and the Soviet Union and concluded
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that to allow this situation to remain the only reality of nuclear energy
was “to confirm the hopeless finality of a belief that two atomic colossi
are doomed to malevolently eye each other indefinitely across a trembling world.”19 The alternative he proposed was to convert the face of
nuclear energy to one of civilian use. In his speech to the U.N. Eisenhower concluded that
It is not enough to take this weapon out of the hands of the
soldiers. It must be put into the hands of those who will know
how to strip its military casing and adapt it to the arts of
peace.20

Even in the wake of the deadly contamination that followed the Bravo
test, the “peaceful” justification of nuclear power was not far removed.
In his official statement on the H-Bomb tests in the Pacific, AEC Chairman Lewis Strauss claimed that not only had the tests been “of major
importance to our military strength and readiness,” but they had also
moved the world closer to finally benefiting from the utilization of nuclear power. Strauss concluded his prepared remarks by saying:
Finally, I would say that one important result of these hydrogen bomb developments has been the enhancement of our
military capability to the point where we should soon be more
free to increase our emphasis on the peaceful uses of atomic
power – at home and abroad. It will be a tremendous satisfaction to those who have participated in this program that it has
hastened that day.21

While there were intensive programs to develop reactors for generating
electricity that began well before December 1953, it was Eisenhower's
proposals for the formation of an International Atomic Energy Agency
under the United Nations and the launch of an international cooperative
effort on the development of nuclear energy that were the true watershed
events leading to the rapid expansion of nuclear power around the world.
Following Eisenhower’s UN address, the first conference at which Soviet
and U.S. scientists were able to interact in a meaningful way since the
1930s opened in Geneva for the express purpose of discussing the
“peaceful” application of nuclear power.22
Understanding these political motivations behind the drive to develop
nuclear power helps to explain the significant disconnect between the
pronouncements from scientists and public officials and the engineering
assessments from those most closely involved with the development of
reactors. As originally discovered by Dr. Arjun Makhijani and detailed
6
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in Nuclear Power Deception: U.S. Nuclear Mythology From Electricity
“Too Cheap to Meter” to “Inherently Safe” Reactors by Dr. Makhijani
and Scott Saleska, the internal engineering assessments of those within
the nuclear complex were in many cases in direct opposition to the public
pronouncements of nuclear power’s proponents. Specifically, the claim
of “cheap” nuclear power was repeatedly and sharply challenged by experts in both the government and industry as discussed in Dr. Makhijani’s foreword to the present work.23 This pessimistic view of nuclear
power was not limited to the United States either. In the Soviet Union,
the construction of the electricity producing reactor at Obninsk was opposed by some because it was thought to be uneconomical. In fact, the
project was seen among some of the leading figures within the Soviet
nuclear establishment as little more than a “concession” to Igor Kurchatov, the head of the Soviet nuclear weapons program and strong supporter of the “peaceful utilization of the energy of the atom.”24 Despite
the pessimistic outlook for the economic viability of this technology, the
nuclear establishment decided to push ahead and aggressively promote
the commercial use of nuclear power.
The intense promotion by the government and reactor developers, notwithstanding, most utilities remained hesitant to invest in nuclear power.
In 1957, however, two significant events occurred that helped to spark
the development of nuclear power. The first was the opening of the
Shippingport reactor in Pennsylvania, while the second was the passage
in Congress of the Price-Anderson Act limiting the liability of operators
of nuclear facilities in the event of a catastrophic accident. Pushed along
by large government subsides, nuclear power developed slowly throughout the rest of the 1950s and early 1960s. By 1964, there were only five
plants online, with a combined capacity well below that of one large nuclear plant today. 25 All of these facilities had been built with some level
of financial support from the government. However, with reactor manufacturers like General Electric and Westinghouse offering to build a
number of “first-mover” plants below the actual construction cost, coupled with highly optimistic assessments from the AEC about the economics of future nuclear plants, the 1960s saw what has come to be
known as the “Great Bandwagon Market.” By the end of 1967, 45 percent of all US nuclear capacity ever brought online had already been ordered.26
On the 13 so-called “turnkey” contracts that GE and Westinghouse made
in order to stimulate the market, it is estimated that their losses totaled
between $875 million and $1 billion.27 The utilities that did not have
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fixed cost contracts had to absorb the full extent of cost overruns as the
price of nuclear power plants continued to exceed predictions. Over
time, the economics of nuclear power grew progressively worse as average capital costs and construction times continued to climb. The average
overnight cost of nuclear plants escalated from $817 per kW (in 1988
dollars) for the 13 plants that began operation between 1971 and 1974 to
$3,133 per kW (in 1988 dollars) for the 10 plants that started operation in
1987-88. In fact, the least expensive of the 25 plants connected to the
grid in 1985-88 was more expensive than the most expensive of the 25
plants that entered operation between 1971 and 1976 (see Figure 1.1).28
$5,000
$4,500
$4,000

Lowest Cost Reactor ($ per kW)
Average Cost of all Reactors ($ per kW)
Highest Cost Reactor ($ per kW)

$3,500
$3,000
$2,500
$2,000
$1,500
$1,000
$500
$0
1971-1974 1975-1976 1977-1980 1981-1984 1985-1986 1987-1988

Figure 1.1: Overnight cost of commercial nuclear reactors built in the United
States grouped by the date in which they entered operation (all figures in 1988
dollars). The difference between the cost of the most expensive and least expensive reactors completed in the 1980s was more than three and a half times
29
the average cost of the reactors completed in the 1970s.

Coupled to the increase in capital cost, the construction times for nuclear
plants also increased significantly. The average lead time for plants that
opened prior to 1975 was 5.4 years, while reactors that came online between 1985 and 1989 required an average of approximately 12.2 years to
build. The shortest construction time for any of the 47 plants that became operational between 1980 and 1989 was longer than the average
time needed to build the 40 plants that came online prior to 1975.30
In addition to the rapid increases in both the construction time and construction cost of nuclear power plants, which publicly shattered the myth
8
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of “too cheap to meter,” events have demonstrated the falsehood of the
“peaceful atom” as well. It is significant that, just as the notion that nuclear power would be cheap and plentiful was clearly contradicted well
before Strauss’s famous speech, the link between nuclear power and the
potential for nuclear weapons proliferation was acknowledged well before Eisenhower's “Atoms for Peace” proposal was unveiled. The fact
that it is a short step from the development of nuclear power to the development of nuclear weapons was discussed by General Leslie Groves,
the head of the Manhattan Project, as early as November 28, 1945, in
testimony before the U.S. Congress.31 In addition, a study commissioned
by then Under Secretary of State Dean Acheson in 1946 and chaired by
David Lilienthal, concluded that “[t]he development of atomic energy for
peaceful purposes and the development of atomic energy for bombs are
in much of their course interchangeable and interdependent.”32 The link
was again highlighted in the first report of the U.S. Atomic Energy
Commission, which was reprinted in the February 21, 1947 issue of Science. In that report, the Commissioners acknowledged that, because
uranium was the raw material for both nuclear bombs and nuclear reactors, “[t]here is accordingly a very deep and basic relation between
weapons and the peacetime uses of atomic energy.”33
It was these types of concerns over the potential connection between civilian and military uses of nuclear facilities that led to the negotiation of
the 1968 Treaty on the Non-Proliferation of Nuclear Weapons.34 In exchange for aid in developing commercial nuclear power, and a commitment from the nuclear weapons states to pursue “good faith” negotiations
on disarmament, the NPT required states that did not already possess
nuclear weapons at that time to promise not to manufacture or otherwise
acquire them and empowered the International Atomic Energy Agency to
be a watchdog on proliferation tasked with conducting inspections of
“civilian” nuclear facilities.
Despite the warnings that had been sounded years earlier, the world appeared shocked in May 1974 when India conducted a surprise test of
what it called a “peaceful” nuclear device. The plutonium used in this
device had been created in a Canadian supplied heavy water research
reactor and separated in a facility whose design was based on information received from the U.S. Atomic Energy Commission under the “Atoms for Peace” program. The revelation of the Indian nuclear weapons
program caused President Ford and later President Carter to turn the U.S.
away from its previous support of using plutonium as a reactor fuel.35
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The world again appeared startled in June 1981 when Israel chose to invade Iraqi airspace and bomb the French built Osirak reactor, about 15
miles east of Baghdad, due to fears that Saddam Hussein would use the
reactor as part of a secret nuclear weapons program.36 At the time, the
bombing was “strongly condemned” by all the members of United Nations Security Council, including the United States. In fact, the Security
Council unanimously passed a resolution which stated that the air strike
was “in clear violation of the United Nations charter and the norms of
international conduct.”37 Five years later the tables were turned somewhat when a former Israeli nuclear technician named Mordechai Vanunu
revealed to the world in the October 5, 1986, issue of the London Sunday
Times that Israel itself had had a secret nuclear program for more than
two decades at the Dimona nuclear facility in which its own French built
research reactor was being used to create plutonium for atomic bombs.38
As the realities of nuclear power displaced the early mythologies of
“cheap” and “peaceful” energy, the nuclear industry in the United States
and many other countries ground to a halt. A total of 115 reactors were
canceled between 1972 and 1984 costing the utilities more than $20 billion.39 By 1992, a total of 121 reactors had been canceled. A number of
other orders were also rescinded before any money changed hands.40
The last order for a reactor that was actually completed and connected to
the grid in the U.S. was placed more than 30 years ago in 1973, and no
new reactor orders have even been placed since the two that were signed
in 1978 and later canceled.41 The last nuclear plant to be brought online
in the U.S. was the TVA’s Watts Bar 1 in Tennessee. This reactor began
operation nearly a decade ago in early 1996 after a total of 23 years of
construction.42 In 1985, approximately one year before the Chernobyl
disaster in the Soviet Union, a cover story in the business magazine
Forbes succinctly summed up the economic history of the U.S. nuclear
industry as follows:
The failure of the U.S. nuclear power program ranks as the
largest managerial disaster in business history, a disaster on a
monumental scale. The utility industry has already invested
$125 billion in nuclear power, with an additional $140 billion
to come before the decade is out, and only the blind, or the biased, can now think that most of the money was well spent. It
is a defeat for the U.S. consumer and for the competitiveness
of U.S. industry, for the utilities that undertook the program
and for the private enterprise system that made it possible.43

Following such a “monumental” failure to live up to the public prophesies of cheap and inexhaustible power, combined with the Indian nuclear
10
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test, the Israeli attack on Iraq, as well as the Three Mile Island and Chernobyl accidents, nuclear power in the late-1980s, as in the early 1950s,
was in serious need of a face lift.
It just so happened that it was also during the 1980s that it began to be
more widely recognized that human activities, particularly the burning of
fossil fuels, was adversely impacting the planetary climate. This awareness was heightened by the publicity that followed the 1987 publication
by James Hansen, the Director of NASA's Goddard Institute of Space
Studies, and Sergej Lebedeff of their groundbreaking analysis showing a
sustained anomalous warming of the Earth's surface.44 Capitalizing on
the fact that nuclear power has a low level of carbon emissions compared
to fuels like coal, oil, or natural gas, the nuclear power industry turned to
climate change in hopes of motivating a nuclear revival. In much the
same way that early nuclear proponents sought to highlight a “peaceful”
role for nuclear energy in an attempt to overcome concerns about the
awesome destructive capacity of nuclear weapons, these later advocates
of nuclear power sought to highlight an “environmentally beneficial”
role for nuclear energy in their attempt to overcome concerns relating to
reactor safety and nuclear waste disposal. As early as 1988, while other
major industries such as automobile manufacturers and oil companies
were preparing to fund efforts to deny the very existence of global warming, nuclear proponents were writing that “concern about the earth's rising temperature could turn a technological pariah into a savior - if new
reactor designs overcome worries about atomic safety.”45 In 1991, the
World Bank noted that “growing concerns about the impacts of fossil
fuel combustion on the earth's atmosphere have led the nuclear industry
to promote nuclear power as a more benign alternative.”46 Today, the
rationale of “clean” and “environmentally friendly” nuclear power has
come to dominate the discourse over the technology's future.
For example, at the website for the Nuclear Energy Institute, a powerful
nuclear industry trade group, one of the most prominent links is entitled
“Nuclear the clean air energy.”47 The Department of Energy's Roadmap
to Deploy New Nuclear Power Plants in the United States by 2010 highlights the fact that nuclear power is a “clean” source of electricity and
that it “does not emit greenhouse gases.” 48 The DOE roadmap goes on
to point out that nuclear power's lack of carbon emissions is “an attribute
of increasing importance in the U.S. and around the world.”49 In May
2003, New Hampshire became the first state to offer credits for new nuclear capacity as part of its efforts to reduce greenhouse gas emissions.50
In the ongoing British debate over climate change, Prime Minister Tony
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Blair, Former Environment Ministers Michael Meacher and John Gummer, and environmentalist James Lovelock have all declared their belief
that nuclear power plants should play a role in reducing carbon dioxide
emissions.51 Even the U.S. National Energy Policy crafted by Vice
President Dick Cheney and his energy task force linked their promotion
of nuclear power with the fact that these plants “discharge no greenhouse
gases into the atmosphere.”52
This last example of promoting nuclear power on environmental grounds
is particularly noteworthy because, despite campaign promises to regulate carbon dioxide as a pollutant, the Bush administration has consistently refused to act on the Kyoto Protocol. In fact, the Administration
actually pulled out of negotiations in Morocco in the fall of 2001 in
which 38 of the 39 countries required by Kyoto to limit emissions agreed
to collectively achieve a 5.2 percent reduction over 1990 levels. On November 10, 2001, the agreement reached in Morocco, without U.S. participation, was signed by a total of 178 countries.53 However, it was not
until June of 2002 that the Bush administration even acknowledged publicly the scientific consensus regarding greenhouse gas emissions and
global climate change. It is telling that, despite their record on the issue
of climate change, the energy policy crafted by the Bush/Cheney White
House echoes the modern promotional theme for new reactors by highlighting the low carbon emissions of nuclear power as one of its main
selling points.
Over the past 20 years, a great deal has been learned about the functioning of the Earth's climate and about the relationship between local, regional, and global changes. Before examining the potential role envisioned for nuclear power by its proponents in reducing the emissions of
greenhouse gases, we will first briefly review the current consensus surrounding the extent of future climate disruption, as well as the potential
consequences of those changes in order to better understand the scale and
urgency of the reductions in emissions that will be needed.

Section 1.2 - The Realities of Climate Change
The threat of global climate change is perhaps the largest single vulnerability associated with the world's current energy system. Outside of full
scale thermonuclear war, it is perhaps the largest single environmental
vulnerability of any kind facing the world today. It has been more than
175 years since Fourier first theorized that the Earth's atmosphere works
12
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in the same way as glass surrounding a hot-house, and more than 100
years since Svante Arrhenius, the Nobel Prize winning chemist, first put
forth the theory that CO2 in the atmosphere, including that released from
the burning of fossil fuels, could trap enough heat to cause a widespread
warming of the Earth's surface.54 Today, after more than a century of
rapid industrialization based on ever expanding fossil fuel usage,55 there
is an overwhelming consensus among the world's scientific and political
communities that human impacts on the Earth's climate are both real and
a cause for serious concern.
Worries over the potential consequences of climate change and the ineffective actions taken by the federal government56 has prompted a number
of U.S. cities and states to take matters into their own hands. For example, in June 2003, three states (Connecticut, Maine, and Massachusetts)
sued the Environmental Protection Agency for failing to regulate CO2
emissions under the Clean Air Act.57 In July 2004, eight states (California, Connecticut, Iowa, New Jersey, New York, Rhode Island, Vermont,
and Wisconsin) as well as the city of New York filed a lawsuit against
five of the largest power providers in the U.S. in a bid to force them to
reduce their carbon emissions by approximately 3 percent per year over
the next 10 years.58 As of December 8, 2005, 195 mayors from cities in
38 states and the District of Columbia representing an estimated 40 million people had joined the U.S. Mayors’ Climate Protection Agreement
which commits their cities to meeting or exceeding the limits set by the
Kyoto Protocol.59 Finally, in June 2005, Governor Schwarzenegger
signed Executive Order S-3-05 setting a goal of reducing the greenhouse
gas emissions from the State of California to their year 2000 levels by
2010, to their 1990 levels by 2020, and to 80 percent below their 1990
levels by the year 2050.60
The Intergovernmental Panel on Climate Change (IPCC), an organization of the world's leading climate scientists chartered through the World
Meteorological Organization and the United Nations Environment Program in 1988, is the world's leading authority on the scientific consensus
surrounding the influence of human activities on the planetary climate.
In their 2001 assessment report, the panel concluded that “most of the
observed warming over the last 50 years is likely to have been due to the
increases in greenhouse gas concentrations.”61 The current level of carbon dioxide in the atmosphere is higher than it has been in at least the
last 420,000 years, and is likely the highest it has been in the past 20 million years. By 2100, the IPCC predicts that the concentration of atmospheric CO2 will increase by 55 to 300 percent over the current level, and
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that by the end of this century the Earth's average temperature will have
increased by 1.4 to 5.8 oC.62 The panel concluded that “[t]he projected
rate of warming is much larger than the observed changes during the
20th century and is very likely to be without precedent during at least the
last 10,000 years.”63 Accompanying this increase in average temperature, the IPCC predicted that the world's oceans will rise between 9 and
880 cm by 2100. Their median estimate of nearly a half meter rise is two
to four times larger than the increase in ocean levels recorded during the
20th Century.64 These estimates, however, did not include any significant melting from the Greenland ice sheets. Unfortunately, these glaciers
are now thought to be at potential risk if carbon emissions continue to
grow unchecked.
The magnitude of potential temperature increases presented by the IPCC
in their last assessment is not an absolute range. Work conducted since
2001 has found that even larger climate changes than those reported by
the IPCC are possible. For example, the climateprediction.net experiment, which is being run by a collaboration of British scientific institutions, used distributed computing techniques and the combined power of
a large number of individual personal computers to carry out more than
two thousand unique global warming simulations. From this ensemble,
the researchers identified realistic models with climate sensitivities much
higher than those identified by the IPCC in their 2001 assessment. The
models used in the ensemble had a response to a doubling of CO2 over
pre-industrial levels which ranged from an increase in average temperature of less than 2 oC to an increase of more than 11 oC.65 While these
results highlight the possibility that larger climate sensitivities may need
to be considered, particularly in light of the potential consequences from
such large global temperature changes, it is still generally believed that
the most likely value for the actual climate sensitivity lies within the
range cited by the IPCC in 2001.66
When considering the relative costs, benefits, and risks of strategies proposed to help mitigate the damage caused by greenhouse gas emissions,
it is important to have a clear idea of how significant the impacts of climate change might be and what the costs of doing nothing could amount
to. With global warming comes such possibilities as an increased intensity and frequency of storms and natural disasters including floods and
droughts, additional pressures on ecosystems and agricultural capacity,
and changing patterns of disease. While a full review of all the potential
impacts from climate change is far beyond the scope of this report, a
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brief review will suffice to illustrate the seriousness of the problem we
now face and highlight the immediacy of the need for action.
In the past, for example, when the global average temperature was up to
2 oC higher than today due to natural causes, there were catastrophic
floods that are estimated to have been four to ten times more severe than
typical floods seen today. To put this into perspective, the flooding in
2004 caused by the monsoon season in India, Bangladesh, Nepal, and
Pakistan destroyed crops over a vast area and left more than 2,000 people
dead and millions homeless.67 According to the IPCC
The frequency and magnitude of many extreme climate events
increase even with a small temperature increase and will become greater at higher temperatures (high confidence). Extreme events include, for example, floods, soil moisture deficits, tropical and other storms, anomalous temperatures, and
fires. The impacts of extreme events often are large locally
and could strongly affect specific sectors and regions. Increases in extreme events can cause critical design or natural
thresholds to be exceeded, beyond which the magnitude of
impacts increases rapidly (high confidence).68

In particular, one consequence of global warming is likely to be a gradual increase in the intensity of hurricanes and typhoons as measured both
by the amount of precipitation and by the maximum wind-speed. If such
increases in average intensity were to occur, it would also necessarily
lead to an increase in the likelihood of highly destructive category-5
storms.69 The 2004 and 2005 hurricane seasons provided a stark illustration of what unusually severe storms can do. Between August 13 and
September 25, 2004, Florida was struck by four separate hurricanes (one
category-2, two category-3, and one category-4) causing a combined total of $26.8 to $30.8 billion in insured damage in that state alone. Just
one of these storms, Hurricane Jeanne, killed more than 1,500 people in
Haiti and left many more homeless.70 In late August 2005, Hurricane
Katrina devastated the U.S. Gulf Cost flooding large parts of the city of
New Orleans and other areas. This storm drove more than 270,000 people into temporary shelters and as of October 14, 2005 more than
160,000 evacuees were still living in hotels at the government’s expense.
By early October an estimated 1,242 people had died in the states of
Louisiana (1,003 people), Mississippi (221 people), Florida (14 people),
Georgia (2 people), and Alabama (2 people) as a result of Katrina.
Overall, the estimated costs from this hurricane are expected to total
more than $200 billion.71
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Although it is often called simply “global warming”, the changes to the
Earth’s climate will be far from uniform warming. The local and regional variations in the climate’s response to increased atmospheric CO2
will result in significant impacts on ecosystems, and will likely add to the
already rapid loss of biodiversity. The United Nations 2005 Millennium
Ecosystem Assessment summarized the current situation as follows72
Over the past 50 years, humans have changed these ecosystems more rapidly and extensively than in any comparable period of time in human history, largely to meet rapidly growing
demands for food, fresh water, timber, fiber and fuel. This has
resulted in a substantial and largely irreversible loss in the diversity of life on Earth.73

The Millennium Assessment went on to conclude that
By the end of the century, climate change and its impacts may
be the dominant direct driver of biodiversity loss and changes
in ecosystem services globally… The balance of scientific
evidence suggests that there will be a significant net harmful
impact on ecosystem services worldwide if global mean surface temperature increases more than 2o Celsius above preindustrial levels or at rates greater than 0.2o Celsius per decade
(medium certainty).74

Similar conclusions were reached by the IPCC in their review prepared
for the United Nations Convention on Biological Diversity. In this assessment, the IPCC concluded that due to the impacts of climate change
The risk of extinction will increase for many species, especially those that are already at risk due to factors such as low
population numbers, restricted or patchy habitats, limited climatic ranges, or occurrence on low-lying islands or near the
top of mountains…. Without appropriate management, rapid
climate change, in conjunction with other pressures, will cause
many species that currently are classified as critically endangered to become extinct, and several of those that are labeled
endangered or vulnerable to become much rarer, and thereby
closer to extinction, in the 21st century.75

Unique or threatened ecosystems such as coral reefs and mangrove forests are particularly vulnerable to the detrimental impacts of climate
change. In addition, one of the areas most likely to feel the earliest and
largest overall impacts from global warming will be the Arctic. Already
the impacts from the recent warming trends are beginning to be felt with
the reduction in floating ice and earlier thaws throughout the region.
Large expanses of the Alaskan and Siberian permafrost have begun to
16
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melt, leading to significant changes in the landscape and ecosystem. The
melting of the permafrost will also likely result in further warming as
large amounts of previously trapped methane and carbon dioxide are released from the ground into the atmosphere and the loss of snow and ice
cover leads to greater amounts of heat being absorbed from the sun.76
The likely impacts from continued warming in the Arctic have been extensively investigated by the Arctic Council, an intergovernmental organization composed of representatives from the arctic states, Indigenous
Peoples organizations, as well as other interested governments, scientific
bodies, and non-government organizations.77 The Arctic Assessment
concluded that ice-dependent seals such as the ringed, ribbon, and
bearded seals are “particularly vulnerable to the observed and projected
reductions in arctic sea ice because they give birth to and nurse their
pups on the ice and use it as a resting platform.” Additional negative
impacts are likely for other animals in the marine ecosystem as well. For
example, the population of ivory gulls in Canada has decreased by 90
percent over the past twenty years as sea ice has retreated from costal
nesting grounds. The largest impacts, however, are expected to be on the
polar bear populations since they are at the top of the Arctic food chain
and are also dependent on the sea-ice. The impacts of climate change
will be exacerbated by the fact that polar bears are already being adversely affected by the bioaccumulation of heavy metals and other
chemical pollutants present in their environment.78 In light of these facts,
the Arctic Assessment concluded that
Polar bears are unlikely to survive as a species if there is an
almost complete loss of summer sea-ice cover, which is projected to occur before the end of this century by some climate
models. The only foreseeable option that polar bears would
have is to adapt to a land-based summer lifestyle, but competition, risk of hybridization with brown and grizzly bears, and
increased human interactions would then present additional
threats to their survival as a species. The loss of polar bears is
likely to have significant and rapid consequences for the ecosystems that they currently occupy.79

It will not be only sea-ice dependent species that will likely be affected.
The increase in freezing rain compared to snow, the earlier spring thaws,
the more frequent freeze-thaw cycles, and the northward shift of vegetation under sustained warming will all act to displace tundra vegetation
and impair foraging condition necessary for reindeer and caribou populations. These impacts could result in a decline in the animals’ populations
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with dramatic impacts on the way of life for many arctic residents, primarily Indigenous Peoples.80
Already an estimated 25 percent of the entire world’s mammals and 12
percent of the world’s birds are believed to be facing “a significant risk
of global extinctions” making them more vulnerable to the impacts of
climate change and other stressors.81 A recent analysis of more than
1,100 plant and animal species found that an average of 18 to 35 percent
of these species could be “committed to extinction” over the next century
in the event of temperature increases ranging from just 0.8 oC to more
than 2.0 oC. For temperature changes in the range of 1.8 to 2.0 oC, the
researchers found that an average of nearly one-fourth of all species they
examined could be committed to extinction by the century’s end.82
While there are many unknowns with such assessments,83 the authors
concluded that
Despite these uncertainties, we believe that the consistent
overall conclusions across analyses establish that anthropogenic climate warming at least ranks alongside other recognized threats to global biodiversity. Contrary to previous projections, it is likely to be the greatest threat in many if not
most regions. Furthermore, many of the most severe impacts
of climate-change are likely to stem from interactions between
threats, factors not taken into account in our calculations,
rather than from climate acting in isolation. The ability of species to reach new climatically suitable areas will be hampered
by habitat loss and fragmentation, and their ability to persist in
appropriate climates is likely to be affected by new invasive
species.84

Beyond the increases in global temperature, the increased amounts of
CO2 that are being dissolved in the oceans create an additional threat to
marine ecosystems. Between 1800 and 1994, it is estimated that the
oceans absorbed approximately 48 percent of all anthropogenic CO2
emissions amounting to approximately 118 billion additional tons of carbon being dissolved in the oceans. This is estimated to be approximately
30 percent of the total capacity of the sea to absorb CO2.85 By the mid90s, this additional carbon, which is dissolved in part as carbonic acid,
had already led to an decrease in the ocean’s pH by 0.1 units.86 The CO2
currently dissolved in the ocean is concentrated near the surface, and has
a relatively slow mixing time with deeper water. Nearly half of all dissolved carbon dioxide is found at depths shallower than 400 meters. The
vertical mixing of the thermohaline ocean circulation, however, allows
the North Atlantic to store a larger fraction of the CO2 than its surface
18
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area would imply.87 The vertical transport of CO2 in the ocean is dominated by biologically mediated processes. These processes include passive transport mechanisms such as the sinking of shells, bones, fecal matter, and dead organisms as well as active transport mechanisms such as
the migration of zooplankton to the deep ocean. Significantly, these
processes themselves may be disrupted by the impacts of climate change
on marine ecosystems.88 Under one of the future emission scenarios
considered by the IPCC, the ocean pH would be predicted to decrease by
a further 0.3 units by 2100, leading to a net increase in hydrogen ion
concentration of two and half times over the pre-industrial level. Even
larger increases in the ocean acidity are possible if CO2 emissions were
to continue on their current business-as-usual trend.89
Experiments have shown that reduced pH and increased levels of dissolved carbon dioxide in water can lead to, among other effect,
-

reduced growth rates in prawns and juvenile white sturgeon
decreased egg size and delayed hatching in perch
reduced sperm motility in white sturgeon
decreased calcification rate for organisms with shells or
other exoskeletal structures (such as coral) and a dissolution
of calcified structures that have already formed
reduced growth and reproduction in mollusks
impaired cardiac function in fish
reduced egg production and hatching rate in marine copepods
reduced body length and fertilization rates in sea urchins
morphology changes and malformed skeletogenesis in sea
urchins.90

Additional concerns are raised by (1) the fact that experiments have
shown that, when tested at the same pH levels, seawater acidified by elevated dissolved CO2 was significantly more toxic than water acidified by
the addition of hydrochloric acid91; (2) the fact that the tolerable pH
range for marine plankton has been shown to decrease with increasing
exposure time92; (3) the fact that the susceptibility of fish species to acute
lethality from dissolved CO2 was found to vary significantly with developmental stage being largest in the early egg and juvenile stages and
least in the early larval stage93; and (4) that there are likely to be synergisms between the deleterious impacts of increased water temperature
and increased CO2 on many marine species.94
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While marine populations have traditionally been viewed as less prone to
extinction from human impacts than terrestrial populations, recent work
has shown this belief to likely be “too general and insufficiently conservative.”95 A number of fisheries in both the Atlantic and Pacific are
threatened and are currently the source of international efforts to try and
restore their health. For example, after a century of exploitation, the Atlantic cod fisheries collapsed in 1992 resulting in a suspension of fishing.96 In fact, a number of marine species have already been pushed to
almost certain local or regional extinction as a result of human influences.97 With respect to the impacts of global warming and increased
levels of dissolved CO2, the species likely to be most heavily impacted
are those that rely on calcified exoskeltons such as coral.98 Warm water
coral reefs around the world are already suffering from bleaching due to
increased temperatures and damage from other causes. In fact, since
1980, nearly 30 percent of the warm-water coral reefs have already disappeared. The impact of rising ocean temperatures, increasing acidification, and alterations to ocean cycles such as the El Nino Southern Oscillation will add further to this stress, increasing concerns over local or
regional extinctions.99 As summarized by the U.K. Royal Society
Organisms will continue to live in the oceans wherever nutrients and light are available, even under conditions arising
from ocean acidification. However, from the data available, it
is not known if organisms at the various levels in the food web
will be able to adapt or if one species will replace another. It is
also not possible to predict what impacts this will have on the
community structure and ultimately if it will affect the services that the ecosystems provide. Without significant action
to reduce CO2 emissions into the atmosphere, this may mean
that there will be no place in the future oceans for many of the
species and ecosystems that we know today. This is especially
likely for some calcifying organisms [such as coral].100

As noted, the changing climate will have many direct and indirect effects
on human health. These impacts will go far beyond the likely increase in
heat related deaths and the decrease in cold related fatalities that would
accompany an overall warming of the planet. In its 2001 assessment, the
IPCC concluded that
Global climate change will have a wide range of health impacts. Overall, negative health impacts are anticipated to outweigh positive health impacts. Some health impacts would result from changes in the frequencies and intensities of extremes of heat and cold and of floods and droughts. Other
health impacts would result from the impacts of climate
20
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change on ecological and social systems and would include
changes in infectious disease occurrence, local food production and nutritional adequacy, and concentrations of local air
pollutants and aeroallergens, as well as various health consequences of population displacement and economic disruption.101

Similar conclusions were reached in a 2003 analysis by the World Health
Organization.102 In fact, the existing models suggest that climate change
may already be detrimentally affecting human health and increasing the
global burden of disease. While this effect is currently small in comparison to other major risk factors such as pollution, the risks posed by climate change are believed to be “increasing rather than decreasing.”103
Like many of the impacts of climate change, the health impacts will hit
hardest in areas of the Global South where the heightened vulnerability
of these populations will hinder their efforts at adaptation.104
On top of the impacts addressed above which relate to relatively gradual
climate changes that will allow humans and ecosystems some time to
adapt, there are additional concerns raised by the possibility that gradual
warming could spark rapid and dramatic changes in the Earth’s climate.
Such rapid shifts from one climate state to another have been observed in
the past and are still only partially understood. These rapid changes in
climate conditions are believed to have played an important role in past
changes to human lifestyles, including the complete collapse of some
ancient societies.105 In 2002 the National Research Council of the U.S.
National Academy of Sciences concluded that
Abrupt climate changes were especially common when the
climate system was being forced to change most rapidly.
Thus, greenhouse warming and other human alterations of the
earth system may increase the possibility of large, abrupt, and
unwelcome regional or global climactic events. The abrupt
changes of the past are not fully explained yet, and climate
models typically underestimate the size, speed, and extent of
those changes. Hence, future abrupt changes cannot be predicted with confidence, and climate surprises are to be expected.106

In a 2003 White Paper on the future of the British energy system, the
Department of Trade and Industry painted the following picture of the
potential impact of rapid climate change
Worldwide, the consequences [of global warming] could be
devastating, especially in the developing world where many
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millions more people are likely to be exposed to the risk of
disease, hunger and flooding. In addition, there is a risk of
large scale changes such as the shut-down of the Gulf Stream
or melting of the West Antarctic ice sheet, which although
they may have a very low probability of occurring, would
have dramatic consequences.107

The models examining the possibility that increased global warming may
lead to a long-term weakening or even total shutdown of the thermohaline circulation (Gulf Stream) have shown that the likelihood of these
outcomes are strongly affected by many assumptions, including the
choice of climate sensitivity, the rate of average global warming, and the
rate at which Greenland’s ice sheets melt. These models have consistently shown that such a shutdown is possible (particularly when the
feedback from potential melting of the Greenland ice-sheets is included),
and that such a shutdown could lead to sustained, long-term cooling in
the North Atlantic and over Europe as a result.108
As noted, the models considered by the IPCC in 2001 did not include any
significant contribution from the melting of the Greenland or Antarctic
ice-sheets.109 Recent modeling results and experimental measurements
have begun to raise questions about the long-term stability of these icesheets, and thus about the IPCC’s conclusion that a shutdown of the
thermohaline circulation is not likely to occur within the next century.
For example, in February 2002, the 3,250 km2 Larsen B ice shelf broke
up over the period of just a few weeks releasing approximately 500 billion tons of ice as icebergs. Following this collapse, the movement of
several of the West Antarctic glaciers behind the former ice shelf has
significantly accelerated and these glaciers have begun to thin more rapidly. This loss of ice is already contributing to annual sea level rise and
raises serious concerns regarding the long-term stability of the Antarctic
ice sheets.110 Professor Chris Rapley, Director of the British Antarctic
Survey and former Executive Director of the International GeosphereBiosphere Programme at the Royal Swedish Academy of Sciences,
summarized the importance of these recent finds as follows
Satellite measurements tell us that a significant part of the
West Antarctic ice sheet in this area is thinning fast enough to
make a significant contribution to sea level rise, but for the
present, our understanding of the reason for this change is little better than hypothesis. The last IPCC report characterised
Antarctica as a slumbering giant in terms of climate change. I
would say that this is now an awakened giant. This is a real
cause for concern.111
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The Greenland ice sheets are showing similar phenomena, although for
different reasons. Recent measurements have shown that the loss of ice
from Greenland has accelerated recently compared to the 1990s. These
additional losses are due to both higher summer melting and accelerated
glacier movements. Earlier models have also shown that significant
long-term melting is possible for scenarios with large, sustained increases in atmospheric CO2 concentrations. If a major portion of the ice
sheets on Greenland were to melt, it would alone be sufficient to raise
sea levels by several meters.112
A weakening or total shutdown of the thermohaline circulation would
have wide reaching impacts on weather patterns throughout the world.
The shutdown would also impact marine ecosystems and coastal fisheries and reduce the ocean’s ability to absorb atmospheric carbon dioxide.
Examples of the possible impacts on humans from a sustained cooling in
Europe can be found in the history of the Middle Ages. In 1250 the climate in northern Europe rapidly cooled over the period of a decade. A
second cooling trend after 1600 led to what is known as the Little Ice
Age.113 Edward Bryant, a professor of Geosciences and advisor to the
Australian government on climate change, describes the impact of these
periods of cooling as follows:
Society in the thirteenth century had progressed to such an extent in Europe that the Industrial Revolution almost took
place. However this breakthrough was interrupted by the climate deterioration that began about 1250. Not only did climate changes of only 1oC require a major agricultural adaptation, but they also had a major impact upon social fabric, human health and survival.114

Heavy rains between 1315 to 1317 in Europe destroyed crops resulting in
a widespread famine that killed approximately 10 percent of the population.115 The impacts of such rapid climate change on human health could
also be far more dramatic than those considered for gradual change. For
example, changes in climate are believed to have helped facilitate the
spread of the Black Plague which ultimately killed roughly 50 percent of
the Chinese population between 1200 and 1400, and led to the deaths of
15 to 60 percent of the population in various regions of Europe between
1350 and 1550.116
Considering the potential consequences arising from rapid climate
changes, Andrew Marshall, the head of an influential think-tank within
the Department of Defense since 1973, commissioned an official Pentagon study to examine the national security implications of global warmFor non-commercial use only
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ing. The two authors Marshall tapped for this work were Peter Schwartz,
the former head of strategic planning at Royal Dutch/Shell, and Doug
Randall, from the Monitor Group's Global Business Network.117 The
Pentagon study did not attempt to conduct a complete risk analysis, nor
did it seek to make a prediction about what is most likely to happen, but
it did provide important insight into the potential impacts from a very
rapid shift in the global climate.
The scenario considered by the author's of the Pentagon study was a continued warming trend through 2010 followed by a decade long cooling
similar to the one that occurred 8,200 years ago. The period of cooling
would be triggered by the shutdown of the thermohaline circulation described above. Relying on the historical analog, they considered a drop
in temperatures throughout Asia and North America of 2.8oC, while
those in Northern Europe were estimated to drop by 3.3 oC. These
changes were assumed to spark decade long droughts in a number of agricultural regions throughout the world as well as in major population
centers in Europe and the eastern United States. Winter storms and
winds increased in magnitude adding to the impacts of the overall climate change. Globally, crop yields were assumed to be reduced by 10 to
25 percent, and that they would become less predictable from year to
year due to climate fluctuations.118
The authors concluded that the societal pressures caused by these ecological changes might lead more resource poor countries to “initiate in
struggles for access to food, clean water, or energy.”119 Refugees displaced by changing land use patterns, fishing rights along coastal and
inland waters, and access to fresh water are all possible sources of conflict between countries identified in this case study. Given the already
limited supplies of fresh water available today, the authors point out the
potential for conflict surrounding some of the 200 river basins that touch
multiple countries. These rivers include some of the world's most important water ways such as the Danube (touching ten countries in Europe),
the Nile (touching nine countries in Africa), and the Amazon (touching
six countries in South America).120
While the Pentagon analysis concluded that the likely impacts within the
U.S. and western Europe would be manageable given their large economic and resource bases, it is important to recall that the Great Depression of the 1930s was made far more severe by the drought that struck
the U.S. west. The mass internal migration caused by people leaving the
“Dust Bowl” to look for work in places like California is well docu24
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mented. Even relatively minor losses in economic growth triggered by
increases in food and energy costs resulting from climate impacts could
have significant impacts on millions of people in the U.S. where the gap
between rich and poor continues to grow ever more pronounced and
many families already live below the poverty line. In 2005, Hurricane
Katrina showed the potential for a natural disaster to lead to the displacement of several hundred thousand people even within the United
States. Finally, there are already internal conflicts brewing within the
United States over access to fresh water supplies. These conflicts are not
limited to the Southwest where much of the attention on water issues is
typically focused. Inter and intra-state disputes over access to fresh water resources have begun to arise in many areas of the U.S. including in
the South, along the East coast, and in the Pacific Northwest. These conflicts would likely increase in at least some areas as climate change further alters the local and regional hydraulic cycle.
Finally, perhaps one of the most important conclusions presented in the
Pentagon study with respect to the present discussion on the future of
nuclear power, is the authors belief that the heightened potential for resource wars could make further nuclear proliferation “inevitable.”121 In
addition to the nine current states that are known or believed to possess
nuclear weapons (the United States, Russia, China, France, Britain, India, Pakistan, Israel, and North Korea) the Pentagon case study included
nations such as Japan, South Korea, Germany, Iran, and Egypt among
those that may potentially acquire nuclear weapons in response to the
national security pressures brought about by the changing climate. Importantly, the authors note that the spread of nuclear weapons would be
facilitated by the expansion of nuclear power “as countries develop enrichment and reprocessing capabilities to ensure their national security.”122
While the uncertainties surrounding the potential impacts of global
warming are often large and numerous, the possible outcomes are so varied and so severe in their ecological and human impacts that no time
should be lost in trying to mitigate the damage that humanity has done
and continues to do to the Earth's climate. Definitive proof will only
come following a catastrophe, and by then it will be too late to effectively take action. The potential impacts highlighted above combined
with our rapidly evolving understanding of the climate system provides a
strong motivation to prioritize mitigation strategies that are economically
reasonable and that will have the largest likelihood of making significant
contributions in the near to medium term (the next one to four decades)
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while not jeopardizing the future implementation of sustainable longterm strategies. It is in this light that we examine the question of what
role, if any, nuclear power might play in strategies to combat global
warming.

Section 1.3 - Case Study: the MIT Nuclear Power Report
There are many ways in which an expansion of nuclear power might be
envisioned as part of efforts to reduce greenhouse gas emissions. In order to make our current investigation tractable, therefore, we chose to
consider in detail two representative examples of nuclear growth scenarios. Arguably one of the most important analyses supporting the use of
nuclear power in the future is a 2003 study from the Massachusetts Institute of Technology entitled The Future of Nuclear Power.123 Given the
importance of MIT in the scientific and technical communities, and the
broad interdisciplinary nature of the Institute's investigation, we chose to
make this report our primary focus.
The MIT report begins with the important acknowledgement that
The generation of electricity from fossil fuels, notably natural
gas and coal, is a major and growing contributor to the emission of carbon dioxide - a greenhouse gas that contributes significantly to global warming. We share the scientific consensus that these emissions must be reduced and believe that the
U.S. will eventually join with other nations in the effort to do
so.124

In order to contribute to a reduction in future greenhouse gas emissions,
the MIT report envisions a “global growth scenario” with a base case of
1,000 GW of nuclear capacity installed around the world by 2050. It is
interesting to note that 1,000 gigawatts of capacity is what the nuclear
industry expected, in 1970, to be online in the U.S. alone by the year
2000. All of the reactors in operation today would be shutdown by midcentury, and therefore the net increase represented by the global growth
scenario over today’s effective capacity would be roughly 230 percent.125
To give a sense of the scale of this proposal, the MIT scenario would
require a new reactor to come online somewhere in the world every 15
days on average between 2010 and 2050. In the US alone, where 300
reactors are envisioned under the MIT growth scenario, there would have
to be one new power station completed every 50 days on average. For
comparison, the actual rate of plant construction around the world over
the last 25 years has averaged roughly one plant beginning operation
26
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every 23 days.126 The authors of the MIT report point out the difficulty
this level of growth would pose, and note that “[t]he implied construction
rate near the mid-century endpoint of the global growth scenario would
be challenging and exceed any rate previously achieved.”127
One might imagine that a tripling of installed nuclear capacity would
have a significant impact on reducing carbon emissions, however, this
turns out not to be the case for the MIT projections. This is due to the
fact that the overall electricity demand in their scenario would increase
nearly as rapidly as the installed nuclear capacity. In the MIT base case,
nuclear power would account for a total of 19.2 percent of the world's
electricity in 2050 compared to 16.3 percent in the year 2000.128 Therefore, even with all the time and money that would have to be spent on the
revival of the nuclear power industry, the carbon emissions from the
electricity sector would be predicted to continue increasing over the next
four decades. In the United States, where the largest share of nuclear
construction is assumed to occur, the carbon emissions from electricity
production in 2050 would be predicted to increase by approximately 13
to 62 percent over their year 2000 levels under the global growth scenario.129
In order to consider the implications of a more aggressive scenario in
which a more serious effort is made to limit carbon emissions through
the expanded use of nuclear power, we have developed our own proposal
which we call the steady-state growth scenario. Using the same level of
projected growth in global electricity consumption as assumed by the
authors of the MIT analysis (i.e. 2.1 percent per year), we calculated the
number of nuclear reactors that would be required in 2050 in order to
simply maintain the carbon emissions from the electricity sector at their
year 2000 levels.130 Much steeper reductions in overall emissions will
likely be required in order to avoid the more serious consequences of
climate change, but we have used this set of assumptions as an illustrative example. Making a range of assumptions about the contribution of
renewables (20 to 40 percent of total generation in 2050) and about the
contribution of natural gas fired plants (1.5 to 2.5 times the current level
of generation), we find that between 1,900 and 3,300 gigawatts of nuclear capacity would be required world wide. For simplicity we will use
a value of 2,500 gigawatts of nuclear power online in 2050 as our alternative case study for a revival of nuclear power.131
The following chapters will examine the implications of pursuing the
global or steady-state growth scenarios. We will begin by examining the
For non-commercial use only
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economics of nuclear power and compare the cost of these carbon mitigation strategies to those of alternatives including increased energy efficiency and the use of renewables, liquefied natural gas, and coal gasification with carbon sequestration. Each of these options is capable of being
commercialized in the near to medium term and they are all capable of
making significant contributions to a reduction in greenhouse gas emissions. The last three chapters will address the unique vulnerabilities of
nuclear power in some detail. First, we will consider the potential impact
on nuclear weapons proliferation that would accompany the spread of
fuel cycle facilities around the world. Second, we will examine the issue
of reactor safety and the risks posed by the potential for a core meltdown
or cooling pool fire to release large amounts of long-lived radionuclides
into the environment causing significant loss of life and long-term contamination of vast areas. Third, we will conclude by discussing the issue
of nuclear waste and the difficulties that have and will continue to be
experienced in efforts to safely manage this very dangerous material over
unprecedented timescales. Throughout this discussion we will find that
nuclear power does not make sense from a security or a human and environmental health perspective. Trading the vulnerabilities of climate
change for the vulnerabilities of nuclear power is not a sound energy policy technologically and economically viable alternatives are available.
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Chapter Two: The White Elephant
The bottom line is that with current expectations
about nuclear power plant construction costs, operating cost and regulatory uncertainties, it is extremely
unlikely that nuclear power will be the technology of
choice for merchant plant investors in regions where
suppliers have access to natural gas or coal resources. It is just too expensive.132
- The Future of Nuclear Power (2003)
The failure of the U.S. nuclear power program
[through the mid-1980s] ranks as the largest managerial disaster in business history, a disaster on a
monumental scale. The utility industry has already
invested $125 billion in nuclear power, with an additional $140 billion to come before the decade is out,
and only the blind, or the biased, can now think that
most of the money was well spent. It is a defeat for
the U.S. consumer and for the competitiveness of
U.S. industry, for the utilities that undertook the
program and for the private enterprise system that
made it possible.133
- James Cook in Forbes Magazine (1985)

Concerns over reactor safety, nuclear weapons proliferation, and radioactive waste management have had a powerful impact on the development
of nuclear power and are significant vulnerabilities associated with any
future revival of this technology. However, the failure of nuclear power
to date has been due in large part to its inability to compete economically
with other sources of base load generation such as coal and natural gas.
The near-term future of nuclear power, therefore, rests heavily on the
predictions for the cost of building and operating the next generation of
reactors compared to the cost of competing technologies. When considering what those costs might be, a distinction has to be made between
building reactors with designs similar design to those already in existence and building new types of reactors that have not yet been widely
commercialized. The first category includes the evolutionary and adFor non-commercial use only
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vanced light-water reactors, while the second category includes the Generation-IV designs such as the pebble bed reactor being developed by an
international consortium in South Africa.
Given the need for significant reductions in carbon emissions to be made
over the next few decades in order to avert the more serious potential
consequences of global warming (see Section 1.2), the reactor designs
most likely to play a role would be those in an advanced state of development, namely the light-water reactor designs. Examples of these designs include:
Evolutionary Light-Water Reactors
- Advanced Boiling Water Reactor (ABWR) developed by
General Electric
- System 80+ PWR developed by Combustion Engineering
- SP-90 advanced PWR developed by Westinghouse
Advanced Light-Water Reactors
- The Simplified Boiling Water Reactor (SBWR) developed by
General Electric
- The Safe Integral Reactor (PWR) developed by a joint effort
led by Combustion Engineering
- Advanced Passive PWR (AP-600 and AP-1000) developed by
Westinghouse

In early 1996 the first ABWR from General Electric to be completed began generating electricity in Japan. In the United States, both the General Electric and Combustion Engineering designs noted above received
certification from the Nuclear Regulatory Commission in 1997, while the
Westinghouse AP-600 received design certification from the NRC in
1999, and the AP-1000 received design certification in January 2006.
The evolutionary designs typically have a large capacity (on the order of
1,100 MW) and do not have safety features fundamentally different than
those fielded today. The advanced designs, on the other hand, are generally smaller (between 320 and 750 MW) with a lower power density in
the reactor cores, a simplified design, and passive safety features such as
gravity fed emergency cooling water supplies that do not require as many
pumps or as much electric power to operate in the event of an accident.
Some advanced designs, however, like the AP-1000, have larger capacities.134
In addition to new light-water reactors designs, one of the fundamentally
different designs that is believed to offer some potential for making a
significant contributing to new nuclear construction before 2050 is the
30
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high temperature gas cooled reactor (HTGR). Assuming “success at
every turn” the authors of the MIT study believe that HTGRs could
“make up as much as one-third” of the capacity envisioned in their global
growth scenario. However, due to the smaller size compared to lightwater reactors (the HTGR designs are typically proposed in the 125 to
350 MW range), there would have to be between 1.4 to 4 times as many
gas cooled reactors built as light-water reactors in order to achieve a total
combined capacity of 300 GW in the U.S.135
With respect to the cost of these new reactor designs, the authors of the
MIT study noted that “past operating experience with HTGR plants, at
Peachbottom, at Fort St. Vrain, and in Germany is mixed and there is no
reliable basis on which to estimate the economics of HTGR plants relative to LWR plants.”136 Even this, however, is a somewhat optimistic
reading of history. In 1959, the U.S. decided to build a 30 MW experimental gas-cooled reactor near Oak Ridge National Laboratory that
would produce electricity for the government owned Tennessee Valley
Authority. With its costs escalating rapidly, the project was eventually
canceled in 1965, leaving the reactor only half finished. As remembered
by Alvin Weinberg in 1994, the director of Oak Ridge during the time of
this reactor’s development, “the whole abandoned project stands to remind me, as I drive along Bethel Valley Road, that in those earliest days,
we made expensive mistakes.”137
The first HTGR to be successfully operated in the U.S. was Peach Bottom 1, a small 40 MW reactor in Pennsylvania. However, this reactor
was shut down in November 1974 after less than seven and a half years
in service. The only other HTGR reactor operated in the U.S. was the
330 MW Fort St. Vrain reactor in Colorado. This plant was permanently
closed in August 1989 after 10 years in commercial operation. During
this time, the Fort St. Vrain reactor achieved a lifetime capacity factor of
just 14.5 percent and had a forced outage rate of nearly 61 percent making it the worst performing reactor in United States history after Three
Mile Island Unit 2 which suffered a partial core meltdown just one year
and one day after first achieving criticality.138 Given uncertainties surrounding the possibility of the HTGRs being successfully developed and
fielded commercially in the next few decades, the economics of new nuclear construction will be dominated by the costs of light-water reactors.
The poor economics and operating history of gas-cooled reactors is also
relevant to the possible use of nuclear power as a source of hydrogen,
since a variety of the HTGR is one of the four options currently being
given serious consideration for high-temperature hydrogen production.139
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Finally, despite the recent increased interest in reprocessing among some
elements of the U.S. government, we will only consider in detail the economics of the once-through fuel cycle in which the spent nuclear fuel is
disposed of directly in a deep geologic repository. This choice is driven
by the serious proliferation risks that accompany the use of reprocessing
technologies (see Section 3.2), as well as by the economic failure of the
plutonium economy to date. In addition, spent mixed-oxide plutonium
fuel (MOX) fuel from light-water reactors is not typically reprocessed
due to its isotopic makeup. Given that it is both thermally hotter and
more radiotoxic than spent uranium fuel, it is more difficult to dispose of
in a repository.140 As with our decision to focus on light-water reactor
designs, the focus on the once-through fuel cycle was also the position
taken by the authors of the MIT study. Based upon their analysis, the
authors concluded that
The once through cycle has advantages in cost, proliferation,
and fuel cycle safety, and is disadvantageous only in respect to
long-term waste disposal; two closed cycles have clear advantages only in long-term aspects of waste disposal, and disadvantages in cost, short-term waste issues, proliferation risk,
and fuel cycle safety.141

Specifically, the authors of the MIT study estimated that reprocessing the
spent fuel and using the separated plutonium in MOX would be more
than four times as expensive as making fresh fuel from uranium and disposing of it directly in a geologic repository. A previous estimate from
the U.S. National Academy of Sciences found that, even if the plutonium
was assumed to be provided to the utilities free of charge (such as would
be the case for plutonium turned over from the surplus military stockpile), then MOX fuel would still be more than one and half times as expensive as fuel from fresh uranium.142 Other than the high cost of reprocessing itself, the excess cost of plutonium fuel is due to the fact that
fuel fabrication costs are much higher for MOX than low-enriched uranium (LEU) fuel. This is due to the stricter health and safety requirements as well as the cost of adding stricter materials accounting systems
to safeguard the weapons usable plutonium. Similar estimates for the
cost of MOX fuel have been made internationally as well. For example,
a study in 1997 estimated that the cost of reprocessing spent fuel and
manufacturing MOX fuel in Japan would be 5.6 to 7.3 times as expensive as making fuel from fresh uranium. The study also found that, even
if the plutonium was free, MOX fuel would remain 1.7 to 2.5 times as
expensive as LEU fuel.143 The Japanese estimates are somewhat higher
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that those from the U.S. due to the higher costs of reprocessing and
MOX fuel fabrication in Japan.144
Due to the greater difficulties encountered with the use plutonium fuel,
MOX is typically limited to making up less than one-third of the fuel in
the core of a light-water reactor. Table 2.1 summarizes the cost estimates for the MOX fuel cycle from two U.S. studies and two studies
from countries that are actively pursuing the use of plutonium fuel
(France and Japan). In each case the use of MOX fuel was projected to
lead to an increase in the total cost of generating electricity from nuclear
power compared to the once-through fuel cycle. Significantly, the
French estimates were presented as part of an official government study
prepared for the Prime Minster by members of that country’s nuclear
establishment.
Table 2.1: Estimated increase in the cost of electricity from the use of mixedoxide plutonium fuel (MOX) in the United States, France, and Japan compared to
the use of low-enriched uranium fuel.145

United States
(MIT)
United States
(University of
Chicago)
France
Japan(a)

Estimated Increase
in Cost of Nuclear
Electricity
(cents per kWh)

Percentage of
Reactor Fuel
Supplied by
MOX

Percentage Increase in Cost of
Electricity

0.276

16.0

4.1

0.165

not specified

2.3 to 3.1

0.131
0.988 to 1.31

10.3
33.3

5.3
10.3 to 13.7

(a) The higher costs in the Japanese study are due in large part due to the assumption of a
larger percentage of MOX usage as well as the higher costs associated with the shipment
of spent-fuel to France for reprocessing or for the use of the domestic Rokkasho Reproc146
essing Plant which has suffered extensive cost overruns and delays.

In light of these added expenses, we will only examine the cost of electricity from new light-water reactors operating on the once-through fuel
cycle. If the current proposals for reprocessing spent commercial fuel in
the United States (see Section 3.2) were to come to fruition, the economics of nuclear power would only grow worse as can be seen in Table 2.1.
In the subsequent sections of this chapter, we will turn to a consideration
of whether the projected cost for electricity from new nuclear power
plants is likely to decrease significantly in the near to medium-term
through improvements in the construction or financing of the plants.
While it is traditional to then compare these costs for new nuclear develFor non-commercial use only
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opment with those from competing baseload generation such as coal or
natural gas fired plants, this does not, in itself, adequately address the
question of nuclear power’s potential role in strategies to address the
threat of climate change. In the present context it is more relevant to
compare the costs of nuclear power to available alternatives with similar
or greater potential to reduce greenhouse gas emissions from the electricity sector. In this light, we will consider proposals to directly subsidize
nuclear power due to its low emissions as well as proposals to tax carbon
emissions from fossil fuel plants.
In the final sections of this chapter we will compare the economics of
nuclear power to that of alternative emission reduction strategies such as
increasing energy efficiency, expanding the use of wind power and other
renewable technologies like advanced hydropower and thin-film solar
cells, stabilizing long-term natural gas prices through an increased reliance on liquefied natural gas, the development of combined cycle power
plants using coal gasification technology, and the direct capture of CO2
from fossil fuel plants for sequestration in geologic repositories. Some
of these alternatives carry their own potentially serious environmental
and security impacts, but we have found that each are likely to be economically competitive or advantageous compared to the expanded use of
nuclear power while simultaneously allowing us to avoid the unique vulnerabilities associated with nuclear weapons proliferation (Chapter
Three), the risks of catastrophic reactor accidents or large scale terrorist
attacks (Chapter Four), and the long-term difficulties encountered with
managing long-lived and highly radioactive nuclear waste (Chapter
Five).

Section 2.1 – The Projected Cost of Nuclear Power
Despite the improvements that have been made to the economics of operating reactors in the U.S. over the past 15 years, nuclear power remains
an expensive option for the future. In fact, the authors of the MIT study
themselves acknowledge that, for new construction, “nuclear power is
much more costly than the coal and gas alternatives even in the high gas
price cases.”147 In the MIT reference case, the assumptions most favorable to nuclear power are those corresponding to a 40 year operational
lifetime for the power plants and an effective capacity factor of 85 percent. Under these assumptions electricity from nuclear power was found
to be nearly 60 percent more expensive than coal and between 20 and 75
percent more expensive than natural gas depending on the assumptions
34
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made for the future fuel price. Table 2.2 summarizes the main results
from the MIT economic analysis.
Table 2.2: Levelized cost of electricity from new nuclear power, pulverized coal,
and combined cycle natural gas fired power plants as estimated by the 2003 interdisciplinary study entitled “The Future of Nuclear Power” conducted at the
Massachusetts Institute of Technology.148

Generation Type
Pulverized Coal
(fuel cost: $1.30 per
MMBtu)(a)
Natural Gas (CCGT)
(fuel cost: $3.77 to $6.72
per MMBtu)(b)
Nuclear
(overnight capital cost:
$2,000 per kW)(c)

40 Year Levelized
Cost (¢/kWh)
85% Capacity Factor

40 Year Levelized
Cost (¢/kWh)
75% Capacity Factor

4.2

4.6

3.8 to 5.6

3.9 to 5.7

6.7

7.5

(a) Levelized cost of coal over 40 years with a 0.5% rate of cost escalation.
(b) Levelized cost of natural gas over 40 years with a 0.5% to 2.5% rate of cost escalation.
The price for natural gas has fluctuated a great deal in recent years and has been both
above and below the range considered here at times. For comparison, the average price of
natural gas sold to the electric power sector was $6.11 per thousand cubic feet in 2004 and
149
$8.45 per thousand cubic feet in 2005.
However, long-term gas prices can be expected
to remain within the range considered by the authors of the MIT study if policies on efficiency, conservation, and an increased reliance on liquefied natural gas are pursued (see
Sections 2.3.1 and 2.4.1).
(c) The overnight capital cost is the amount of money that it would cost to build the plant if it
could be completed instantly. This value takes into account the cost of labor and materials,
but does not include such things as interest payments on money borrowed by the utility to
build the plant.

Compared to coal or natural gas, the capital costs of nuclear power are a
much more significant portion of the total cost of generating electricity,
and therefore the comparison grows less favorable to nuclear power if
the assumptions regarding the plant life or capacity factor are reduced.
Given these estimates for the cost of generating electricity from new
power plants, the authors of the MIT study summarized their conclusions
as follows
The bottom line is that with current expectations about nuclear
power plant construction costs, operating costs and regulatory
uncertainties, it is extremely unlikely that nuclear power will
be the technology of choice for merchant plant investors in regions where suppliers have access to natural gas or coal resources. It is just too expensive.150
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The principal conclusions from the MIT economic analysis are consistent
with those from a major study on the economics of nuclear power conducted at the University of Chicago in 2004. The U Chicago study focused on the cost of power plants that could be put into service by 2015
and, like the MIT study, calculated a levelized cost of electricity from
nuclear, pulverized coal, and natural gas fired plants assuming an annual
capacity factor of 85 percent.151 Table 2.3 summarizes the estimated
costs from this study.
Table 2.3: Levelized cost of electricity from new nuclear power, pulverized coal,
and combined cycle natural gas fired power plants as estimated by the 2004
study entitled “The Economic Future of Nuclear Power” conducted at the Univer152
sity of Chicago.

Levelized Cost of Electricity
(¢/kWh)
85% Capacity Factor

Generation Type
Pulverized Coal
(fuel cost: $1.02 to $1.23 per MMBtu)(a)
Natural Gas (CCGT)
(fuel cost: $3.39 to $4.46 per MMBtu)(a)
Nuclear
(overnight capital cost: $1,200 to $1,800
per kW)

3.3 to 4.1
3.5 to 4.5
5.3 to 7.1

(a) Average price of coal or natural gas over the lifetime of the plant calculated by IEER
from the information presented in the University of Chicago study. The estimated price of
natural gas in the University of Chicago study was derived mainly from projections by the
DOE’s Energy Information Administration.

Despite the differences in their models, it is significant that the conclusions of the U Chicago study regarding the cost of nuclear compared to
coal or natural gas are generally consistent with those of the MIT report;
namely that electricity from new nuclear plants will be more expensive
than electricity from coal (29 to 115 percent more expensive compared to
60 percent in the MIT study) and more expensive than electricity from
natural gas (18 to 103 percent more expensive compared to 20 to 75 percent in the MIT report). The authors of the University of Chicago study
noted that such results should not come as any surprise because
No observers have expected the first new nuclear plants to be
competitive with mature fossil power generation without some
sort of temporary assistance during the new technology’s
shake-down period of the first several plants.153
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This conclusion, of course, fails to recognize that nuclear power is also a
“mature” technology that has been commercialized for more than 50
years with nearly 440 plants online around the world, and that it has already been the recipient of far more extensive government subsidies than
any other source of electricity in U.S. history.154
Finally, it is important to note that the MIT and U Chicago estimates
(which are focused primarily on light-water reactors that could be built in
the United States) are broadly consistent with the findings of studies in
other countries and for other types of reactors. For example, it is estimated that, at the typical discount rate used by the Central Electric Authority, electricity from new heavy water reactors in India would be 37
percent more expensive than electricity from coal fired plants.155 Similarly, estimates from Canada are that electricity from either the heavy
water CANDU-6 or the light-water ACR-700 would be 24 to 49 percent
more expensive than electricity from coal.156
In each of these analyses, the primary focus was on comparing the cost
of new nuclear plants to those of competing base load fossil fuel plants.
However, the more important comparison in the present context is between the costs of nuclear and those of other strategies for reducing
greenhouse gas emissions. Before making such a comparison, however,
it is necessary to examine the possible improvements to the generating
cost of nuclear power that have been proposed. Given the importance of
construction costs to the overall cost of electricity from nuclear power
plants, the main improvements considered relate to lowering the capital
cost of the reactors, shortening the plant’s construction time, and improving the conditions under which the plant’s construction is financed.
Section 2.1.1 – Lowering the Capital Cost and Construction Time
The base case in the MIT study estimates that new nuclear power plants
will be four times as expensive to build as natural gas fired plants and 54
percent more expensive than coal plants. In addition to the larger capital
costs, the MIT reference case also assumes that nuclear plants will take
two and a half times longer to build than natural gas fired plants and 25
percent longer than coal plants. On the other hand, the base case of the
University of Chicago study assumes a lower range of capital costs for
new nuclear plants but a longer lead-time. In fact, the U Chicago study
surprisingly assumes that the capital cost of new nuclear plants could fall
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as much as 16 percent below the cost of new coal fired plants (see Table
2.4).157
Table 2.4: Comparison of the assumptions for overnight capital cost and leadtime for construction used in the MIT and University of Chicago studies.158

Generation
Type
Natural Gas
Coal
Nuclear

MIT Study
Overnight
Lead-Time
Capital Cost
(years)
($ per kW)
500
2
1,300
4
2,000
5

University of Chicago Study
Overnight
Lead-Time
Capital Cost
(years)
($ per kW)
500 to 700
3
1,182 to 1,430
4
1,200 to 1,800
7

The middle of the U Chicago range for capital costs is 20 percent higher
than the MIT base case for natural gas, roughly equal to the MIT value
for coal, and 25 percent lower for nuclear. Despite these differences,
which all favor the economics of nuclear power relative to fossil fuels,
Tables 2.2 and 2.3 show that the levelized cost of electricity from new
nuclear plants estimated by the MIT and University of Chicago models
are reasonably consistent (6.7 cents per kWh in the MIT study versus 5.3
to 7.1 cents per kWh in the U Chicago study). This consistency between
the two estimates is due, in large part, to the increased financial penalty
incurred by nuclear plants in the U Chicago analysis due to its assumption of a longer construction time and higher financial risk premium (see
Section 2.1.2).
The potential improvements over the base case considered by the authors
of the MIT study were a 25 percent reduction in the capital cost to
$1,500 per kW and a 20 percent reduction in lead-time to 4 years. The U
Chicago study did not consider any further improvements in the capital
cost of new reactors, but they did consider a reduction in lead-time from
seven to five years. Interestingly, the improved capital cost estimate
considered in the MIT study is equal to the middle of the base case range
used in the U Chicago study, while the improved lead-time considered in
the U Chicago study is equal to the base case of the MIT study. While
we agree that the MIT base case estimates for the capital cost and leadtime are reasonable assumptions for future nuclear plants, they should be
considered already optimistic and not subject to further significant improvement.
One reason to regard the MIT base case as a reasonable, but optimistic,
starting point is that the values for the capital cost and lead-time are sig38
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nificantly lower than what would be expected from historical experience
in the United States. While it is difficult to compare experiences between different periods in time, just as it is difficult to compare experience between different countries, historical experience remains relevant
as a guide to the types of uncertainties that may arise in long-term projections of future costs and as a caution against overly optimistic assumptions about future cost reductions. As summarized by the Energy
Information Administration
Thus, it is important to study the historical information on
completed plants, not only to understand what has occurred
but also to improve the ability to evaluate the economics of future plants. This requires an examination of the factors that
have affected both the realized costs and lead-times and the
expectations about these factors that have been formed during
the construction process.159

In its analysis, the EIA found that the real overnight costs of nuclear
plants went up by more than 340 percent between those plants which
started construction in 1966-67 (with an average cost of $700 per kW in
1982 dollars) and those that entered construction in 1974-75 (with an
average cost of $3,100 per kW in 1982 dollars). In its analysis, the EIA
attributed three-fourths of the escalation in costs to “increases in the
quantities of land, labor, material, and equipment used to build a nuclear
power plant” and the remaining one-fourth to “increases in the real financing charges, escalation in the rate of increase in the prices of land,
labor, material, and equipment during the construction period, and increases in construction lead-times.”160
The National Research Council of the U.S. National Academy of Sciences, examining the same historical data in a somewhat different way,
reached similar conclusions to those of the EIA. The National Research
Council Committee grouped reactors by their completion date instead of
by the date their construction began and found that from 1971 through
1988 there was a sustained increase in average plant costs as well as average lead-times. The NRC found that the average cost of nuclear plants
that entered operation between 1971 an 1974 was $817 per kW (in 1988
dollars) while those that entered operation between 1987 and 1988 averaged $3,133 per kW (in 1988 dollars), an increase of 280 percent. Perhaps even more telling is the fact that the least expensive plant that examined by the NRC from the period 1987 to 1988 was more expensive
than the most expensive plant that entered operation between 1971 and
1974.161 The authors of the MIT study themselves recognize this history
of cost escalations, and acknowledge that, if they had used the cost data
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for plants completed in the late 1980’s and early 90’s, that their resulting
overnight cost estimates “would have been much higher.”162
The National Research Council found a similar trend in relation to nuclear plant construction times as well. Overtime, the NRC found a constant increase in average lead-times growing from 5.4 years for reactors
that came online prior to 1975 to 12.2 years for those coming online from
1985 through 1989. In this case, it found that the minimum construction
time achieved for any of the 47 plants that became operational between
1980 and 1989 was longer than the average time needed to build the 40
plants that came online before 1975. Taking the 110 reactors under consideration into account, the NRC Committee found that the average leadtime required to complete construction was 8.4 years, or about two-thirds
longer than the MIT base case assumption.163
The National Research Council also performed an analysis of global nuclear construction, and found that the average lead-time achieved worldwide between 1978 and 1989 was approximately 7.7 years. The United
Kingdom was found to have had the longest construction times listed
with an average for this period of 12.8 years compared to 11.1 for reactors built in the United States. The shortest construction times listed over
this time period were Japan, with an average of 4.7 years, followed by
France, with an average of 5.9 years.164 Thus, even the shortest average
construction times achieved anywhere between 1978 and 1989 were
comparable to the base case assumption in the MIT report. Turning to
more recent experience, in 2002 the International Atomic Energy Agency
reported that, for plants that began construction around the world after
1993, there was an average of 5.3 years between the start of construction
and the commencement of commercial power generation.165 In light of
this history, the discussion of estimated construction times for future nuclear plants from the University of Chicago study is worth quoting at
length:
The stated DOE position of a 5-year construction schedule is
based on the new streamlined regulatory policy. The base case
in the present study is 7 years for anticipated construction
time. This is the time period of major financial outlays prior to
revenue generation from power sales. The business significance of this period is that it is a time of negative cash flow,
during which interest costs accrue on expenditures. This duration is based on the assumption that the business community
will form expectations taking account not only of the newer
announced regulatory procedures but also of earlier experiences with construction times. The Scully interviews with fi40
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nancial and utility executives, as well as anecdotal reports, reinforce the importance to the business community of expectations regarding construction time. Deutsche Bank’s LCOE
[levelized cost of electricity] calculations for new nuclear
power in the United States rely on a 7-year construction period.166

When making use of estimates for future construction costs or lead-times
from the nuclear industry or promotional agencies like the Department of
Energy that depart significantly from the historical experience reviewed
above, it is important to consider their track records at making such estimates. In its review, the DOE’s Energy Information Administration concluded that
… although the utilities did increase their lead-time and cost
estimates as work on the plants proceeded, they still tended to
underestimate real overnight costs (i.e., quantities of land, labor, material, and equipment) and lead-times even when the
plants were 90 percent complete.167

Table 2.5 shows how little improvement there was at estimating leadtimes times between those plants that began construction between 1966
and 1969 and those that began construction between 1974 and 1977, and
that the nuclear industry actually grew slightly worse at estimating the
final plant cost despite its increase in experience. Specifically, even
when past plants were three-fourths complete, the industry was still underestimating the final construction cost by roughly 23 percent and the
final lead-time by an average of 12 to 21 percent.
Table 2.5: Comparison of utility estimates made before and during construction
to the final cost and total lead-time of the plants. Despite the increase in experience between the late 1960s and the mid-1970s, the utilities continued to underestimate both the cost and amount of time required to complete nuclear plants
even when the facilities were three-fourths complete.168

Year in Which
Construction
Began
1966-1969
1974-1977

Percentage of
Plant Completed
When Estimate
Was Made
0%
75%
0%
75%

Percent by
Which the Utility
Underestimated
the Final Construction Cost
63%
22%
72%
24%
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Percent by
Which the Utility
Underestimated
the Total
Lead-Time
47%
21%
45%
12%
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As a further check on the reasonableness of the base case assumptions
used in the MIT study, we can compare them to a 2003 analysis conducted by the nonpartisan Congressional Budget Office and a 2005
analysis from the International Energy Agency. Based on information
provided by the Nuclear Regulatory Commission, the Department of Energy, and “industry sources,” the CBO assumed that a new nuclear plant
with a capacity of 1,100 MW could be built starting in 2011 at a cost of
approximately $1,900 to $2,700 per kW, with a best estimate of $2,300
per kW.169 The estimate cited by the CBO for the expected construction
cost of a competing natural gas fired plant was $536 per kW, while their
estimate for a coal plant was $1,367 per kW. The estimates used by the
International Energy Agency were generally consistent with those from
the CBO and with the base case of the MIT report. Specifically, the IEA
estimated that a new nuclear plant could be built in the U.S. for $1,894
per kW, while a new pulverized coal fired plant would cost $1,160 per
kW and a new combined cycle natural gas plant could be built for $609
per kW.170
Instead of looking just at U.S. history, experience in other countries is
often cited to support claims for lower capital costs for new nuclear
plants. However, the construction costs for three recent Japanese nuclear
plants averaged more than $2,500 per kW, while the construction costs
for Japan’s two new ABWR units totaled between $1,800 and $2,000 per
kW.171 In addition, the only reactor currently under construction anywhere in western Europe is a Finnish light-water reactor. Converting the
Finnish estimate for the cost of this plant from euros to dollars, we find
that the overnight cost of this plant would be projected to be more than
$1,900 per kW.172 Thus, both the recent experience in Japan as well as
the projections for future costs in Europe are generally consistent with
the MIT base case assumption of $2,000 per kW.
One important caution that must be kept in mind, however, is that it is
generally quite difficult to compare raw construction estimates between
different countries given the differences in labor costs, the costs and
availability of materials and transportation, the relationship between the
government and the utilities, currency exchange rates, the ability for citizens to participate in the licensing process, and many other factors. An
alternative way to compare international experience in light of these difficulties is to consider the relative capital cost of nuclear plants compared
to coal fired plants. In 1986, the Nuclear Energy Agency of the Organization for Economic Cooperation and Development (OECD/NEA) analyzed the economics of coal and nuclear plants that could be brought
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online by 1995. The average cost for nuclear construction in the 12
countries considered was 77 percent more expensive than coal ($1,442
per kW for nuclear versus $812 per kW for coal in 1984 dollars).173 At
the low end of the range were Japan with a nuclear construction costs 32
percent higher than coal and France with a ratio of 34 percent. At the
high end were the United States where the average cost of a nuclear plant
was 120 percent above that of coal, and Spain with a ratio of 143 percent.174
In 1998, the OECD updated this study to consider the economics of
plants that could be commissioned in the years 2005 to 2010 at the latest.
This update to the 1986 study considered six of the same countries as the
older report in addition to six new countries.175 In the updated study,
Japan and France continued to have the lowest ratios of nuclear to coal
capital costs, while this time India and Finland were found to have the
highest relative costs. For the twelve countries considered in 1998, a
nuclear power plant was still more than 50 percent more expensive to
build on average than a coal fired plant ($2,210 per kW for nuclear versus $1,452 per kW for coal in 1996 dollars). In no country examined
was a nuclear plant estimated to be cheaper to build than a coal plant.176
The findings of these studies raise very serious doubts about the low end
of the capital cost range used in the U Chicago study where nuclear
plants were projected to be as much as 16 percent less expensive to build
than new coal fired plants.177
The MIT base case assumes a capital cost of nuclear that is 54 percent
above that of coal 1.54 ($2,000 per kW for nuclear versus $1,300 per kW
for coal). This ratio is generally consistent with the international average
from the 1986 and 1998 OECD/NEA studies. However, the reduction in
nuclear plant costs considered by the authors of the MIT study would
result in a cost ratio of just 15 percent ($1,500 per kW for nuclear versus
$1,300 per kW for coal). This lower value is highly suspect in that it
would surpass the expectations for power plant construction in France,
and would be nearly one-fourth less than the international average.
Therefore, this analysis of international construction costs further argues
against the likelihood of any significant improvement to the cost of new
nuclear plants over those considered in the MIT base case.
Even if a small number of initial plants could be built with lower capital
costs and/or lead-times, this experience would likely be viewed with a
high level of conservatism by utilities and financial institutions considering the past escalation in construction cost and lead-times. This is parFor non-commercial use only
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ticularly true in light of the fact that any improvements would have to be
maintained under a very demanding timetable set by the global growth
scenario in which more than one reactor would have to come online
somewhere in the world every 15 days for four decades. Meeting the
more aggressive steady-state growth scenario would put an even greater
strain on the nuclear industry with more than one reactor having to come
online every six days over 40 years.
Section 2.1.2 – Reducing the Financial Risk Premium
The high capital cost and long lead-time of nuclear plants are particularly
detrimental to the economic viability of nuclear power due to the fact
that the interest rate charged to utilities on loans during construction is
higher for nuclear plants than it is for fossil fuel plants. This higher rate
is a result of the fact that nuclear plants are considered to be riskier investments that carry a higher degree of uncertainty and a greater risk of
failure than investments in conventional generation. In part, this excess
risk is due to the fact that nuclear plants have large generating capacities
and must be planned further in the future than fossil fuel plants and thus,
if demand grows less than expected the nuclear plant may end up being
canceled during construction. In addition, there is the potential for public opposition to the construction of a new reactor to lead to delays that
could quickly increase the plant’s cost. As noted by the authors of the
MIT study:
… even if investment in nuclear power looked attractive on a
spreadsheet, investors must confront the regulatory and political challenges associated with obtaining a license to build and
operate a plant on a specific site.… Many planned plants,
some of which had incurred considerable development costs,
were canceled. Delays and “dry-hole” costs are especially
burdensome for investors in a competitive electricity market.178

In fact, between 1972 and 1984 (the period immediately following the
first energy crisis in which energy demand growth in the U.S. slowed
markedly), more than $20 billion was spent on 115 nuclear plants that
were later canceled.179 By 1992, a total of 121 reactors had been canceled, not counting those that had been ordered but were canceled before
much money had been spent.180 By the early 1980s, the choice to continue pursuing nuclear construction was recognized as an important factor in the downgrading of utility credit ratings by Standard & Poor’s.181
No new nuclear plants have been ordered in the U.S. since 1978 (more
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than a quarter of a century ago), and the two orders that were placed in
1978 were subsequently canceled. In fact, it has been nearly ten years
since the last new reactor was brought online in the United States.182
Since the late 1980s, there have been a number of efforts undertaken to
try to overcome this excess financial risk for nuclear power. The most
important of these efforts was the passage of the Energy Policy Act of
1992 which changed the licensing rules to allow utilities to receive combined construction and operating licenses (COL). This new licensing
process will allow a reactor to be operated without further regulatory review or possibility for public participation and comment if the Nuclear
Regulatory Commission is satisfied that the plant has been built according to the agreed upon specifications. Despite this change in the regulations, the U Chicago study summarized the current financial position of
nuclear power as follows:
The recent combining of construction and operating licenses
into a single step gives hope that construction delays and uncertainties encountered in the last generation of nuclear plants
can be avoided in new construction, but in the absence of actual experience, there is a perception that nuclear plants are
riskier than others, as discussed by Scully Capital [an investment banking and financial advisory service].183

Thomas E. Capps, chairman and chief executive officer of Dominion
Energy, was somewhat more direct when he told the New York Times in
May 2005 that “Standard & Poor’s and Moody’s would have a heart attack” if Dominion chose to begin construction of a new reactor, and that
“my chief financial officer would, too.”184 This is a particularly significant assessment given that Dominion operates seven reactors in three
states, and that it is currently seeking an early site permit to allow the
possible placement of a new reactor at their North Anna site in Virginia.
The question, therefore, is not whether new nuclear plants will have to be
financed with an allowance for the excess risk, but is instead how big the
penalty is likely to be. In this context, the authors of the U Chicago
study note that
Financial terms in recent nuclear construction overseas are not
a satisfactory guide to a risk premium in the United States because of differences among countries in business practices,
differences in business climate, varying degrees of involvement of governments in nuclear projects, and differences in
regulatory regimes.185
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For example, the new nuclear plant that is to be built in Finland assumes
that the construction costs will be financed at a real interest rate of just 5
percent, and that the plant would not pay income tax. This plant will also
be operated by a non-profit company that sells electricity directly to industrial users under long-term power purchase agreements which reduces
the uncertainty of demand growth. Similar cautions are sometimes
needed within the U.S. as well. For instance, the government owned
Tennessee Valley Authority assumes that the refurbishment and restart of
the mothballed Browns Ferry 1 reactor, which has been shutdown since
the mid-1980’s, will be financed at an effective interest rate just 0.8 percent above that of 10-year treasury notes, and that it would also pay no
taxes.186
Given that no new plants have been ordered in the U.S. in more than a
quarter century, and the fact that experience from other countries is not a
reasonable basis for comparison, the MIT and U Chicago studies arrive
at somewhat different estimates for the level of the risk premium that
would be imposed on the next round of nuclear construction (see Table
2.6).
Table 2.6: Financing rates for debt and equity assumed by the MIT and University of Chicago analyses. The effective interest rate is the weighted average for
the assumed mix of debt and equity. The primary difference between these assumptions is the lower debt rate for nuclear used by the authors of the MIT
study.187

Type of Generation
Fossil Fuel
Plants
Nuclear
Power Plants
Financial Risk
Premium

MIT (2003)
Effective
Equity
Debt
Rate

University of Chicago
Effective
Equity
Debt
Rate

12%

8%

9.6%

12%

7%

9.5%

15%

8%

11.5%

15%

10%

12.5%

1.9%

3.0%

From Table 2.6, we see that, while their assumptions about the financing
rate for new fossil fuel plants are similar, the risk premium for nuclear
power in the MIT study is more than a third smaller than the risk premium assumed in the U Chicago study. Considering this difference, it is
important to note that the authors of the U Chicago study concluded that
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Informal conversations with a number of Wall Street analysts
corroborated the reasonable magnitude of the 3 percent premium as a lower bound estimate.188

Thus, even with the modified regulatory process in place in the U.S. and
the heightened interest of the Bush Administration, it is unlikely that new
reactors could achieve much better financing than that assumed by the
MIT base case analysis without a significant and sustained intervention
by the federal government.
The influence of the higher interest rate assumed in the U Chicago study
on the overall generation cost of electricity from new nuclear plants can
be seen in Table 2.7. Despite the fact that the overnight capital cost for
the middle of the U Chicago range of base-case costs is 25 percent less
than the value in the MIT study ($1,500 per kW versus $2,000 per kW),
due to the longer lead-time and higher risk premium, the interest payments in the U Chicago analysis actually contribute about 80 percent
more to the final cost of electricity than the interest payments do under
the MIT assumptions.
Table 2.7: Comparison of the relative contribution to the total capital cost of new
nuclear power plants in the MIT and University of Chicago analyses from interest
payments on money borrowed by the utilities. Due to the long lead-time and
higher interest rate, these financing costs are a more significant contributor to the
total cost of electricity from nuclear power in the U Chicago analysis.

MIT
University
of Chicago

Overnight
Capital
Cost

LeadTime

Effective
Interest
Rate

Percent of
Total Capital Cost Due
to Interest(a)

Contribution
of Interest to
Total Generation Cost

$2,000
per kW

5
years

11.5
percent

21.5 percent

1.0 cents per
kWh

$1,500
per kW(b)

7
years

12.5
percent

39.3 percent

1.8 cents per
kWh

(a) The total capital cost includes all elements covered by the overnight cost as well as
interest payments made on money that had to be borrowed during construction.
(b) The mid-point of the estimated range in the U Chicago study.

Given the importance of interest payments to the overall cost of nuclear
power, there have been a number of proposals put forth to try to reduce
the apparent risks associated with the choice to build a nuclear plant.
The most likely government intervention in this respect will be to offer
loan guarantees to at least the first several new nuclear plants to be built.
These guarantees would allow the utilities to borrow money at the risk
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free rate for the portion of the loan guaranteed by the government, and
thus significantly lower the overall effective interest rate.189 In 2003, the
Congressional Budget Office analyzed the impact of a provision in the
Senate version of the Energy Policy Act of 2003 (S.14) which would
have allowed the DOE to grant 50 percent loan guarantees to the next
seven nuclear plants to be built. In addition, the law would have empowered the Department of Energy to enter into long-term power purchase contracts with these “first-mover” utilities to lessen the risk that
demand would not grow fast enough to economically support the added
capacity.190 As a result of its analysis, the CBO concluded that
[b]ecause the cost of power from the first of the next generation of new nuclear power plants would likely be significantly
above prevailing market rates, we would expect that the plant
operators would default on the borrowing that financed its
capital costs.191

It estimated that the net subsidy from the government required to keep
the plant running following the utility defaulting on its financing would
amount to 15 percent of the plant’s total construction cost, or roughly
$375 million per plant. This proposal could therefore have resulted in a
total subsidy of more than $2.62 billion overall to the seven new nuclear
plants.192 The CBO updated this analysis in 2005 to consider the revised
language in the Energy Policy Act of 2005 which allows loan guarantees
of up to 80 percent to be granted to a variety of energy efforts including
new nuclear power plants. The CBO concluded that such guarantees to
new nuclear plants “could be for more than $2 billion [per plant] and
carry a significant subsidy cost (perhaps as much as 30 percent).”193
A second type of government intervention that has gained significant
prominence is to provide direct subsidies to a limited number of “firstmovers” in the form of production tax credits. These proposal are similar in nature to the tactic that was used by the nuclear plant manufacturers in the late 1950’s and early 1960’s in which a limited number of early
plants were built on a fixed cost basis to encourage utilities to pursue
nuclear power. The loss to these reactor manufacturers like Westinghouse and General Electric on these initial “first-mover” promotions has
been estimated at between $875 million and $1 billion on 13 plants.194
In the MIT report, the authors recommended that each of the next 10 nuclear plants to be built be given a subsidy worth 10 percent of the total
construction cost ($200 million per plant), for a total subsidy of $2 billion. In order to ensure that this money would only go to plants that were
actually completed, and not to plants that might be started and then
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abandoned during construction, the authors recommended that the money
be paid out as a production tax credit over the first year and half of plant
operation. Assuming a capacity factor of 75 to 85 percent, this would
work out to a subsidy of 1.8 to 2.0 cents per kWh over the first 18
months the plant is in operation.195
A similar, but larger “first-mover” subsidy was proposed in early 2005
by the House Committee on Energy and Commerce of the U.S. Congress. In its discussion draft of the Energy Policy Act of 2005, the
Committee included a 1.8 cents per kWh production tax credit for up to
6,000 MW of new nuclear capacity that entered service before January 1,
2021. This subsidy would be paid for up to eight years for each individual plant, and would be limited to $125 million per plant per year. Overall, therefore, this proposal could result in a total subsidy of $6 billion to
the first six reactors.196 The maximum production credit would be received by any plant achieving a capacity factor equal to or better than 80
percent. Assuming a five year construction time and discounting the
payments at 3 percent per year, the present value for this subsidy would
be equal to $750 million per plant. In other words, this production tax
credit would result in the tax-payers absorbing nearly 40 percent of the
total overnight construction cost for each of the first six new nuclear
plants to be built.197 An analysis conducted by the Energy Information
Administration using the National Energy Modeling System, a computer
program designed to predict the likely impact of energy policies, estimated that the total cost of this proposed production tax credit just
through the year 2022 would equal $3.85 billion.198 Despite the fact that
the Bush Administration announced on May 17, 2005, that it would not
support any major financial incentives for nuclear power beyond the issuance of regulatory insurance as discussed below, the 1.8 cents per kWh
production tax credit for the utilities was included in the final version of
the energy bill signed into law in August 2005.199
Despite the magnitude of these proposed subsidies, they would still not
be large enough to fully overcome the higher costs of nuclear power
compared with fossil fuels. Under the MIT proposal, the levelized cost
of electricity from the ten “first-movers” would be approximately 6.2
cents per kWh which is still well above its estimate for the price of electricity from coal or natural gas. In addition, this estimate assumed that
these “first-mover” plants could be built without longer lead-times or
higher capital costs than those assumed in the base case. If technical
problems, regulatory uncertainties, or public opposition led to an increase in construction costs on the first few plants, the value of this subFor non-commercial use only
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sidy would be proportionally diminished. As noted by analysts at Standard & Poor’s in their 2006 assessment of nuclear power, “given that
construction would entail using new designs and technology, cost overruns are highly probable.”200
With respect to the larger first-mover subsidy that was eventually included in the 2005 Energy Policy Act, the authors of the U Chicago
study found that this tax credit would “achieve competitiveness only for
the most optimistic cost outcome,” and that the middle of their range for
the cost of new nuclear power would remain above even their highest
estimate for the price of electricity from coal or natural gas.201 In addition, the authors of the U Chicago study noted that “the production tax
credit helps cash flow only after the plant has been built and does not
reduce the heavy drain on near-term dollar requirements during the construction period.”202 This would further limit the impact of such strategies on making nuclear power look financially attractive to utilities and
investors.
The third way in which the government is attempting to intervene on behalf of the nuclear industry to lower the financial risk was put forth by
President Bush in April 2005. Under this proposal, the government
would reimburse the utilities for the cost of any delays in nuclear plant
construction that might be caused by the regulatory process. Specifically, the President directed the Department of Energy
… to work on changes to existing law that will reduce uncertainty in the nuclear plant licensing process, and also provide
federal risk insurance that will protect those building the first
four new nuclear plants against delays that are beyond their
control.203

The Energy Policy Act of 2005 enacted the Bush Administration’s proposal, expanding the “insurance” to the first six new reactors in line with
the potential number of “first-mover” recipients of the 1.8 cents per kWh
production tax credit. The law allows for the Department of Energy to
reimburse utilities for costs they incurred due to either
(A) the failure of the Commission to comply with
schedules for review and approval of inspections, tests, analyses, and acceptance criteria established under the combined license or the conduct of preoperational hearings by the Commission for the advanced nuclear facility; or
(B) litigation that delays the commencement of fullpower operations of the advanced nuclear facility.204
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The first two reactors to be built would have 100 percent of these costs
covered up to $500 million per plant. The next four reactors to be built
would be eligible for 50 percent of their costs to be covered up to $250
million if the delays extend beyond 180 days.205 While this type of “insurance” program would help to lessen some of the risks associated with
building the first six nuclear plants (specifically the risk of legal challenges to the combined construction and operating license process which
has yet to be tested by any utility), it would still not eliminate the risk
from such uncertainties as slower than expected demand growth and the
effects of potential public opposition outside the regulatory process.
Moreover, while the $500 million maximum would represent a significant subsidy to the nuclear utilities, a number of past reactors suffered
from even larger cost escalations (see Section 2.1.1). Finally, and most
importantly, this “insurance” program effectively punishes the NRC for
doing its job well and thus will likely have a negative impact on the
safety of the next generation of reactors. Unlike the loan guarantees or
production tax credits which would amount to a transfer of public money
to private hands, this subsidy will likely have a chilling effect on the
regulators and further weaken the oversight provided by the NRC (see
Section 4.1.3) and the ability of the public to intervene legally.
The very large federal subsidies and market interventions discussed
above could make nuclear power appear more attractive to investors already considering building new reactors. However, as noted by analysts
at Standard & Poor’s in early 2006
Although these events create some sort of supportive platform
for a nuclear renaissance in the U.S., it may not provide sufficient incentive to pursue new construction. From a credit perspective, these legislative measures may not be substantial
enough to sustain credit quality and make this a practical strategy.206

Thus, even in the face of billions of dollars in tax breaks, loan guarantees, and “risk insurance,” Wall Street financial institutions may remain
hesitant in financing new nuclear plant construction on favorable terms.
However, even if the financing of the first few plants could be improved
through heavy subsidization, the many uncertainties that surround the
choice to build a nuclear power plant make it very likely that a risk premium of at least two to three percent will remain the norm for financing
future nuclear plants.

For non-commercial use only

51

Section 2.1.3 – Impact of Potential Cost Improvements
As discussed above, the “first-mover” subsidies would not be sufficient
by themselves to make nuclear power economically advantageous compared to coal or natural gas. Before moving on to a consideration of how
the costs of nuclear power compare to other climate change mitigation
strategies, it is important to consider the other potential cost savings that
have been put forth and how the authors of the MIT and U Chicago studies viewed the reasonableness of their own proposals. Specifically, the
authors of the MIT study concluded that
The cost improvements we project are plausible but unproven.
It should be emphasized, that the cost improvements required
to make nuclear power competitive with coal are significant:
25% reduction in construction costs; greater than a 25% reduction in non-fuel O&M costs compared to recent historical experience (reflected in the base case), reducing the construction
time from 5 years (already optimistic) to 4 years, and achieving an investment environment in which nuclear power plants
can be financed under the same terms and conditions as can
coal plants. Moreover, under what we consider to be optimistic, but plausible assumptions, nuclear is never less costly than
coal.207

In fact, even if all of their proposed cost improvements were somehow
achieved (which, as discussed in Sections 2.1.1 and 2.1.2, is highly
unlikely), not only would coal remain cheaper, but electricity from natural gas would only exceed the price of nuclear power in the highest fuel
price scenario considered. In addition, the MIT analysis assumes that the
major reductions in construction time and capital cost envisioned for nuclear power plants could be achieved without similar improvements being made for coal or natural gas fired plants. If equally optimistic improvements were considered for the fossil fuel plants, the cost comparison would grow worse for nuclear.
These conclusions from the MIT study are in line with those from the
University of Chicago study as well. In addition to starting with lower
overnight capital costs, the U Chicago study considered the following
cost reduction strategies for new nuclear plants: a 25 to 50 percent federal loan guarantee, an accelerated depreciation schedule, an investment
tax credit of 10 to 20 percent, and a reduced construction time from
seven to five years. Achieving any one of these cost reductions alone
could still leave the price of nuclear more expensive than either coal or

52

For non-commercial use only

natural gas.208 Based on their result, the authors of the U Chicago study
concluded that
In summary, with the expectation of a 7-year construction period, no individual financial policy can be counted on unambiguously to bring the LCOE [levelized cost of electricity] of
first new nuclear plants within the range of LCOE competitive
with fossil generation.209

Finally, the U Chicago study also considered possible cost reductions to
future plants as a result of the experience gained by the industry during
the construction of the first few plants. Under what it considered to be
“optimistic” assumptions about the rate of this learning, however, they
found that, even for the eighth plant (when learning would be virtually
complete), the cost of electricity from nuclear would still remain higher
than the range of estimated costs for coal or natural gas. It was only
when the “optimistic” assumptions about learning were coupled to further highly optimistic assumptions, including a reduction of the construction time to five years on the third plant and the elimination of excess
financial risk on the fourth plant, that the cost of electricity from nuclear
fell to within the middle of the competitive range for coal and natural
gas.210 These large cost reductions on future plants are based on assumptions that are not in line with the historic experience in the United States,
and are very unlikely to be realized.
Section 2.1.4 – Summary of Nuclear Power Economics
Given the optimistic nature of the assumptions built into the base case of
both the MIT and U Chicago analyses, it is unlikely that any significant
improvements to the economics of nuclear power could be sustained under the demanding construction schedule of the global growth or steadystate growth scenarios. We will therefore consider 6.0 to 7.0 cents per
kWh to be a reasonable range for the future costs of nuclear power, with
the MIT value of 6.7 cents per kWh as the best single estimate (see Table
2.8). This range is consistent with the reference case projections from
the DOE’s Energy Information Administration for the cost of new nuclear power reported in their 2005 Annual Energy Outlook.211 Finally,
the fact that the base case estimate for the lead-time for construction in
the MIT study is equal to the improved lead-time in the U Chicago study,
while the base case capital cost in the U Chicago study is equal to the
improved capital cost in the MIT analysis further reinforces the reasonableness of the resulting range for the cost of electricity from new nuclear plants.
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Table 2.8: Summary of base case assumptions made in the MIT and University
of Chicago studies and the resulting levelized cost of electricity from new nuclear
power plants.

MIT
University
of Chicago

Overnight
Capital
Cost
$2,000 per
kW
$1,500 per
kW(a)

LeadTime
5 years
7 years

Financial
Risk
Premium
1.9
percent
3.0
percent

Capacity
Factor
85 percent
85 percent

Levelized
Cost of
Electricity
6.7 cents
per kWh
6.2 cents
per kWh

(a) The mid-point of the estimated range of capital costs in the U Chicago study.

Section 2.2 – The Economics of Nuclear Power as a Carbon
Mitigation Strategy
In the previous section we showed that electricity from new nuclear
power plants is likely to be substantially more expensive than electricity
from either coal or natural gas. This comparison, however, is not necessarily the one most relevant to the current discussion of what role nuclear
power might play in mitigating the impacts of climate change. The more
important question in the present context than how nuclear compares to
the business as usual usage of fossil fuels, is how the economics of nuclear power compare to those of alternative strategies for reducing carbon emissions. In the current section we will examine two proposals
aimed at directly improving the economics of nuclear compared to the
continued usage of conventional fossil fuel plants. The first proposal is
to directly subsidize all nuclear plants in recognition of their low carbon
emissions, while the second proposal, involves the direct taxation of carbon emissions in order to raise the price of electricity from coal and natural gas.
Section 2.2.1 – “Carbon-Free” Portfolios
One of the more aggressive proposals for incorporating climate change
into the economics of nuclear power is to include it in future federal or
state “‘carbon-free’ portfolio” standards.212 These tax credits, usually set
up as “renewable energy portfolios,” have traditionally been used to
promote the development of energy sources like wind and solar. The
federal production credit given to renewable technologies in the U.S.
(including new or incremental hydroelectric power added after 2005)
amounts to approximately 1.8 cents per kWh for the first 10 years of the
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plant’s operation.213 If such a credit had been adopted for all electricity
from nuclear power (i.e. from both new and existing plants), the cost to
the government would have been roughly $13.75 billion in 2003.214 Under the MIT global growth scenario, the cumulative cost of this subsidy
between 2005 and 2050 would amount to roughly $358 billion, with an
average annual payment to the utilities of nearly $7.63 billion per year.
The payment of this “carbon-free” credit to the nuclear utilities over the
next 45 years would amount to nearly two and a half times the estimated
spending by the government in both direct and indirect subsidies to promote nuclear power’s development over the first 50 years of its development.215 Assuming a five year lead-time, an 85 percent capacity factor, and discounting the “carbon-free” subsidy at 3 percent per year results in this subsidy having an overnight value equal to approximately
half of the total estimated cost of building the plants in the first place. A
further way to appreciate the scale of this subsidy, is to note that the average annual payout by the government between 2005 and 2050 would
be nearly as large as the total amount of all taxes (including income tax)
paid by all large, share-holder owned utilities combined in 2002.216
It clearly does not make economic sense to discuss a tax break for nuclear utilities that would be comparable to the entire tax burden of all
large, share-holder owned utilities combined. However, even if this kind
of subsidy were instituted, the electricity produced by these new nuclear
plants would still be more expensive than electricity from coal under the
base case assumptions of the MIT model and roughly equal to the cost
from natural gas even in the highest gas price scenario if a modest improvement in the heat rate of combined cycle plants is achieved in the
coming years.
Section 2.2.2 – Direct Taxation of Carbon Emissions
Up to this point we have primarily considered proposals for money flowing from the taxpayers to the nuclear industry in the form of tax breaks or
other direct subsidies. An alternative proposal is to tax greenhouse gas
emissions from fossil fuel burning power plants. The idea of a so-called
“carbon tax” has been widely considered, and is viewed by many as
likely to be a part of any market based strategies for combating carbon
emissions. Imposing such a tax is, in effect, an effort to internalize a
portion of the potential economic costs of climate change within the cost
of generating electricity from fossil fuels.
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While the concept of taxing emissions is straightforward, the setting of a
“price” for carbon is considerably more difficult. Putting a dollar value
on the potential impacts of climate change is highly uncertain given the
complexity of both the ecological changes that are possible as well as the
complexity of how those changes could impact human health and society. In addition, such schemes for setting the price of carbon are not well
suited to address losses that are less quantifiable in economic terms such
as the general loss of regional and global biodiversity or the impacts of
ecosystem changes on the culture of Indigenous Peoples. An alternative
approach is to set the price of carbon based on how significant a reduction in emissions is desired. This approach includes an implicit assumption about what level of climate change would be acceptable through its
choice of a stabilization target. The greatest difficulty with this second
approach is that it is very sensitive to the assumptions used in modeling
the impact of the carbon tax on the choices that would be made regarding
energy supply and demand as well as on the assumptions used for the
sensitivity of the climate to increased concentrations of greenhouse
gases.
Instead of approaching the issue of carbon taxes solely from these more
traditional angles, the authors of the MIT study chose to instead focus on
the level of taxes that would be necessary to raise the cost of electricity
from coal and natural gas to equal that from new nuclear power plants.
We will retain this approach in the present analysis since it is the most
strait forward way to examine the cost of nuclear power as a CO2 mitigation strategy. Since it is unlikely that any corporation would undertake a
program with as many long-term commitments and as many financial
and environmental risks as the building of a new reactor on the basis of a
single economic projection, Table 2.9 summarizes the range of carbon
taxes that would be required to raise the cost of electricity from fossil
fuels to within the estimated range for the cost of nuclear power from
new plants.

56

For non-commercial use only

Table 2.9: Values for the tax per ton of carbon emitted that would be required in
the MIT analysis to raise the price of electricity from coal or natural gas fired
plants to the level of electricity from new nuclear power.(a)

Generation Cost
of Electricity

High Gas
Price

Natural Gas(b)
High Gas
Price
Moderate Gas
(improved
Price
heat rate)

Coal

6.0 cents per
kWh

$40

$95

$175

$75

7.0 cents per
kWh

$130

$190

$270

$115

(a) In this table, we have retained the assumptions used in the MIT study for the amount of
carbon emitted per kWh of generation from coal and natural gas fired plants, and have
rounded the values for the resulting carbon taxes to the nearest five dollars. To convert
these figures into a tax per ton of carbon dioxide (CO2) divide by 3.7.
(b) The three natural gas scenarios shown correspond to the high and moderate gas price
cases from the MIT study (i.e. a levelized cost over 40 years of $6.72 per MMbtu and $4.42
per MMbtu respectively). Under the high gas price scenario, the authors of the MIT study
considered two cases; namely the costs with today’s technology and a case in which natural gas plants achieved a 10 percent improvement in their heat rate over the coming
217
years.

Table 2.9 shows that the likely range of carbon taxes required to equalize
the price of electricity from coal or natural gas plants with that from new
nuclear plants in the MIT analysis falls within the range of about $40 to
$270 per ton of carbon. This range compares well to other recent estimates. For example, the study conducted at the University of Chicago
found that a carbon tax of $65 to $180 per ton of carbon would be required to raise the cost of electricity from coal or natural gas to within
the six to seven cents per kWh range of electricity from new nuclear
plants (see Table 2.10).
Table 2.10: Values for the tax per ton of carbon emitted that would be required in
the U Chicago analysis to raise the price of electricity from coal or natural gas
fired plants to the level of electricity from new nuclear power.

Generation Cost of
Electricity
6.0 cents per kWh
7.0 cents per kWh

Pulverized Coal

Natural Gas

$65 to $90
$100 to $125

$80 to $130
$130 to $180

(a) In this table, we have retained the assumptions used in the U Chicago study for the
amount of carbon emitted per kWh of generation from coal and natural gas fired plants, and
have rounded the values for the resulting carbon taxes to the nearest five dollars. To convert these figures into a tax per ton of carbon dioxide (CO2) divide by 3.7.
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Other estimates have found similar ranges for the required carbon tax.
For example, the Intergovernmental Panel on Climate Change (IPCC)
concluded in 2001 that carbon allowances of approximately $100 to $250
per ton would be required for nuclear power to break even with new
natural gas fired plants. In arriving at this estimates, the IPCC assumed
that the reactors were of a state-of-the-art design and that the technology
lived up to the cost and lead-time improvements that the nuclear industry
envisions.218 In addition, in 2002, an analysis by the British Performance
and Innovation Unit of the Cabinet Office estimated that building nuclear
power plants in place of natural gas plants would displace carbon at a
cost of £70 to £200 per ton ($100 to $300 per ton).219 While natural gas
prices have increased since these estimates were made, their results are
generally consistent with the projected ranges from the MIT and U Chicago analyses.
The imposition of carbon taxes in these ranges would have dramatic economic consequences. For example, in the year 2000, the total carbon
emissions from the U.S. electricity sector were estimated to have been
nearly 619 million metric tons of carbon.220 If a carbon tax of $50 to
$200 per ton had been imposed in that year, it would have resulted in a
total tax of $30.9 to $123.8 billion on the utility industry as a whole. For
comparison, the total gross income of all major investor-owned utilities
in that same year was just over $233 billion. After expenses, the net income of these utilities was estimated at $13.3 billion.221
Given that the total carbon emissions from the electricity sector are projected to rise under the MIT global growth scenario, the annual cost of
this tax would also rise despite the construction of 300 hundred nuclear
plants throughout the United States. Table 2.11 shows our predictions
for the cost to the electricity sector as a whole from carbon taxes in the
range of $50 to $200 per ton. These estimates include both a lower carbon growth scenario (i.e. a scenario in which the 300 gigawatts of new
nuclear capacity replaces coal) and a higher carbon growth scenario (i.e.
a scenario in which the new nuclear plants replace natural gas). It should
be recalled that a tax of approximately $100 per ton would equalize the
cost of coal, natural gas, and nuclear power under the base case economic assumptions of the MIT model for the high gas price scenario.
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Year

Carbon
Emissions(a)
(million metric tons)

Total Annual
Carbon Tax
(billions)

Tax per
kWh of
Total Generation
(¢ per kWh)

Lower
Carbon
Growth

2005

663

$33.2 - $133

0.84 - 3.4

2050

700

$35.0 - $140

0.42 - 1.7

Higher
Carbon
Growth

Table 2.11: Summary of the estimated costs of imposing a tax of $50 to $200 per
ton of carbon under the MIT global growth scenario. The lower carbon growth
corresponds to nuclear power displacing only coal fired plants while the higher
carbon growth corresponds to nuclear power displacing natural gas. If some of
the nuclear plants displaced renewable resources, the resulting carbon emission
would be higher than indicated in this table.

2005

663

$33.2 - $133

0.84 - 3.4

2050

1,000

$50.0 - $200

0.60 - 2.4

Cumulative
Carbon Tax
(2005
through
2050)
$1.62 - $6.47
trillion
$1.91 - $7.63
trillion

(a) Estimated by IEER from the assumptions presented in the MIT study and starting from
the fact that carbon emissions from the electricity sector were approximately 619 million
222
metric tons in the year 2000 (see Section 1.3).

One important point to keep in mind when considering the results presented in Table 2.11, however, is that we are reporting the value of the
tax to the entire electricity sector and the average increase in cost per
kWh of total generation regardless of how that electricity was generated.
While it is true that many utilities are diversified in the types of generating capacity they operate, the variation among different companies and
among different regions in the U.S. as to how much of this tax burden
they would share would be significant. For example, in 2003 the states
of Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Ohio,
Nebraska, North Dakota, South Dakota, and Wisconsin received 73.6
percent of their total electricity from coal, 2.7 percent from natural gas,
and 1.6 percent from hydroelectricity while the states of California, Oregon, and Washington received just 4.7 percent of their electricity from
coal, 26 percent from natural gas, and 48.6 percent from hydroelectricity.223 A further concern is that energy taxes are almost always highly
regressive in nature, with the highest proportional impacts falling on the
lowest income individuals. This raises serious economic justice concerns
with any proposal for large carbon taxes imposed in isolation.
Finally, there is a problem with the implicit assumption in the MIT
analysis that such large market interventions on behalf of nuclear power
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could occur without slowing the rate of demand growth or affecting the
choices for generating technology made by utilities outside of the pulverized coal, natural gas, and nuclear paradigm. Already wind power at
very favorable sites is economical compared to natural gas fired plants,
and carbon taxes in the range of $100 to $200 per ton would be likely to
make technologies like coal gasification and carbon sequestration economically attractive (see Sections 2.3 and 2.4).224 The increase in electricity costs from such a tax would also likely lead to an increased focus
on efficiency and a resulting reduction in the rate of demand growth
which favors more flexible types of generation than large nuclear plants.
In fact, it is this effect on demand that is one of the main reasons that
carbon taxes are viewed by many as such an effective market based option for reducing greenhouse gas emissions. Surprisingly, the authors of
the MIT provide no discussion of whether their assumption is reasonable
that the per capita electricity consumption in the U.S. would increase by
more than three-fifths between 2000 and 2050 no matter what the cost or
environmental impact of that electricity was.225

Section 2.3 – Alternatives for the Near-Term (2006 - 2020)
In order to achieve large reductions in greenhouse gas emissions currently under consideration such as the 40 percent reduction by 2020 proposed by Germany, the 60 percent reduction by 2050 adopted by Britain,
or the 80 percent reduction by 2050 committed to by the State of California, significant actions will be required both in the near-term (the next
15 years) as well as the longer term (the next 15 to 45 years).226 While
deep reductions in emissions from other sectors like transportation will
be vital to meeting these goals, the emissions from electricity generation
will also have to be cutback dramatically.227 The primary selection criteria for near-term options in the electricity sector are that:
1. they must be capable of making a significant contribution to
the reduction in greenhouse gas emissions;
2. they must be either already commercialized or far enough
along that they could be ready for the commercial market
within a short time;
3. they should be capable of competing economically with current sources of generation to allow their rapid entry into the
market;
4. they should, to the extent consistent with the goals of reducing the threat from climate change, minimize other environmental and security impacts; and
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5. they should be compatible with the medium and longer term
options for the electricity sector.
The two available options that best meet these five selection criteria are
efforts to increase efficiency in both the generation and use of energy and
the large scale expansion of wind power at favorable sites. We will discuss both of these options in the following sections.
Section 2.3.1 – The Economics of Efficiency
Improvements to the efficiency of energy use as well as a reduction in
demand through conservation are widely recognized as robust options
that can have significant benefits throughout the industrialized world.
Such programs are not only effective at curbing carbon dioxide and other
dangerous emissions, but they are also typically more economical and
more sustainable than other types of efforts. Unlike programs focused on
increasing supply, these demand side options can result in low or negative cost reductions in greenhouse gas emissions by reducing consumption while simultaneously providing new jobs and opening up new avenues of economic growth. Many possibilities for improved energy efficiency are well known and are either ready or nearly ready for full scale
commercialization. These programs could be brought online very rapidly in many sectors and could help to reduce the rate of demand growth
significantly in the near-term.228
In the wake of the Arab oil embargo, the Energy Policy Project of the
Ford Foundation produced an analysis in 1975 that discussed how economic expansion could be de-coupled from the growth in primary energy
usage.229 A study in that same year published by the Conference Board,
a nonprofit organization which provides information and analysis to the
business community, summarized the situation as follows
Energy use and economic growth are certainly not independent of one another, but the link between them is more elastic
than is commonly assumed.230

In releasing the company's estimates for future energy consumption and
economic growth in 1978, Sheldon Lambert, the Manager for Energy
Economics at Shell USA, stated more bluntly that “[w]e have found that
we could decouple the two.”231
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In fact, the ability of energy efficiency programs to provide economic,
environmental, and energy security benefits has been widely recognized
for decades. For example, a 1979 study by Energy Project at the Harvard
Business School concluded that
Conservation may well be the cheapest, safest, most productive energy alternative readily available in large amounts. By
comparison, conservation is a quality energy source. It does
not threaten to undermine the international monetary system,
nor does it emit carbon dioxide into the atmosphere, nor does
it generate problems comparable to nuclear waste. And contrary to conventional wisdom, conservation can stimulate innovation, employment, and economic growth.232

In the early 1990s, the Congressional Office of Technology Assessment
found that
There is general consensus among energy analysts that we can
cut electricity demand growth further and maybe even produce
a net reduction in electricity demand over the next several
decades. Doing so clearly offers substantial benefits. We believe with wise implementation of cost-effective measures,
they likely will outweigh the costs and risks inherent in this
strategy.233

The OTA went on state that
Improvements in energy efficiency through the electric utility
sector offer the promise of savings for ratepayers and electric
utilities, profits for shareholders, and societal benefits to energy security, international competitiveness, and environmental quality.234

In 1997 the President's Committee of Advisors on Science and Technology (PCAST), a panel of academics and industry executives set up under
the Clinton Administration, concluded that
R&D investments in energy efficiency are the most costeffective way to simultaneously reduce the risks of climate
change, oil import interruption, and local air pollution, and to
improve the productivity of the economy.235

The President's Committee recommended doubling the DOE budget for
energy efficiency programs between FY1998 and FY2003. It estimated
that this increase would yield a forty to one return on the investment by
helping to achieve reductions in energy expenditures amounting to $15 to
$30 billion by the year 2005 and as much as $30 to $45 billion by the
year 2010.236
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In, a broad review of DOE research and development spending between
1978 and 2000, the National Research Council of the U.S. National
Academy of Sciences found that the
DOE made significant contributions over the last 22 years to
the well-being of the United States through its energy efficiency programs. These programs led to important realized
economic benefits, options for the future, and a bank of scientific knowledge. The benefits substantially exceeded their
costs and led to improvements to the economy, the environment, and the energy security of the nation…237

In this study, the National Research Council Committee reviewed a representative sample of 17 programs amounting to about 20 percent of the
DOE R&D funding for energy efficiency programs. The estimated net
economic benefits of these programs outweighed the costs by nearly
nineteen to one (approximately $30 billion in savings versus $1.6 billion
in expenditures). In fact, the savings on just these 17 programs outweighed then entire cost of all DOE R&D spending on all energy efficiency programs by more than four to one ($30 billion in savings versus
$7.3 billion in expenditures). These numbers do not include the significant environmental and energy security benefits that also accompanied
the DOE research efforts. The NRC Committee estimated the value of
these additional benefits to be between $3.2 and $21 billion. For comparison, the R&D spending on fossil fuel programs analyzed by the
committee had direct economic benefits that were less than 3 percent
higher than their costs over the same 22 year time-span ($10.8 billion in
savings versus $10.5 billion in costs). Even narrowing the time frame
considered in order to eliminate the rush spending on risky programs that
occurred in the wake of the first Arab oil embargo, the economic benefits
from fossil fuel spending between 1986 and 2000 still only outweighed
costs by less than 65 percent as compared to the more than 1,775 percent
return on investment achieved by energy efficiency programs.238
Finally, the DOE’s Energy Information Administration has also been
tracking utility spending on Demand Side Management programs since
1991. These utility sponsored programs include both efforts to reduce
end use electricity consumption as well as efforts to establish more efficient load management strategies. For the entire period of 1991 through
2002, the utility Demand Side Management programs saved a total of
596.1 billion kWh at an average annual cost of just 3.9 cents per kWh.239
For comparison, the average amount of electricity saved each year by
these programs was equivalent to a reduction in generating capacity of
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nearly 6,700 MW, assuming a capacity factor of 85 percent.240 Another
way to appreciate the magnitude of these savings is to note that the average annual reduction in the U.S. was greater than the combined electricity consumption for a total of 15 of the 17 “least developed” countries
identified in the MIT study in the year 2000.241
Implicit in this discussion of improved energy efficiency is the idea that
it is energy services such as heating, cooling, and lighting that are of interest and not the raw amount of electricity consumed. In total, it has
been estimated that, without the improvements in energy efficiency that
have occurred since 1973, U.S. customers would have spent an additional $430 billion in the year 2000 alone on energy services, a 72 percent increase.242 Technologies that are capable of providing such services directly therefore offer an opportunity to further reduce demand for
electricity. One such technology that is mature and already in widespread commercial use is combined heat and power (CHP) for large industrial users. With combined heat and power systems, a portion of the
waste heat created as part of generating electricity is used to directly heat
co-located facilities. If properly optimized, the effective efficiency of
such systems can be as high as 80 percent.243 While the long-term potential for large CHP systems is limited by the number of industries that are
large enough to efficiently operate their own generators, the near-term
expansion of such systems would offer a further economic means to reduce the rate of demand growth and lower greenhouse gas emissions.244
Another energy service technology that offers the potential for wider
commercial deployment in the near to medium-term is direct solar heating. There are currently 1.2 million buildings using solar water heaters
in the U.S. and an additional 250,000 solar heaters for swimming pools.
It is estimated that up to 29 million existing single-family homes in the
U.S. have suitable orientation and sunlight to make use of solar waterheating systems while as many as 70 percent of new homes could be oriented to enable the use of such system. Additional growth potential exists for swimming pool heating systems. Current solar water heating systems can supply 40 to 70 percent of the residential needs, while solar
pool heaters can supply between 50 and 100 percent of the required energy services. The cost of these systems have declined by 50 percent
over the past decades, and further reductions are projected in the nearterm that would likely make them competitive for water heating with the
projected range of costs for running an electric water heater using electricity from new nuclear power plants.245
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In addition to improvements in the efficiency of energy use, there are a
number of ways that demand can be reduced with little to no added
spending through conservation. Simple efforts, such as ensuring that
building are not over lit, making wider use of motion sensitive light
switches, buying locally grown foods, air drying clothes when and where
possible, and making sure that thermostats are not set so low that sweaters are worn indoors during the summer and then so high that sweaters
are not worn in the winter, are all important parts of any overall approach
to achieving a more sustainable energy system. Areas for such zero or
low cost savings abound in our society. So called “phantom loads”, such
as the energy drain of televisions, VCRs, and computers when they are
turned off, could easily be eliminated by using power-strips that can be
switched off or by unplugging the devices when they are not being used.
These “phantom loads” can be quite significant, with nearly a quarter of
the total energy usage for televisions in a typical household and more
than half of the electricity usage for VCRs coming when they are not in
use.246 Coupling improvements in energy efficiency to decreases in
wasted and wasteful consumption enhances their impact and adds to their
already strong economic viability.
Such benefits from conservation and increased energy efficiency are, of
course, not limited to the United States. For example, a 2002 study by
the British government’s Cabinet Office Performance and Innovation
Unit (PIU) found that the cost through 2020 of energy efficiency efforts
in the domestic, service, and industrial sectors ranged from a savings of
£640 ($960) per ton of carbon to a maximum cost of £130 ($195) per ton
of carbon. Pursuing these programs would result in estimated reductions
of approximately 28 million metric tons of carbon through 2020 with the
savings increasing to 65 million metric tons by 2050. For comparison,
the PIU concluded that the use of nuclear power would cost between £70
and £200 ($105 to $300) per ton of carbon and result in savings of just 7
million metric tons of carbon by 2020 with potential reductions increasing to more than 20 million metric tons by 2050.247 Following the publication of this report, the British government’s Department of Trade and
Industry concluded that “the cheapest, cleanest and safest way of addressing all our goals is to use less energy.”248
Section 2.3.2 – The Power of Wind
Combined with energy efficiency efforts to reduce demand, the use of
renewable energy, particularly wind power, offers the most economically
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competitive way to provide near-term incremental growth in supply
without increasing carbon emissions. By any measure, the available
wind resources are enormous. The Intergovernmental Panel on Climate
Change estimated potential global wind resources to be between 5.3 to
14 times the world's total primary energy usage in the year 2000. Even
the lower estimate of developable wind energy potential cited by the
IPCC was between two and four times its estimate for global primary
energy use in 2050.249 In the United States, it was estimated by the Pacific Northwest Laboratory that the top 12 states in terms of wind potential have a combined annual capacity more than two and half times the
total U.S. electricity consumption in 2000.250 The state with the lowest
potential from this group of twelve (New Mexico) has nearly five and a
half times more potential wind capacity by itself than the entire amount
of generation by all non-hydro renewables from all states in 2000.251
Using a different estimate for wind potential, researchers at Stanford
University, found that more than one-fifth of the monitoring stations in
the U.S. had winds averaging Class 3 or higher at a height of 80 meters,
and that one in seven had wind speeds averaging Class 4 or higher.252
The two geographic regions with the greatest wind potential estimated by
this method included the states of Arkansas, Iowa, Kansas, Louisiana,
Minnesota, Missouri, Nebraska, North Dakota, Oklahoma, South Dakota,
and Texas. In these eleven states more than two-fifths of the existing
monitoring stations had greater than Class 3 winds, while one in four had
Class 4 winds or higher.253
Despite this great potential, just 0.3 percent of U.S. electricity production
came from wind power in 2003.254 In addition, while the U.S. led the
world in the early exploitation of wind power, the United States currently
lags far behind Europe in developing this resource (see Table 2.12). In
1985, the U.S. accounted for nearly 95 percent of the world’s installed
wind capacity with nearly 18 times more wind than in all of Europe. The
U.S. share fell to 76 percent in 1990 and by 2003, the U.S. accounted for
just 16 percent of installed wind capacity. Europe, on the other hand,
rose from just over 5 percent of global wind capacity in 1985 to 22.5
percent in 1990 and 73 percent in 2003.255 To put this comparison another way, in 2003, Germany, a country with less than 5 percent of the
United States’ land area and less than 15 percent of its electricity production, has more than two and a quarter times as much wind capacity installed as the entire U.S. In addition, Spain, a country with just over 6
percent of the U.S. land area and 6 percent of its electricity production,
had nearly the same amount of installed wind capacity as in all of the
continental United States.256 In 2003 alone, the European Union added
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15 percent more wind capacity to its grid than the cumulative amount
installed in the entire United States through the end of 2002.257
Table 2.12: Total amount of grid-connected wind capacity (in megawatts) in the
Unites States, Europe, and the world between 1980 and 2003. A rapid and sus258
tained rise in installed capacity has been occurring in Europe since 1995.

Region
United
States
Europe
Other
Countries
World

1980

1985

1990

1995

2000

2003

10

1,039

1,525

1,770

2,554

6,374

5

58

450

2,494

12,961

28,706

0

0

27

623

2,138

4,214

15

1,097

2,002

4,887

17,653

39,294

The impressive growth in Europe not withstanding, the amount of wind
power installed continues to lag far behind its economic potential. For
example, including offshore installations, the wind energy industry estimated in 1998 that it was feasible for installed wind capacity to have
risen to 844 GW by 2010 (nearly 21.5 times the actual level installed
through 2003). As a further example, a joint study published by Greenpeace and the European Wind Energy Association in 1999 estimated that
a total of 1,200 GW could be installed around the world by 2020 providing 10 percent of global needs.259
At a level of wind penetration of 15 to 20 percent, the issue of land usage
would be unlikely to pose any significant obstacle to development.
Many of the areas with high wind potential in the U.S. are located in rural areas and farmers are able to utilize the land right up to the base of
wind mills for crops or grazing with the added benefit of receiving an
additional steady source of income. The Nuclear Regulatory Commission itself estimates that just three acres of land would be occupied by
wind turbines for every megawatt of effective generating capacity. The
remaining land area required for the wind farms would remain available
for agricultural uses.260 Improvements to the capacity factor of wind turbines since the estimate cited by the NRC was made could reduce this
land usage by as much as 40 percent.261 The equivalent land use that the
NRC estimated for new nuclear power plants was between two and three
acres per megawatt when the full fuel cycle was included. For natural
gas fired plants, the NRC estimated that a total of 3.7 acres per megawatt
of effective generating capacity were required.262 Beyond the fact that
these levels of land usage are comparable to begin with, the land occupied by wind turbines would require very little remediation to be restored
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to a green-field condition, but some of the land used for generating nuclear electricity would remain dangerously contaminated with radioactive waste for hundreds to hundreds of thousands of years. Given the
large geographic distribution of favorable sites in the U.S., the siting of
wind farms in the near-term could be done so as to avoid major bird migration corridors, sensitive ecosystems, and important scenic areas without imposing any meaningful limitations on the increase in wind power.
Estimates for a renewable contribution well beyond 15 to 20 percent
have also been seriously considered. For example, in Shell International’s 1995 Long-Term Energy Scenarios, the world’s largest oil company estimated that, achieving the maximum growth rate for renewable
resources, could allow up to half of the world's total primary energy demand to be met by renewables in 2050. In its 2001 Dynamics as Usual
scenario, Shell predicted that, even under a less aggressive development
path, as much as one-third of the world's primary energy demand in 2050
could be met by renewable resources.263 These predictions of what is
possible are significantly higher than even the current goals that have
been set in Europe where, for example, Britain is planning to generate 10
percent of its electricity from renewables by 2010 and 20 percent by
2020, while the European Union has a announced a goal of generating
more than 22 percent of its electricity from renewable energy sources by
2010.264
Aside from the question of land use, the main argument made against the
expanded use of renewable energy technologies (other than hydroelectricity and certain types of biomass) is that their intermittency makes
them unsuitable as a replacement for base load resources like coal or nuclear power, and that the costs of grid integration, as well as transmission
losses, make them too expense to develop on a large scale. While these
are very complex questions that will require an extensive and sustained
effort to address (including developing more robust regional transmissions grids and improving the rules governing grid access and integration), a careful consideration of the current situation reveals that none of
these concerns is likely to pose an insurmountable limitation to the economic expansion of wind power in the United States.
The U.S. already has a complex and interconnected grid system that allows electricity to be transmitted over long distances.265 Many favorable
wind sites are located near existing transmission infrastructure allowing
for their rapid development, but a significant effort will be required to
develop additional transmission lines and strengthened grids in order to
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reach the level of wind penetration we are considering for the near-term
(i.e., 15 to 20 percent of total generation). Significantly, while the existing grid is already under strain as illustrated by the massive Northeast
blackout that occurred in the summer of 2003, the DOE’s National Renewable Energy Laboratory concluded that
Initial lower levels of wind deployment (up to 15–20% of the
total U.S. electric system capacity) are not expected to introduce significant grid reliability issues.266

Similar conclusions regarding grid stability at wind penetrations up to 20
percent have been drawn by a number of utility studies as well.267 However, the connection of wind to the grid at these levels would impose two
related financial penalties.268 The first penalty relates to the additional
efforts required to maintain the stability and reliability of the transmission grid given that there is uncertainty in predictions for the amount of
wind power that will be generated on an hour ahead or day ahead basis.
The cost of this penalty generally increases with the fraction of electricity supplied by wind since the fluctuations in its generation have a proportionally greater impact on the stability of the overall system. Estimates in the U.S. for these grid integration costs at wind penetrations up
to 29 percent of the total supply have been estimated to vary from about
0.1 to 0.55 cents per kWh. A range of costs from 0.2 to 0.5 cents per
kWh was used by IEER in its assessment of wind power in New Mexico
as a reasonable estimate for near-term penalty for wind development.269
This range is consistent with estimates from Britain as well. In 2002, the
Performance and Innovation Unit of the Cabinet Office concluded that
the intermittency cost of renewables like wind and solar is insignificant
below penetrations of 5 percent, rises to 0.1 pence per kWh (0.16 cents
per kWh) for penetrations between 5 and 10 percent, and reaches 0.2
pence per kWh (0.31 cents per kWh) at penetrations up to 20 percent.270
The other financial penalty faced by wind is that the transmission infrastructure connecting the wind farms to the grid must be sized to match
the peak generating capacity of the facility, despite the fact that the typical level of electricity generated by the wind farm will only be able to
utilize a fraction of this transmission capacity. The size of this financial
penalty generally decreases as the capacity factor of the wind farm increases, since less of the transmission infrastructure is left unused. Estimates for the current cost of this penalty range between 0.4 and 0.9 cents
per kWh.271 Therefore, for the near-term expansion of wind power to
levels of approximately 15 to 20 percent of total generation, it is appropriate to add between 0.6 and 1.4 cents per kWh to the estimated generaFor non-commercial use only
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tion cost of the wind turbines in order to account for the costs of transmission and grid integration.
In light of its potential contribution to the energy system, the economics
of wind have been reviewed by a wide range of individuals and organizations (see Table 2.13). The consistent finding among all of these studies
is that, at favorable sites, wind is already likely to be far more economic
to develop than new nuclear power. The average cost from all these estimates is just 4.8 cents per kWh. Even the very highest estimated costs
for wind falls within the range of 6.0 to 7.0 cents per kWh we have been
considering for new nuclear power. Significantly, Table 2.13 also shows
that, at very favorable sites, the cost of wind power is already comparable to the cost of electricity from new natural gas fired plants as well.
The wind farms would have the additional economic benefits of no fuel
price uncertainty, no carbon emissions subject to future taxation, and a
very high availability.
Table 2.13: Summary of estimates cited for the current cost of electricity from
272
onshore wind power at favorable sites.

Source
Energy Information Administration (2005)
National Renewable Energy Laboratory (2005)
Institute for Energy and Environmental Research
(2004)
International Energy Agency (2003)
Intergovernmental Panel on Climate Change
(2001)
Jacobson and Master (2001)

Current Cost of Wind
(cents per kWh)
4.5 to 6.0
4.2 to 6.0
4.1 to 5.6
3.0 to 7.0
3.3 to 5.4
3.5 to 5.3(a)

(a) Estimated grid connection costs of 0.6 to 1.4 cents per kWh added to the generation
cost estimate of Jacobson and Master by IEER to allow comparison to other figures.

Improvements to the cost of wind that are expected over the next 5 to 15
years would add further to the economic advantage of this technology.
The capacity factor of wind farms have been rising consistently since
1985, and are expected to continue increasing in the future.273 These increases, along with other improvements to windmill technology, are expected to continue to lower the generation cost of wind, as well as the
penalty it pays for under utilizing its transmission infrastructure. The
International Energy Agency estimates that the generation costs of wind
power at very favorable sites could drop to just 2.0 to 3.0 cents per kWh
by 2010.274 Similar expectations have been put forth by the National Re70
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newable Energy Laboratory, which sees generating costs at very favorable sites dropping to 2.4 to 3.0 cents per kWh by 2010 and to just 2.2 to
2.7 cents per kWh by 2020.275
Section 2.3.3 – Summary of Near-Term Options
While it will require significant public and private effort and investment
to implement new energy efficiency programs and to develop the necessary infrastructure to support a large near-term increase in wind power, it
is important to keep in mind the costs inherent in simply maintaining the
current energy system as well as the difficulties that would be encountered in restarting a nuclear power industry that last hasn’t had a new
order placed in the U.S. in more than 25 years and hasn’t opened a new
plant in nearly ten years.
For example, the International Energy Agency estimates that the amount
of investment in oil and gas between 2001 and 2030 will total nearly $6.1
trillion with 72 percent of that investment going towards new exploration
and development efforts. The amount of investment in the U.S. and Canada over that time is expected to account for about one-fourth of all
global investment.276 With respect to nuclear power, the construction
cost of each new nuclear plant, including interest payments, would total
nearly $2.6 billion under the MIT base case assumptions, and dozens of
such plants would have to be started in the ten to fifteen years in order to
remain on track to meet the global or steady-state growth scenarios.277
The difficulties of restarting the nuclear industry on this scale would be
severely aggravated by concerns over nuclear weapons proliferation, the
risks of a major reactor accident, and the difficulties in handling the large
volumes of radioactive waste that would be generated as the new plants
came online (see Chapters Three through Five).
Finally, when considering efforts to expand energy efficiency programs
and the use of wind power it is important to note that, unlike the decision
to pursue new nuclear power, there is already strong and sustained public
support for these programs. In a review of 700 polls conducted between
1973 and 1996, Dr. Barbara Farhar of the DOE’s National Renewable
Energy Laboratory concluded that
In summary, the pattern of preferences for using energy efficiency to decrease demand and renewables to supply energy
has been consistent in the poll data for at least eighteen years.
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This is one of the strongest patterns identified in the entire
data set on energy and the environment.278

A 1998 survey conducted by International Communications Research
found similar results with three out of every five respondents placing the
development of renewable sources of power or improvements in energy
efficiency as their highest priority for energy research while only three
out of every fifty placed nuclear power first.279 The public survey conducted as part of the MIT report found that less than 30 percent of people
supported any expansion of nuclear power while 77 percent favored an
expansion of solar and wind, with more than 50 percent of the respondents favoring a large increase in the use of these renewable resources.280
Finally, in October 2005, a report from the International Atomic Energy
Agency, a body explicitly charged with promoting the spread of civilian
nuclear technologies, found that nearly three out of every five people
interviewed opposed the construction of any new nuclear plants.281
With the proper priorities on investment in transmission and institutional
infrastructure, wind power could make a significant contribution to reductions in greenhouse gas emissions while economically displacing
natural gas under the high fuel price scenarios.282 When coupled with
aggressive energy efficiency and conservation efforts, the near-term expansion of wind could supply much of the required incremental growth
in demand while reducing emissions and providing time for new lowcarbon technologies that are nearing commercialization to be brought
onto the market. As summarized by the British Department of Trade and
Industry
Energy efficiency is likely to be the cheapest and safest way of
addressing all four objectives [i.e. a reduction of greenhouse
gas emissions, the maintenance of a reliable energy supply,
promotion of competitive markets, and an assurance of adequate and affordable heat to every home]. Renewable energy
will also play an important part in reducing carbon emissions,
while also strengthening energy security and improving our
industrial competitiveness as we develop cleaner technologies,
products, and processes.283

Section 2.4 – Alternatives for the Medium-Term (2020 - 2050)
The near-term exploitation of wind power and a strong focus on reducing
demand through heightened efficiency and conservation are essential
elements of sustainable efforts to reduce greenhouse gas emissions. This
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is not only because of their direct contribution to reducing greenhouse
gas emissions, but also because they can provide a buffer time for new
technologies and infrastructure to be developed for the transition period
in the later part of this half-century. These available transition technologies will often involve a level of compromise in which their environmental and security impacts must be weighed against their ability to reduce greenhouse gas emissions and avoid the unique vulnerabilities associated with nuclear power. Like the near-term options discussed in the
previous section, the main criteria upon which to judge the transition
technologies are that:
1. they must be capable of making a significant contribution to
the reduction in greenhouse gas emissions through 2050;
2. they must be likely to be ready for full scale commercialization by 2020 at the latest;
3. they should be capable of competing economically in a market setting with alternative options such as new nuclear
power;
4. they should, to the extent consistent with the goals of reducing the threat from climate change, minimize other environmental and security impacts; and
5. they should be compatible with the ultimate long-term goal
of developing an equitable and sustainable global energy
system.
The most likely options that can meet these criteria are the continued
expansion of energy efficiency programs and the development of wind
power and other renewable resources, the continued use of natural gas in
combined cycle generating plant with a heightened reliance on LNG imports to help stabilize fuel prices, the use of coal gasification combined
cycle power plants, and the integration of carbon capture and storage
technologies with fossil fuel plants. Each of these options will be discussed in the following sections.
Section 2.4.1 – Liquefied Natural Gas and Fuel Switching
Per unit of generation, a pulverized coal plant has significantly higher
greenhouse gas emissions than a plant using natural gas combined cycle
technology. For example, in 2002, coal generated 50 percent of the electricity in the U.S., but was responsible for 83 percent of the total carbon
dioxide emissions from the electric sector, while natural gas accounted
for 18 percent of total electricity generation and just 13.3 percent of
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emissions.284 Although not included by the authors of the MIT study in
their list of four “realistic options” for reducing carbon emissions from
the electricity sector, fuel-switching has been widely considered as part
of the response to global warming during the transition from fossil fuels
to a more sustainable, long-term energy system. For example, this option
has been considered by the DOE’s Inter-laboratory Working Group on
Energy-Efficient and Clean Energy Technologies as well as the Intergovernmental Panel on Climate Change. In fact, the IPCC concluded
that replacing coal fired plants with more efficient natural gas plants
would be likely to make a “relatively large” contribution to carbon reduction if undertaken as part of a larger overall strategy.285 Switching
between fossil fuels would also help to reduce the emissions of other pollutants such as sulfur dioxide and mercury in addition to lowering the
emission of particulates.
The main limitation to such strategies, however, is the fact that natural
gas supplies have already been stretched thin in the U.S. by the strong
growth in combined cycle gas plants throughout the last two decades
when natural gas prices remained generally at or below $3.00 per
MMBtu. For example, between 1986 and 1999, the amount of electricity
generated from natural gas fired plants more than doubled from 248.5
billion kWh to 556.4 billion kWh. Between 1999 and 2003, however,
fuel prices rose sharply while the amount of generation from natural gas
increased at a lower rate.286 The 2003 price for natural gas paid by utilities was near the all time high reached in 1982 following the Iranian
revolution.287 As a result of the increased demand for natural gas, the
unusually intense Atlantic hurricane seasons in recent years, and heightened political tension in the Middle East following the U.S. led invasion
of Afghanistan in 2001 and Iraq in 2003, the average price and price
volatility of natural gas has increased sharply in the last few years (see
Figure 2.1).
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Figure 2.1: Average price of natural gas sold to customers in the U.S. electricity
sector between 1972 and 2003 (all figures in constant 2000 dollars). The peak
price over this time occurred in 1982 following a sustained increase over the preceding decade. Since the mid-1990s the average price of natural gas has generally been increasing, but the price has shown a greater degree of volatility than
288
at any other time in the past 30 years.

Like petroleum, domestic natural gas production in the United States
peaked more than 30 years ago. However, unlike oil, where imports accounted for more than 56 percent of U.S. consumption in 2003, imports
of natural gas accounted for less than 18 percent of U.S. consumption in
that year. The most significant change to U.S. natural gas imports over
the past several years has been the increasing importance of liquefied
natural gas (LNG). In 1998, nearly 97 percent of all imported natural gas
was brought in via pipelines from Canada while just 2.6 percent was
LNG (all of which was imported from Algeria and Australia). In 1999, a
new liquidification terminal began operation in Trinidad and Tobago,
and, by 2003, LNG was supplying 12.8 percent of the natural gas imports
to the U.S. While pipelines from Canada still accounted for 87 percent
of imported supply in that year, the contributions of LNG from Trinidad
alone had risen to 9.6 percent of total imports.289 Despite the significant
increase in LNG usage, however, it remains a small fraction of total U.S.
consumption (just 2.3 percent in 2003), and therefore remains primarily a
modest supplement to a much larger pipeline supply.
In order to bring gas prices under better control and allow natural gas to
be retained as an economically viable transition fuel for the medium-term
it will likely be necessary to combine efficiency and conservation efforts
with an increased supply of liquefied natural gas. There are already a
few industrialized countries that rely on LNG for the vast majority of
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their natural gas needs which can serve as models for how a higher penetration of liquefied natural gas might function in the United States. For
example, in 2001, South Korea relied on LNG for nearly 100 percent of
its consumption while Japan relied on LNG for 97 percent of its natural
gas needs, and Taiwan imported 86 percent of its natural gas as LNG.290
Between 1990 and 2000, the global gas liquidification capacity grew by
86 percent. It is believed that, assuming a favorable outcome to the current restructuring of the global natural gas market and that demand remains high, it is “easily possible” that the liquidification capacity could
increase by another 144 percent by the end of 2012. In fact, increases of
more than 200 percent are deemed to be within reason if the conditions
for growth were extremely favorable.291 Liquidification projects, however, are very capital intensive with an expected price of between $1.5
and $2.0 billion per plant, roughly equal to the projected overnight cost
of building a new 1000 MW nuclear power plant in the U.S. Achieving
the level of growth envisioned in these projections would therefore require a significant near-term investment.292
Once the natural gas could be delivered to the wholesale market, the U.S.
already has a well developed hub system that would allow the gas to be
distributed and traded via pipelines. This infrastructure would help to
stabilize supply with the introduction of larger imports of LNG in the
future. While not as robust as the U.S. system, the Europeans are also
beginning to develop their own system of natural gas hubs, with the
United Kingdom further along than other European countries. Improvements to this system will be necessary, but it is not likely to pose a significant limitation to the expanded use of LNG in the medium-term.293
The primary bottleneck in getting LNG to end users in the U.S., therefore, is likely to be in regasification capacity.
Currently the U.S. has only four regasification terminals, all of which are
more than 20 years old and all of which serve the East Coast (Everett,
Massachusetts; Cove Point, Maryland; Elba Island, Georgia; and Lake
Charles, Louisiana). The terminals in Maryland, Georgia, and Louisiana
are expected to complete an expansion of their capacity by 2007. When
complete, these expansions will have increased the total baseload capacity of the four existing terminals by nearly 82 percent over their 2003
capacity. In addition, more than two dozen proposals have been put forward for new regasification terminals to be built in North America. Most
of these proposals were made following the recent spike in U.S. gas
prices (see Figure 2.1). While there has been strong local opposition in
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some areas to the siting of new regasification facilities due to safety and
environmental concerns, and the financial collapse of Enron has changed
the nature of companies that are likely to actually carry out plans for
building new LNG infrastructure, the Energy Information Administration
continues to expect that new regasification facilities will come online in
the near to medium-term. Specifically, along with new terminals in the
continental United States., the EIA expects that a new regasification terminal will be built in the Bahamas to provide natural gas to Florida and
another terminal will be built in Baja California, Mexico to provide gas
to California.294 The EIA assumptions are similar to those from other
forecasts in that they all project strong growth in LNG. The LNG imports in 2025 are projected to range from 11.5 to 20.75 times their level
in 2003, with the EIA reference case assuming a 16 fold increase in imports over 2003. For comparison, under the EIA reference case, imported liquefied natural gas would amount to more than 20 percent of
total projected end-use consumption in 2025, and would be 28 percent
greater than the total amount of natural gas consumed by the entire electric power sector in 2003.295
A more reasonable growth in LNG imports over the coming decades is
possible than that projected by the EIA if the efforts were coupled to a
greater emphasis on energy efficiency and conservation, including improvements to natural gas fired power plants and the widespread use of
high efficiency heating systems, as well as to an expansion of wind and
other renewable sources of power. While there will still likely need to be
an increase in LNG imports over the coming decades to help stabilize
prices, the pursuit of efficiency and alternative forms of generation
would allow time for regasification terminals to be sited with greater deliberation, allowing an opportunity for full and informed participation by
affected communities, and allowing the best possible sites to be found
(i.e. those that are away from major population centers, particularly fragile or endangered ecosystems, and major shipping routes among other
considerations). The siting of terminals in other countries to primarily
service the U.S. economy should be carefully scrutinized on both environmental and environmental justice grounds.
As noted above, LNG in the U.S. is currently a small percentage of overall consumption, and therefore its price is strongly coupled to the wellhead and pipeline import price. For example, between 2000 and 2004
the import price of LNG averaged $4.37 per thousand cubic feet compared to $4.19 at the wellhead and $4.52 for pipeline imports.296 The
EIA forecasts assume that demand will grow rapidly enough that, despite
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a significant increase in LNG imports and domestic production from
non-conventional sources, supplies will remain tight and that prices will
continue to follow the cost of gas at the wellhead. Between 2003 and
2025, the EIA projects a variable gas price with an average price of approximately $4.26 per thousand cubic feet.297
The ongoing liberalization of the international natural gas markets offers
a number of opportunities for continued reductions in the cost of LNG.
For example, tanker construction costs have decreased by 45 percent
since their peak in the mid-1980s and, while the majority of tankers are
still tied to specific LNG projects under long-term contracts, the emergence of independent transport companies offers the possibility for further cost savings through greater flexibility and the limiting of unnecessary transport.298 The biggest influence on recent reductions in cost,
however, has been the increase in the train size for liquidification plants.
In the 1980s, it was common for trains to have a capacity of 2 to 2.5 million tons while 4 million ton trains are available today. Continued improvements are likely with 5.1 million ton trains under construction and
planning currently under way by Exxon Mobil for the construction of
twin 7.5 million ton units. Increasing the train size to 4 million tons reduced the liquidification costs by nearly 30 percent relative to the cost of
LNG from 2 to 2.5 million ton units. Going to a train size of 7.5 million
tons could reduce costs by another 20 percent.299 Table 2.14 shows the
current expectations for the costs of liquidification, transportation, and
regasification and their relative contribution to the typical cost of LNG
imports.
Table 2.14: Estimated added costs of liquefying natural gas, transporting it via
tanker to the eastern United States, and then regasifying it. The largest cost
element remains liquefying the natural gas, despite the recent improvements in
300
the size of the trains used.

Cost Estimates for
LNG delivered to
the U.S.
Typical Fraction of
the Total LNG Import Price

Liquidification

Transport

Regasification

$0.97 to $1.09
per MMBtu

$0.34 to $1.46
per MMBtu(a)

$0.30 per
MMBtu

30% to 45%

10% to 30%

15% to 25%

(a) The low end of the transportation costs are those for LNG shipped from Venezuela or
Trinidad and Tobago while the upper end of the transportation costs is for shipments from
Qatar in the Middle East. Costs for shipments of LNG from Nigeria would fall in the middle
of this range at roughly $0.85 per MMBtu.
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The moderate gas price scenario considered in the MIT report starts at
$3.50 per MMBtu while the high gas price scenario starts at a cost of
$4.50 per MMBtu. The prices escalate at different rates under the two
scenarios (1.5 percent for the moderate gas price and 2.5 percent for the
high gas price) yielding a levelized 40 year cost of $4.42 and $6.72 per
million BTU respectively.301 If the long-term price of natural gas is restrained by the cost of importing LNG, then the moderate gas price is
likely to be more correct than the higher price scenario. The levelized
gas price in the moderate scenario would be consistent with the recent
average price of LNG in the United States noted above ($4.37 per
MMBtu between 2000 and 2004), the average price for LNG imports to
Japan and South Korea over the past decade (~$4 per MMBtu), and the
expected price for future LNG imports to India ($4.10 per MMBtu).302
As noted, the long-term cost of natural gas has a strong impact on the
economics of combined cycle gas generation. In the MIT and U Chicago
models, an increase of $1 per MMBtu in the levelized fuel price leads to
approximately a 0.6 cent per kWh increase in the price of electricity.303
Based on similar considerations regarding the long-term impact of an
increased reliance on LNG, the U Chicago study concluded
Assuming the gas supply infrastructure is stabilized in the near
term and new supply options such as LNG are realized, the
current cost advantage of natural gas generation [compared to
nuclear power] should continue.304

Additional development efforts carried out over the coming decade to
improve the heat rate and efficiency of natural gas fired plants would
lessen the economic impact of higher fuel prices as well.305 Thus, in
light of these considerations, it is reasonable to continue to look on natural gas as an economically viable transition fuel for the medium-term,
particularly in its capacity to replace pulverized coal plants and its suitability for being more tightly integrated with high penetrations of wind
power as discussed in the following section.
Section 2.4.2 – Increased Use of Wind and Other Renewable Energy
Resources
In Section 2.3.2, we discussed the economics of an expansion of wind
power in the near-term with penetrations up to 15 to 20 percent of total
generation. Further increases in the contribution of wind can be achieved
through a reduction in the penalty associated with its intermittency.
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There are three main ways that this can be achieved in the medium-term:
(1) increased geographic distribution of wind farms connected through
strengthened regional transmission grids; (2) integration of wind power
with pumped hydro power stations that will make use of more ecologically sound turbine technologies; and (3) closer integration of natural gas
fired plants (both single-stage peaking capacity and baseload combined
cycle plants) with wind generation.
As noted, sites with favorable wind resources in the U.S. are widely
available, and as the development of wind power is expanded, its geographic distribution will naturally increase. This distribution will improve the stability of the wind farm’s overall output because while the
wind is not blowing in one area, it may be blowing elsewhere.306 Even
over the relatively small distances of a single wind farm, it has been
found that increasing the number of turbines will increase the stability of
the power output from the site.307 Over longer distances, a European
study found that the correlation between wind speeds at different sites
decreased at roughly an exponential rate, and that for separations of approximately 2,500 kilometers (about 1,550 miles) there was no longer
any discernable correlation between the wind blowing at one site and that
at another.308 Using wind data from monitoring stations in the United
States, researchers at Stanford University found that
The standard deviation of the wind speed averaged over multiple locations is less than that at any individual location. As
such, intermittency of wind energy from multiple wind farms
may be less than that from a single farm, and contingency reserve requirements may decrease with increasing spatial distribution of wind farms.309

In addition to the distribution of wind speeds becoming more concentrated around the average, the researchers found that the amount of time
when the average wind speed at all sites fell below the lower cutoff
threshold of the turbines decreased as the number of sites increased.310
These improvement in the stability of the wind power system viewed as a
whole will begin to occur in the near-term, but will become more pronounced as the regional transmission infrastructure and regulatory
framework is improved in the longer-term and progressively higher levels of wind penetration are achieved in more varied geographic locations.
The second way in which the intermittency of electricity from wind can
be reduced is to make use of pumped hydro power to store the electricity
generated by wind farms at periods of low demand and regenerate the
electricity during subsequent periods of higher demand.311 Pumped hy80
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dro power is the most effective and widely used form of energy storage
available today. The U.S. has an estimated 19.2 gigawatts of pumped
hydro power capacity out of a total hydro electric capacity of 99.7 gigawatts. An additional 64 gigawatts of pumped hydro capacity is installed
in other OECD countries.312 The current efficiencies of these systems
range between 75 and 80 percent depending on the capacity of the pumps
used.313 While this energy storage capacity is currently available and
could be integrated with the near-term expansion of wind power, improvements in the regional transmission grids will be needed and there
are additional environmental considerations with hydro power that can
be more adequately addressed in the medium-term.
The installed hydro capacity in the U.S. continued to grow through 1995,
but it has remained virtually unchanged since then due to concerns over
the social and environmental impacts of dams in general, and the impact
of the hydro plants on fish and water quality in particular. Advanced
hydropower technologies and new operational procedures designed to
improve water quality and reduce the detrimental impacts on fish are estimated to be suitable for use at more than 80 percent of the existing hydropower plants in the U.S., as well as suitable for use at existing dams
without hydropower facilities, amounting to 15 to 20 GW of new capacity. Many of these technologies, however, still require some level of development before they will be ready for commercialization. For example, the DOE’s Advanced Hydropower Turbine System was successfully
tested at a pilot scale facility in 2003 and full scale prototype testing of
this system, including its effects on the aquatic ecosystem, is expected to
be completed by 2010. Field testing of other advanced turbine designs
have shown that fish survival up to 98 percent is possible, and the TVA’s
Lake Improvement Plan has already been able to increase energy production while simultaneously improving downstream fish resources.314 Adding to the benefits of integrating wind with pumped hydro systems is the
fact that the release of water from the upper reservoir could be better
timed to ecological needs and then re-pumped by excess wind power at a
low marginal cost further reducing the impacts of hydro plants.
Even if as much as one-quarter of the total installed wind capacity was
eventually backed up by pumped hydro power, this would increase the
effective generation cost of the overall wind-hydro system by just 0.4 to
0.7 cents per kWh which would still leave wind very competitive with
the expected range of costs for electricity from new nuclear power.315
More importantly, this cost increase may actually be reduced or even
eliminated if the hydro power backup allows low cost electricity from
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wind generated at off-peak hours to be resold at times of higher demand.
For example, a recent pair of studies considered how a wind farm and
pumped hydro system could be optimally integrated into the Portuguese
grid.316 In these studies, the authors examined a 12 MW wind farm coupled to a 3 MW hydro facility, and found that optimizing the system for
profit increased the net value of the electricity sold over that of the wind
farm alone by 12 to 22.2 percent. In addition, the combination of the two
technologies increased the number of hours that the system was able to
operate at its nominal power by an average of 5.6 to 19.6 percent over
the wind farm alone, demonstrating the benefits of reduced intermittency
even in a system optimized for economic gain rather than stability of the
electrical output.317
A further advantage to the development of cost effective wind-hydro systems in the U.S. or Europe would be their potential for use in smaller
electricity systems in the Global South. For example, a pair of recent
studies examined the economics of building a pumped hydro backed
wind farm on the island of El Hierro in the Canarian archipelago.318 The
authors of these studies found that the wind-hydro system would be economically advantageous over the island’s current diesel generators at fuel
prices above 0.283 euros per liter ($1.33 per gallon) while allowing renewables to make up 68 percent of the total electricity supply and saving
an estimated 21,000 metric tons of carbon emission per year.319
A third way in which higher wind penetrations could be achieved would
be to improve the integration of wind farms with natural gas fired capacity. As discussed in the previous section, the increased use of LNG in
the U.S. could stabilize fuel prices in a range where combined cycle gas
plants will continue to be economically competitive compared to other
types of base load generation. The capital cost of natural gas plants is a
smaller part of the final cost of electricity than for either coal or nuclear
plants, and thus a portion of the natural gas plants in operation could intentionally be run below their full capacity without incurring a significant
economic penalty.320 The reserve capacity provided by these operating
combined cycle plants could be rapidly brought into use when the output
of the wind farms was lower than expected. For larger shortfalls in peak
demand, less efficient single cycle gas turbines that can be started rapidly
could be used to further stabilize the grid. Combined with a reduction in
the intermittency of supply through strengthened regional transmission
infrastructure, greater geographic dispersion, and the use of pumped hydro storage, the closer integration of wind with natural gas generation
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could allow it to reach penetrations well beyond 20 percent in some regions of the United States.
In addition to the expansion of wind power, other renewable resources
will likely play a role in the medium-term in diversifying the supply of
electricity. As noted by the International Energy Agency,
… some renewable technologies actually complement one another in their cycles. Solar PV [photovoltaic] resources are
most available in summer while this is in many climates a time
of relative drought with respect to hydro resources. Winds are
often stronger in winter which is also a time of peak demand
in colder climates.321

The use of a mix of renewable energy technologies that have different
types of variability, therefore, could help to significantly reduce the
amount of backup capacity that is required.322 Solar energy has the additional advantage of being able to generate electricity where it is needed,
thus lessening the need for transmission and distribution capacity. This
is a particular benefit for countries in the Global South and could have a
dramatic impact on the development of their energy systems.
By any measure, the total magnitude of solar energy incident upon the
Earth is enormous. Estimates of available solar power potential globally
amount to more than 25 times the world’s total electricity consumption
in 2000.323 The National Renewable Energy Laboratory has estimated
that an area less than one-third of that “used for military purposes in the
United States” could supply the country’s entire electricity demand.324
More importantly, however, there is already a great deal of land that
could be used for solar generation without the need to disturb new areas.
This includes such areas as window awnings, the tops of roofs and parking structures, along the medians of highways, and along the existing
electricity transmission corridors. To give one example, it has been estimated that the entire British electricity demand could be supplied just
by integrating solar panels “into existing building structures without the
need for additional land.”325
Despite the enormous potential of solar energy, the deployment of
photovoltaic solar cells to capture that energy and convert it into usable
electricity remains extremely small. For example, in 2003, all solar
technologies combined supplied just 0.013 percent of the electricity consumed in the United States.326 In that same year, less than 0.75 GW of
new solar capacity was produced by all PV manufactures worldwide.327
This discrepancy between solar power’s potential and its realization is
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due primarily to the high cost of solar cells compared to other types of
generation. This remains true despite the steady decrease in solar’s cost
since 1978.328 The continued development of new technologies, such as
high efficiency thin film PV, however, suggests that solar power could
play a more important role over the coming decades.329
Currently there are five thin film solar cell designs that have already been
commercialized or are nearly ready for commercialization.330 Thin film
technologies have two major advantages over the monocrystalline silicon
designs that dominate the market today. First, thin films use significantly less semiconductor material than current solar cells allowing them
to be made at a much lower cost. For example, in 2001, the IPCC estimated that thin film solar cells with comparable efficiencies to current
technologies could be manufactured for less than one-third the cost of
monocrystalline cells ($1.50 per watt for future technologies compared to
$4 to $5 per watt today).331 Recent breakthroughs in thin-film solar
technology have reaffirmed these projections. Estimated costs based on
a pilot scale plant put the cost of new thin-film solar cells at just 0.95
euros per watt (approximately $1.15 per watt).332 The DOE and the Electric Power Research Institute projected that by 2020, “utility-scale thinfilm” solar cells could have a generation cost of just 6.2 cents per kWh.
This analysis is currently being updated to take into account the recent
advances in solar technology, but it already shows the potential for thinfilm solar cells to reach economic competitiveness with new nuclear
power, particularly when the lack of transmission and distribution costs
for solar are taken into account.333
Briefly, the second important advantage of thin film solar cells is that the
semiconductor can be deposited on flexible substrates allowing them to
be used in a wider variety of applications than traditional monocrystalline designs.334 The greater versatility of thin-film technologies will help
to increase the types of areas available for future solar development, further reducing any potential need to make use of previously undisturbed
lands for electricity generation.
One potential drawback to these new technologies, is that most of the
proposed thin-film solar cells make use of rare metals that could result in
problems of materials availability if solar power were to be greatly expanded in the medium-term. In fact, at very high levels of solar penetration, the production of PV cells could become a significant consumer of
rare elements such as tellurium, indium, germanium, or ruthenium. In
some cases the amount of mining waste from the production of these rare
84
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metals could become a consideration with respect to the environmental
impacts of solar power.335 However, it now appears likely that photovoltaic cells can be effectively recycled at the end of their service life
without adding significantly to their overall cost.336 In addition to recycling the semiconductor materials from older cells, the use of multiple
thin film technologies as part of a broad mix of renewable energy sources
would further reduce any potential concerns that might arise with respect
to the use of rare elements. Finally, we note that the materials availability and mining issues with solar technologies are unlikely to ever rise to
the level of those that would be encountered with uranium under either
the global or steady-state growth scenarios (see Appendix A).
Finally, it appears likely that sustainable biomass could also play some
role in the medium-term to support the mix of renewable energy resources. Biomass has the advantage of having no intermittency, and thus
of being directly capable of supplying baseload power. The burning of
the biomass, however, does emit carbon dioxide into the atmosphere.
However, the plant matter consumed had removed carbon dioxide from
the atmosphere during its growth, thus reducing the net emissions assuming the biomass was grown with minimal amounts of fertilizers or pesticides and that it was transported only a short distance before being
burned. Additional care must be taken to ensure that the biomass was
grown and harvested in such as way that it does not degrade the quality
of land over time and that it does not damage fragile ecosystems nearby.
In 1997, the DOE and the Electric Power Research Institute projected
that the cost of electricity from biomass will fall to between 6.1 and 7.0
cents per kWh by 2010 and to 5.4 to 5.8 cents per kWh by 2020.337 This
would make biomass economically competitive with other carbon mitigation options under consideration. More recently, the DOE’s Energy
Information Administration projected even lower costs for biomass, with
electricity from “[o]pen-loop biomass” projected to fall to just 5.1 cents
per kWh by 2010.338 Finally, we note that the use of sustainable biomass
may play become important due to its potential connection to coal gasification and carbon sequestration (Sections 2.4.3 and 2.4.4). If biomass is
mixed with coal in an integrated gasification combined cycle (IGCC)
plant, and the resulting carbon dioxide is captured for storage in a geologic formation, the net greenhouse gas emissions of such as system
could actually be made negative.339 Such a possibility could be a significant advantage in helping to reach the deep reductions in greenhouse gas
emissions that are likely to be required between now and the middle part
of this century.

For non-commercial use only

85

Section 2.4.3 – Coal Gasification
As discussed in Section 2.4.1, the use of natural gas as a transition fuel
will require significant investments in LNG infrastructure over the coming years and the costs will remain somewhat variable due to seasonal
fluctuations in demand for heating and the increased reliance on foreign
supplies. On the other hand, the domestic supply of coal in countries like
the U.S., Germany, China, and India are well known and very large
which make their price highly stable. For example, the University of
Chicago study concluded that “[c]oal supplies worldwide are expected to
be sufficiently elastic that even a doubling of demand is not expected to
increase price appreciably.”340 The main economic uncertainty of coal
lies in its large carbon emissions compared to fuels. It is therefore likely
that coal would remain a major energy source during the transition period of this half-century if it could be economically utilized in such as
way that its greenhouse gas and other emissions could be significantly
reduced. The two most likely ways to achieve this goal are to switch
from pulverized coal fired plants to integrated gasification combined cycle (IGCC) plants and to directly capture the emitted CO2 and isolate it in
geologic formations (see Section 2.4.4).
In an integrated gasification combined cycle plant, coal and steam are
reacted at high temperature and pressure to produce a mixture of gases
known as “syngas.” The exact composition of the syngas produced is
determined by the type of coal employed and the precise reaction conditions being used, but it is typically made up by such things as carbon
monoxide, carbon dioxide, hydrogen, and methane. Most impurities in
the coal will not gasify and are removed from the reactor as slag which
can be resold for use in making asphalt and other products. Other impurities will react into forms that are fairly straightforward to extract from
the syngas such as hydrogen sulfides and ammonia. This results in far
lower emissions of particulates, sulfur dioxide, nitrogen oxides, and mercury compared to traditional coal burning plants.341 Experience in the
U.S. has shown that even “high sulfur Illinois Basin bituminous coal”
can be successfully burned in an IGCC plant without negatively impact
the plant’s performance or leading to high levels of emissions.342
Once the syngas is cleaned, it is fed into a combined cycle generating
unit similar to those used for natural gas fired plants. This system can
achieve higher efficiencies than traditional pulverized coal plants (45
percent for today’s IGCC technology versus 33 to 38 percent for pulver86
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ized coal) resulting in lower carbon dioxide emissions. For current technology, it is estimated that an IGCC plant would emit between 13.5 to 27
percent less CO2 than a pulverized coal plant for the same level of generation. The efficiency of future IGCC plants is expected to rise to as
much as 60 percent between 2020 and 2030, which is in line with the
recent experience with natural gas fired plants. If realized, such an IGCC
plant would emit 40 percent less CO2 than a pulverized coal fired
plant.343
A potential additional advantage of developing coal gasification during
the transition period of 2020 to 2050 is that it is well suited to the coproduction of electricity and hydrogen which could make it an important
component in the transition to the hydrogen economy.344 The Department of Energy currently has several active programs aimed at supporting the development of commercially viable IGCC plants that would also
be capable of producing hydrogen.345 In its analysis of the hydrogen
economy, the National Research Council of the U.S. National Academy
of Sciences and the National Academy of Engineering concluded that
Coal is a viable option for making hydrogen in very large,
centralized plants when the demand for hydrogen becomes
large enough to support an associated very large distribution
system. The United States has enough coal to make all the
hydrogen that the economy will need for more than 200 years,
a substantial coal infrastructure already exists, commercial
technologies for converting coal to hydrogen are available
from licensors, the cost of hydrogen from coal is among the
lowest available, and technology improvements are identified
to reach future DOE cost targets.346

In fact, the authors concluded that, using current technologies, the cost of
hydrogen from large centralized IGCC plants with carbon capture and
storage would be just $2.19 per kilogram.347 Adjusting for the relative
efficiency with which hydrogen could be used in fuel cells compared to
the use of gasoline in internal combustion engines, a hydrogen cost of
$2.19 per kilogram would be equivalent to a gasoline price of approximately $1.32 per gallon, which is well below today’s gas prices even
when federal and state taxes are taken into account.348 Thus, it appears
likely that the development of dual use IGCC plants could offer an economically viable option for the large scale production of hydrogen during
the transition to a more sustainable long-term energy system.
While not yet fully commercialized, the viability of IGCC technologies
have been demonstrated in a number of countries. The first power plant
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of significant capacity to use coal gasification was the 170 MW plant in
Luenen, Germany, that came online in the late 1970s. Other large plants
have been constructed in the Netherlands, the Czech Republic, Spain,
Germany, and the United States.349 In the U.S., for example, the Tampa
Electric Company currently operates a 250 MW integrated gasification
combined cycle coal plant in Florida. This plant, built at a cost of approximately $2,000 per kW, has been in operation since 1996 and supplies baseload electricity to the surrounding communities. Current industry estimates put the capital cost of similar future plants between $1,300
and $1,650 per kW with further reductions possible.350 Supporting the
move to IGCC, in October 2004, General Electric and the Bechtel Corporation announced their intent to form an alliance that would offer
commercial integrated coal gasification plants in the United States.351
The DOE has also announced plans to provide financial assistance to
utilities in Minnesota and Florida to build two new advanced IGCC
plants. These first-of-a-kind demonstration projects, part of the Bush
Administration’s Clean Coal Power Initiative, are expected to cost between $1,950 and $2,220 per kW.352 There is ongoing interest in developing this technology outside the U.S. as well. For example, two projects in Britain have already sought planning consent to begin construction of new IGCC power plants.353
Neither the MIT study nor the University of Chicago study presented
their own analyses for the projected cost of IGCC plants and chose instead to focus only on pulverized coal technology. In order to examine
the likely cost of electricity from dedicated IGCC plants that could be
fielded by 2020, we reviewed estimates from a variety of sources, as we
did for our discussion of the economics of wind power.354 These estimates, summarized in Table 2.15, are in reasonably good agreement with
each other for the costs of pulverized coal and IGCC plants. The wider
variation in their estimates for the electricity prices from natural gas is
due mainly to the assumptions they made about the long term cost of fuel
while their variation in the estimated cost of nuclear power is due mainly
to the assumptions they made about the capital cost, construction time,
and effective interest rates.
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Table 2.15: Summary of estimated generation costs in the U.S. for integrated
combined cycle coal generation (IGCC) plants that could be fielded by at least
2020 (all prices in cents per kWh). The range of costs for natural gas, pulverized
355
coal, and nuclear power are shown only for comparison.

5.04

Pulverized
Coal
n.a.

3.0 to 3.9

3.8 to 4.3

3.2 to 4.3

5.1 to 6.3

4.33
2.9 to 3.4
3.0 to 3.2

4.08
3.3 to 3.7
3.6 to 4.1

4.76
3.2 to 3.9
3.6 to 4.2

4.83
5.0 to 6.0
4.5 to 5.3

3.5 to 4.5

3.3 to 4.1

n.a.

5.3 to 7.1

3.8 to 5.6

4.2

n.a.

6.7

Natural Gas
EIA (2005)
Deutsche Bank
(2003)(a)
Bechtel (2002)
IPCC (2001)
OECD (1998) (a)
U Chicago
(2004)
MIT (2003)

IGCC

Nuclear

4.8

5.95

(a) As quoted in the University of Chicago study.

Given the consistency between the estimates in Table 2.15 for pulverized
coal with those from the MIT and University of Chicago studies, we can
conclude that the range of 3.2 to 4.8 cents per kWh is likely to be a reasonable estimate for the cost of electricity from dedicated IGCC plants in
the United States over the medium-term. A somewhat wider range
would have been found (3.2 to 6.1 cents per kWh) if projections from
these studies for countries in Western Europe, Japan, and China had been
included, but the estimates in Table 2.15 are those that are most relevant
to the U.S. energy system.356 Thus, IGCC plants appear likely to be economically advantageous compared to new nuclear power plants that
could be built within the next ten to fifteen years.
While these coal gasification plants would have somewhat lower carbon
emissions than traditional pulverized coal fired plants due to their higher
efficiencies, and thus could make some contribution to emissions reductions by themselves, the main benefit from the development of economically competitive IGCC plants would be their suitability for use with
carbon sequestration technologies as discussed in the following section.
This combination could be made for plants that produced electricity
alone as well as those that would produce both electricity and hydrogen.
Section 2.4.4 – Carbon Capture and Storage
Beyond the higher thermal efficiency and lower emissions, one of the
main driving forces behind the interest in coal gasification is that it is
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particularly well suited to carbon capture and storage technologies.
When oxygen, rather than air, is used in the gasification unit, carbon dioxide is produced in a concentrated stream that is easier and less expensive to separate and capture than trying to scrub it from the exhaust postcombustion.357 In the U.S., the DOE Carbon Sequestration Program announced the creation of the Integrated Sequestration and Hydrogen Research Initiative in 2003. This effort is seeking to develop both coal
gasification and carbon sequestration technologies. The plan, known as
FutureGen, is to design, build, and operate a 275 MW gasified coal plant
for the co-production of electricity and hydrogen which will also include
carbon capture and sequestration technologies. Current estimates are that
the engineering and construction costs for this first-of-a-kind power plant
and its associated sequestration equipment would total $2,760 per kW,
which is well above the overnight capital cost of even a new nuclear
plant. The overall goal of the FutureGen program is to demonstrate
technologies that could be economically commercialized by 2020 at significantly lower costs.358 The FutureGen Industrial Alliance signed an
agreement with the DOE in late 2005, and expects to select a site for the
construction of the plant by the end of 2007.359
While carbon capture and storage technologies have not been commercialized in the electricity sector, they have been used in other industries
for decades, and are widely recognized as a potentially important option
for reducing carbon emissions during the transition to a more sustainable
energy system.360 For example, the scrubbing of CO2 from the exhaust
gas of a few pulverized coal plants is already occurring to produce carbon dioxide for use in the food industry.361 In addition, carbon dioxide
injection into oil fields to enhance the recovery of petroleum has been
used in the U.S. since at least 1972. While most of the CO2 used for
these enhanced oil recovery (EOR) projects is derived from natural
sources, about one-fourth is purchased from industrial sources, primarily
natural gas processing plants. One such industrial carbon dioxide source
of particular interest in the current context is the Great Plains Synfuels
coal gasification plant in North Dakota. This facility, which uses a technology similar to the gasifier in IGCC plants, separates CO2 from the
syngas it generates and then pipes that carbon dioxide to southeastern
Saskatchewan, Canada, where it is injected into the Weyburn oil field.
Approximately one million tons of CO2 per year has been injected into
this reservoir since September 2000 to increase oil production.362 Overall, about 43 million tons per year of carbon dioxide is currently being
injected into oil fields each year in 65 enhanced oil recovery programs in
the United States alone.363
90
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A related source of experience with sequestration has been built up with
acid gas injection from natural gas production. Acid gas, primarily a
mixture of hydrogen sulfide (H2S) and carbon dioxide, has been successfully separated from natural gas in processing plants and re-injected into
depleted gas fields as well as into nearby saline aquifers. However, the
amounts of gas involved in these efforts are generally far smaller than
those for enhanced oil recovery projects. The separation and injection of
acid gas began in Canada in 1989 as a result of tightened sulfur emission
limits and has proven to be an economic choice at a number of projects
in Canada as well as in the United States.364 All told 44 such projects are
currently injecting acid gas into geologic formations in Western Canada
alone.365 The successful experience with these systems is noteworthy
given the greater corrosiveness of acid gas compared to carbon dioxide.
One of the most important demonstrations of carbon sequestration technology available today is in the Sleipner gas fields in the North Sea. Motivated by the imposition of a tax amounting to approximately $140 per
ton of carbon in 1996, the Norwegian company Statoil began injecting
the CO2 it separates from the natural gas it extracts into a sandstone formation under the sea floor. This sandstone formation, known as the Utsira formation, has a layer on top which is impermeable to CO2, and is
believed to be capable of retaining the injected carbon over geologic
timescales. Statoil has been injecting one million tons of CO2 every year
into the formation, and plans to continue doing so for the next 20 years.
Just one percent of the Utsira reservoir is capable of storing three years
worth of emissions from all European power plants.366 The fate of the
injected CO2 in this formation has been studied since 1998 by an international research effort and the initial results indicate that the CO2 will remain successfully trapped in the aquifer and gradually dissolve into the
brine over the next several thousand years.367
The ongoing operations at the Sleipner gas fields are not an isolated example. A similar CO2 sequestration program began in April 2004 at the
In Salah natural gas fields in Algeria. At this site, Sonatrach, BP, and
Statoil plan to store up to 1.2 million metric tons of CO2 per year in a
deep sandstone reservoir near the gas field. Two additional projects for
re-injecting carbon dioxide from the production of natural gas, are currently being planned by Statoil in the Barents Sea and by Chevron at
Barrow Island off the western coast of Australia.368
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If developed successfully in the near to medium-term, carbon sequestration would likely be capable of making a significant contribution to reductions in global greenhouse gas emissions. Beyond the Utsira formation, a survey of the North Sea area alone revealed aquifers with a combined capacity equal to 800 times the current annual emissions of all
European power plants.369 Estimates for the global storage capacities in
different types of repositories from the International Energy Agency’s
Greenhouse Gas R&D Programme are shown in Table 2.16.
Table 2.16: Estimated carbon dioxide storage capacity of geologic formations
worldwide and a comparison of these potential capacities to the emissions from
370
the global electricity sector in the year 2000.

Type of Formation(a)
Depleted Oil Fields
Unmineable Coal Seams
Depleted Gas Fields
Deep Saline Aquifers
Total

Gigatons of Carbon
Dioxide Storage
125
20 to 148
800
400 to 10,000
1,345 to 11,073

Years of Storage at 2000
Emissions Levels(b)
16
2.6 to 19
100
52 to 1,300
170 to 1,400

(a) Only geologic formations are included in this table. The direct sequestration of CO2 in
the deep ocean has been proposed, but is not considered here in light of the potentially
serious impacts from ocean acidification on marine ecosystems (see Section 1.2).
(b) The estimated carbon dioxide emissions from the global electricity sector in 2000 were
371
7,770 million metric tons of CO2.
The estimated years of storage have been rounded to
two significant figures.

The values in Table 2.16 compare well with other estimates that have
been made for the global CO2 storage capacity. For example, the IPCC
estimates that 675 to 900 gigatons of CO2 could be sequestered worldwide in known oil and natural gas fields and that up to 900 to 1,200 gigatons of CO2 could be stored if the projected capacity of undiscovered
reserves is included. In addition, the IPCC estimates that deep saline
aquifers have a potential capacity of 200 to 56,000 gigatons of carbon
dioxide. In reviewing these estimates, the IPCC concluded that it is
“very likely that global storage capacity in deep saline formations is at
least 1000 GtCO2.”372 Finally, while estimates of the total storage capacity of bituminous coal range from 60 to 200 gigatons of CO2, the IPCC
notes that “[t]echnical and economic considerations” suggest that only
roughly 7 gigatons of CO2 is likely to be stored in these un-mined coal
seams.373
Therefore, it can be concluded that, if fully utilized, the total storage capacity available in geologic formations would likely be sufficient to hold
the equivalent of all CO2 emissions from all global electricity generation
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for at least one to two hundred years. While only a fraction of the available resources could be exploited due to both technical and economic
limitations, it is clear that the potential for carbon sequestration to play a
role in reducing greenhouse gas emissions is quite significant. As a result, a number of government and industrial efforts are currently underway in Europe, Canada, the U.S., and Japan aimed at improving our understanding of the potential for geologic sequestration to play a role in
combating climate change over the coming decades.374
Equally important as the total magnitude of the available repositories is
the fact that they are geographically accessible to fossil fuel power
plants. It has been estimated that 65 percent of carbon dioxide captured
from power plants in the U.S. could be sequestered in geologic formations “without the need for long pipelines,” while it has been further estimated that “all power plants in the United States are located within 500
km of possible sequestration sites.”375 The U.S. already has a good deal
of experience with transporting CO2 via pipelines as a result of enhanced
oil recovery projects. Approximately 22 million tons of carbon dioxide
is piped through a 3,980 kilometer (2,470 mile) system each year for injection into oilfields in the Permian Basin, while the North Dakota coal
gasification plant transports its CO2 over a 330 kilometer (205 mile)
pipeline to Canada for injection into the Weyburn oilfield.376 Further
experience has been gained with the transport and injection of acid gas
separated during natural gas production. In the future, access to CO2
pipelines and suitable sequestration sites could be used as a factor in siting IGCC or natural gas fired power plants.
One concern with sequestration efforts is that carbon dioxide, while not
explosive like natural gas, is nevertheless an acidic gas that is also a
powerful asphyxiant. Care will have to be taken in siting the pipelines
and repositories to minimize the risks from accidental releases. It is estimated that rare events such as the failure of a well closure could result
in the release of 1,600 to 960,000 tons of CO2. While this is a small fraction of the total amount that could be sequestered at each site, and it is
believed that the risks from such accidents can be properly managed, it is
important to consider the potential health and environmental effects of
such events and to locate the repositories accordingly.377 The importance
of considering such events is illustrated by natural carbon dioxide disasters that have occurred in the past. For example, in 1986, Lake Nyos in
Cameroon unexpectedly released a massive amount of CO2 that had bubbled up naturally through the lake bottom over time. The dense, heavy
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cloud of CO2 vented from the lake filled the nearby valleys, and resulted
in the death of approximately 1,800 people.378
The costs of carbon sequestration come from three main areas; (1) the
cost of separating and capturing the CO2 at the power plant, (2) the cost
of transporting the CO2 from the plant to the repository, and (3) the cost
of injecting the CO2 into the geologic formation. Typical carbon dioxide
capture rates from fossil fuel plants are generally between 87 and 88 percent. In addition to adding to the capital cost of the plants, the capture of
CO2 also reduces the efficiency of the plants, adding to the fuel costs.
The costs for pipeline transport will vary in proportion to the distance
traveled, due to the additional construction and material costs along with
maintenance and monitoring costs due to moisture entering the pipeline
and forming corrosive carbonic acid.379 Finally, the injection costs will
depend upon the type of geologic formation being used. Injection into
operating oil fields will be the lowest cost option since the petroleum
industry actually pays companies about $40 to $60 per ton of carbon for
CO2 delivered to an operational site. The next lowest cost option would
typically be injection into oil and gas fields where the geology had already been extensively studied. These types of deposits have an added
advantage over the formations like the one being used at the Sleipner gas
fields in the North Sea in that they are known to have contained oil and
natural gas over geological timescales increasing the confidence in their
ability to retain the carbon dioxide.380 While we do not yet have cost
estimates based on experience in the electric power sector, a number of
projections have been made for the likely cost of sequestration efforts
(see Table 2.17).
Table 2.17: Estimated cost for the addition of carbon capture and storage to
natural gas, pulverized coal, and integrated coal gasification plants (all figures in
cents per kWh). These estimates include the cost of capturing, transporting, and
sequestering the carbon as well as the additional fuel costs that result from the
decrease in plant efficiency.381

Type of
Generation
Natural Gas
IGCC
Pulverized Coal

IPCC
(2001)
1.50
2.50
3.00

Bechtel
(2002)
1.37
2.15
4.00

U Chicago
(2004)(a)
1.72 to 1.88
1.99 to 2.33
3.78 to 4.16

IPCC
(2005)
1.2 to 2.9
1.0 to 3.2
1.9 to 4.7

(a) Estimate for 500 kilometer transport of CO2 via a pipeline. As noted, all existing plants
are believed to be located within this distance of a suitable carbon dioxide repository.
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The values in Table 2.17 are in good agreement with other estimates that
have been made for the cost of sequestering carbon. Using IEA Greenhouse Gas R&D Programme’s assumptions, it was estimated that carbon
sequestration would add between 2.0 and 2.1 cents per kWh to the cost
of electricity from a 500 MW IGCC power plant.382 In the U.K., the Department of Trade and Industry estimated that the costs for capturing,
transporting, and storing CO2 would add between 1.0-2.3 pence per kWh
(1.6 to 3.68 cents per kWh) to the cost of electricity from fossil fuel
plants. The DTI also noted that “international research has identified an
appreciable potential for these costs to be reduced through innovation.”383
Finally, adding the estimated costs for carbon capture and storage capabilities to the cost of generating electricity from new fossil fuel power
plants, we can compare the cost of this transition strategy with that of
building new nuclear power plants (see Table 2.18).
Table 2.18: Total estimated generation costs for natural gas, pulverized coal, and
IGCC plants with carbon capture and storage capabilities (all figures in cents per
kWh).384

Type of
Generation
Natural Gas(a)
IGCC(b)
Pulverized Coal(b)
Nuclear Power

Estimated Generation Costs
without Sequestration
4.1 to 5.6
3.2 to 4.8
3.3 to 4.3
6.0 to 7.0

Estimated Generation
Costs with Sequestration
5.3 to 8.5
4.2 to 8.0
5.2 to 9.0
6.0 to 7.0

(a) Range of generation costs correspond to the medium and high gas price scenarios in
the MIT study.
(b) Range of generation costs correspond to the estimates presented in Table 2.15.

From Table 2.18 we see that, while there remains a fair amount of uncertainty with the total cost, the use of carbon sequestration is likely to be
economically competitive with new nuclear power. In fact, the middle of
the projected cost range for natural gas or pulverized coal fired plants is
6.9 to 7.1 cents per kWh, while the middle of the cost range for IGCC
plants is just 6.1 cents per kWh. The economic comparison would improve if potential cost reductions foreseen in carbon separation and storage were realized, and if the revenue from enhanced oil, gas, or coal bed
methane recovery was fully taken into account. In addition to being
similar in cost, the available coal and natural gas resources, as well as the
available CO2 storage capacity in geologic formations, are sufficient to
allow very significant reductions in emissions to be achieved through the
use of carbon sequestration in the transition period of 2020 to 2050. FiFor non-commercial use only
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nally, natural gas, IGCC, and nuclear power are all directly suitable for
supplying baseload electric power without any significant changes to the
electricity transmission and distribution system. In summary, it appears
very likely that carbon capture and storage efforts can be an economically viable component the transition from our current fossil fuel based
energy system to more equitable and sustainable long-term possibilities.
Section 2.5 - Conclusions
Nuclear power is a “mature” technology that has been commercialized
for more than 50 years. Currently, 103 nuclear plants are operating in
the U.S. alone, and a total of 438 reactors are currently in existence
around the world.385 Over the last half a century, nuclear power has been
the recipient of more government subsidies in the United States than any
other source of electricity. Despite this support, however, by the mid1980s the nuclear power industry had failed so completely in the U.S.
that it led a Forbes Magazine cover story to call nuclear power “the largest managerial disaster in business history, a disaster on a monumental
scale.”386 The large cost overruns and ballooning lead-times for construction made nuclear power an economically unattractive option, and
no new reactors have been ordered in the U.S. in more than a quarter of
century. Despite a number of significant improvements that have been
made since the 1980s, new nuclear power is likely to remain an expensive option in the future.
Projections from studies conducted at MIT and the University of Chicago
put the likely cost of electricity from new nuclear power plants between
six and seven cents per kWh. While a number of potential cost reductions were considered by the authors of these two reports, it is unlikely
that plants not heavily subsidized by the federal government would be
able to achieve any further economic improvements beyond those already considered in the studies’ base case estimates. This is particularly
true in light of the fact that any improvements would have to be maintained under the very demanding timetables set by the global or steadystate growth scenario. To meet the level of nuclear growth envisioned by
the authors of the MIT report, more than one reactor would have to come
online somewhere in the world every 15 days for four decades. Meeting
the more aggressive steady-state growth scenario would put an even
greater strain on the nuclear industry, with one reactor having to come
online every six days between 2010 and 2050.

96

For non-commercial use only

At six to seven cents per kWh, the cost of electricity from new nuclear
power is above the range of projected costs for competing coal and natural gas fired plants. While the recent spot market price for natural gas
has been both higher and lower than the “high” fuel price considered in
the MIT or U Chicago studies, the long-term price of gas can be expected
to remain within a competitive range if policies on efficiency, conservation, and an increased reliance on imported liquefied natural gas are pursued. Thus, without policies directly aimed at reducing carbon emissions
from the electricity sector, nuclear power is very unlikely to be an economically competitive choice for new base load generation. This can be
seen quite clearly in the continued hesitance of financial institutions such
as Standard & Poor’s to actively support the construction of even those
first few nuclear plants that would be heavily subsidized by the federal
government.
The economic comparison is more complicated, however, when nuclear
power is viewed in relation to other potential strategies for reducing carbon dioxide emissions from the electricity sector. It appears increasingly
likely that reductions on the order of 60 to 80 percent will be required by
2050 in order to avoid the more serious potential consequences of global
climate change. As such, aggressive policies will be needed in the coming decades to curb and then reverse the growth of CO2 emissions from
all sectors of the energy system. Adding to the complexity of this already very difficult problem is the fact that these reductions will have to
occur at a time of increasing electricity demand throughout the Global
South. Of particular note is the projected increase in electricity consumption in the world’s two most populous countries, India and China.
Within this context, the range of future nuclear costs appear more competitive. As originally noted by Dr. Arjun Makhijani, President of the
Institute for Energy and Environmental Research, when projected over
the near to medium-term, the costs of many of the available alternatives
all tend to fall roughly within or just below the range of six to seven
cents per kWh.
In order to achieve the large reductions in greenhouse gas emissions that
are needed, a tiered approach will be required that integrates options that
are available for immediate use as well as those that are not yet fully
commercialized, but can be brought online within then next ten to fifteen
years. The most important near-term options include efforts to increase
efficiency in the generation and use of energy and the large scale expansion of wind power at favorable sites. Improvements in energy efficiency and a reduction in demand through conservation have the potenFor non-commercial use only
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tial for significant benefits throughout the Global North. Unlike programs focused on increasing supply, demand side options can result in
reductions in greenhouse gas emissions with low or even negative costs
while simultaneously providing new jobs and opening new avenues of
economic growth. Combined with efforts to reduce demand, the use of
renewable energy, particularly wind power, offers the most economical
alternative for supplying the required near-term incremental growth in
generating capacity. At approximately four to six cents per kWh, wind
power at favorable sites is already economically competitive with natural
gas and new nuclear power. With the proper priorities in investment on
transmission and distribution infrastructure and changes to the ways in
which the electricity sector is regulated, wind power could rapidly make
a significant contribution to reductions in greenhouse gas emissions.
Without large scale changes to the existing grid, wind power could already expand in the very near-term to make up 15 to 20 percent of the
electricity supply as compared to less than one-half of one percent today.
This could be done without negatively impacting the stability or reliability of the current transmission grid.
Over the medium-term (2020 to 2050), additional strategies will be
needed. Some of the economically viable options available, such as the
further expansion of wind to penetrations well beyond 20 percent and the
increased use of other renewable resources like thin-film solar cells, advanced hydropower, and some types of sustainable biomass, have few
environmental or security impacts compared to those of our present energy system. As a result these options should be pursued to the maximum extent practicable. However, other options with more significant
health and environmental tradeoffs are also likely to be needed during
the next several decades in order to achieve climate stabilization. In this
vein, two of the most important transition strategies are likely to be the
increased import of liquefied natural gas and the use of coal gasification
with carbon sequestration. Some of the most troubling aspects of these
technologies, such as mountain top removal mining for coal, would be
lessened by reducing the demand for coal through increases in efficiency
and the expansion of alternative energy sources. In addition, the use of
coal gasification technologies would greatly reduce the emissions of
mercury, particulates, and sulfur and nitrogen oxides for new coal fired
plants. Despite these improvements, however, the use of fossil fuels
would continue to have many very serious drawbacks. Their negative
impacts notwithstanding, when compared against the potentially catastrophic damage that could result from global climate change and against
the uniquely dangerous problems of nuclear power such as the potential
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for nuclear weapons proliferation (Chapter Three), the risks of catastrophic reactor accidents (Chapter Four), and the difficulty of safely managing long-lived radioactive waste (Chapter Five), the use of liquefied
natural gas and integrated coal gasification technologies with carbon sequestration appear to be preferable options for use in supporting improvements in energy efficiency, conservation, and the expanded use of
renewable resources during the period of transition from where we are
today to a more equitable and sustainable energy system in the future.
Finally, it is important to note that the development of viable transition
technologies in the Global North could also help countries like China and
India, which both have large reserves of coal, to rapidly increase their
electricity supplies while leapfrogging over older, dirtier technologies
and avoiding large amounts of greenhouse gas emissions.
The growing threat posed by climate change will require hard choices to
be made in the future, and the precise mix of energy options that will be
most effective at achieving a deep reduction of emissions in the U.S. and
around the world cannot yet be foreseen. However, trading the vulnerabilities of global warming for the vulnerabilities of nuclear power is not
a sound energy policy when a clear set of robust and economically viable
alternatives are available that pose far less severe environmental and security risks.
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Chapter Three: Megawatts and Mushroom Clouds
The somewhat frayed nonproliferation regime will require serious reexamination and strengthening to
face the challenge of the global growth scenario, recognizing that fuel-cycle-associated proliferation
would greatly reduce the attraction of expanded nuclear power as an option for addressing global energy
and environmental challenges.387
- The Future of Nuclear Power (2003)
The development of atomic energy for peaceful purposes and the development of atomic energy for
bombs are in much of their course interchangeable
and interdependent. From this it follows that although nations may agree not to use in bombs the
atomic energy developed within their borders the
only assurance that a conversion to destructive purposes would not be made would be the pledged word
and the good faith of the nation itself. This fact puts
an enormous pressure upon national good faith. Indeed it creates suspicion on the part of other nations
that their neighbors' pledged word will not be kept.
This danger is accentuated by the unusual characteristics of atomic bombs, namely their devastating effect as a surprise weapon, that is, a weapon secretly
developed and used without warning. Fear of such
surprise violation of pledged word will surely break
down any confidence in the pledged word of rival
countries developing atomic energy if the treaty obligations and good faith of the nations are the only assurances upon which to rely.388
- Acheson - Lilienthal Report (1946)

While concern over catastrophic accidents and long-term waste management are perhaps better known, the largest single vulnerability associated with an expansion of nuclear power is likely to be its potential
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connection to the proliferation of nuclear weapons. This is due both to
the impact of proliferation on world security as well as to the terrible destruction that accompany the use of nuclear weapons. The bombs that
destroyed Hiroshima and Nagasaki sixty years ago were responsible for
an estimated 170,000 to 200,000 immediate deaths. The global economic consequences that would follow a nuclear attack on cities like
New York, Tokyo, New Delhi are difficult to predict, but would almost
certainly be catastrophic. For example, the U.N. High-level Panel on
Threats, Challenges and Change concluded that the total economic impact following the detonation of even a simple nuclear weapon in a major
city would be “at least one trillion dollars.”389
Beyond the impacts of their use as a weapon of war, the National Cancer
Institute estimated that the atmospheric testing of nuclear weapons at the
Nevada Test Site caused between 11,300 and 212,000 cases of thyroid
cancer in the United States alone.390 These cancers were caused by only
one of the radionuclides released in the tests, iodine-131, which the government knew, in the 1950s, was concentrating in milk and resulting in
potentially high doses to children’s thyroids. Companies like EastmanKodak were warned of fallout patterns so that they could protect their
film stocks, but no such warnings were given to farmers or families so
that they could protect their children.391 No comparable official estimates for the impact of U.S. testing on neighboring countries which also
received fallout, such as Mexico and Canada, has been made by the NCI
or any other U.S. government agency.
The designs of the Hiroshima and Nagasaki bombs are much less complicated than those of modern nuclear weapons, and are well within the
technological capacity of many countries. Given access to the internet
and scientific literature, graduate students working alone have proven
capable of developing workable nuclear weapons designs. By far the
most difficult step in the actual construction of any nuclear weapon is the
acquisition of a suitably large quantity of fissile material.392 Controlling
access to fissile materials has formed the basis of non-proliferation efforts to date, and it is exactly the acquisition of this fissile material that
can be facilitated by the existence of nuclear power and its related fuel
cycle infrastructure. Specifically, the enrichment of uranium and the
separation of plutonium from spent fuel are the areas of greatest proliferation concern. While neither uranium enrichment nor spent fuel reprocessing is fundamentally necessary for the utilization of nuclear
power, the former is integral to the types of reactors that have been most
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widely pursued to this point, as well as to those most likely to be built
over the coming decades (i.e. light-water reactors).
As noted in Chapter One, the potential connection between the nuclear
power fuel cycle and nuclear weapons was evident from the earliest days
of the atomic age. The control of this technology proved difficult, however, and with research reactors and nuclear power plants spreading
around the world, President Kennedy predicted that by 1975 there would
be 15 to 25 nuclear weapons states. Due in large part to the 1970 Nuclear Non-Proliferation Treaty (NPT), which entered its 35th year in
2005, the number of known or suspected nuclear weapons states has been
limited to nine.393 The central bargain of the NPT was that no member
state that did not already have nuclear weapons would pursue them and
the five that did possess them would negotiate in good faith towards their
eventual elimination while simultaneously helping the other member
states to develop civilian nuclear technology. The NPT was indefinitely
extended in 1995, and currently ranks behind only the United Nations
Charter in the number of signatories. Only four countries in the world,
India, Pakistan, Israel, and North Korea, currently remain outside the
treaty regime and all four are known or believed to have produced nuclear weapons.
Some of the recent positive developments regarding nuclear weapons
proliferation include: (1) South Africa’s abandonment of its nuclear
weapons program in the early 1990s and its dismantlement of the small
number of bombs it had manufactured; (2) the choice by Ukraine and
Kazakhstan to return the nuclear warheads on their territories to Russia
and join the NPT as non-nuclear weapons states following the dissolution
of the Soviet Union; and (3) Libya’s December 2003 announcement that
it was abandoning its clandestine nuclear weapons program and opening
its nuclear facilities to international inspection. However, on the negative side, the U.S. and Russia continue to retain stockpiles of several
thousand warheads each with a combined explosive yield beyond human
comprehension. Many of these warheads are retained on high alert,
ready for launch on just minutes notice. The U.S. is currently studying
concepts for new nuclear weapons and has plans to develop new delivery
vehicles that would extend the integration of nuclear weapons into the
military. France, China, the United Kingdom, and presumably Israel
maintain stockpiles on the order of a few hundred warheads each, while
both India and Pakistan demonstrated their nuclear capabilities by performing underground tests in 1998. North Korea withdrew from the
NPT in January 2003 and has publicly claimed to have manufactured
102

For non-commercial use only

nuclear weapons. Finally, the failure of the 2005 NPT Review Conference at the United Nations to reach any agreement whatsoever is a major
challenge to the future of the treaty regime and has once again forced to
the surface the long-standing issue of how to balance the nonproliferation and disarmament obligations of the treaty. The continued
maintenance of large stockpiles of nuclear weapons by the states that
already have them makes it much more difficult to prevent proliferation.
A world of nuclear haves and have-nots is unstable, and we are beginning to see the increasing strain caused by the efforts of the nuclear
weapons states to sustain this unbalanced situation.
In the current context, India, Israel, Pakistan, and North Korea are noteworthy in that they are all currently outside the NPT regime and all made
use of technology and equipment ostensibly meant for use in civilian
programs to facilitate their acquisition of nuclear weapons. This was
also the case for the now dismantled South African and Iraqi programs.
In reviewing this history, however, it is important to separate the motivations of the countries from the intended use of the technologies they pursued. India and Israel acquired supposedly civilian research reactors and
reprocessing know-how and technology from Europe, Canada, and the
United States under the Atoms for Peace initiative initially for civilian
purposes. Iraq also pursued the research reactor path until the Osirak
reactor was destroyed in 1981 by an Israeli attack. In Pakistan and Iraq
secret efforts to enrich uranium were also pursued. The Pakistani effort
made use of plans for commercial enrichment technologies stolen from a
European company and they developed a successful program built on a
mixture of foreign and domestic suppliers. Iraq, on the other hand, pursued a variety of mainly indigenous enrichment technologies with very
limited success. The South African enrichment program was unique in
that it was publicly acknowledged by the government as part of an effort
to support both a civilian research reactor and nuclear power plant. Finally, North Korea provides perhaps the strongest link between nuclear
power and nuclear weapons. Unlike the Israeli and early Iraqi programs
that focused on research reactors that were not intended to produce electricity, the 5 MW-electric nuclear plant at Yongbyon, North Korea was a
research reactor that also supplied electricity to the surrounding community. In addition to supplying electricity, however, this facility also supported a program to separate plutonium which has now reportedly been
used in nuclear weapons.
Even though it has not proved to be the preferred route to date, there is
little debate over the potential for commercial nuclear programs to play a
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role in enabling future nuclear proliferation. As noted by J. Robert Oppenheimer as early as 1946:
We know very well what we would do if we signed such a
convention [to abolish nuclear weapons]: we would not make
atomic weapons, at least not to start with, but we would build
enormous plants, and we would call them power plants -maybe they would produce power: we would design these
plants in such a way that they could be converted with the
maximum ease and the minimum time delay to the production
of atomic weapons, saying, this is just in case somebody twotimes us; we would stockpile uranium; we would keep as
many of our developments secret as possible; we would locate
our plants, not where they would do the most good for the
production of power, but where they would do the most good
for protection against enemy attack.394

Today, this connection between the infrastructure of nuclear power and
the potential for nuclear weapons production is the central concern driving the U.S. and European efforts to prevent Iran from developing the
capability to enrich uranium. As summarized by William Sutcliffe, a
Senior Physicist at the Lawrence Livermore National Laboratory and
specialist on issues of nonproliferation and the nuclear fuel cycle, “it is
almost certain that expertise and infrastructure intended for the development of nuclear power have supported the development of a nation's (e.g.
India) capability to use nuclear weapons.”395 The U.N. High-level Panel
on Threats, Challenges, and Change noted the proliferation threat posed
by countries that while “acting within the letter but perhaps not the
spirit” of the NPT may seek to “acquire all the materials and expertise
needed for weapons programmes with the option of withdrawing from
the Treaty at the point when they are ready to proceed with weaponization.”396 Finally, even Mohamed ElBaradei, the Director General of the
International Atomic Energy Agency, speaks of the “latent nuclear deterrent” value inherent in the possession of commercial fuel cycle technologies given the ability of these facilities to rapidly produce weapons usable fissile material should the operator so choose.397
In this chapter we will address the specific proliferation concerns relating
to uranium enrichment and spent fuel reprocessing technologies in light
of the fact that as many as nine states continue to possess nuclear weapons and that five of those nuclear armed states make up the permanent
members of the U.N. Security Council. We will then briefly address the
impacts of the current U.S. practice of manufacturing tritium for use in
its nuclear weapons in commercial nuclear power plants. While not re104
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lated to the acquisition of fissile materials, this policy has important implications for non-proliferation efforts. Finally, we will discuss why the
proposals that have been put forth for how to try and manage these risks,
while simultaneously enabling an expanded role for nuclear power, are
very unlikely be successful.

Section 3.1 – Uranium Enrichment
Uranium-235 is the only naturally occurring radionuclide that has been
used to fuel both nuclear reactors and nuclear weapons. In nature, however, the percentage of U-235 in uranium ore is too small for use in either nuclear weapons or in the most common types of nuclear reactors
currently employed. Typical uranium ore contains just 0.711 percent U235 while the remaining material is made up of the non-fissile isotopes
U-238 (99.284 percent) and trace amounts of U-234 (0.005 percent).
While there are types of nuclear reactors, such as the Canadian CANDU,
that are capable of using natural uranium as a fuel, the light-water reactor
designs that dominate the world’s installed capacity require uranium enriched to between 3 to 5 percent U-235.398 Uranium enriched to this
level is referred to as “low enriched uranium” or LEU to distinguish it
from material suitable for use in nuclear weapons which typically contains 90 percent or more U-235, and is referred to as “highly enriched
uranium” or HEU.
The two most common types of light-water reactors are the Boiling Water Reactors (BWRs) which use the radioactive cooling water to turn the
turbines directly, and the Pressurized Water Reactors (PWR) which
transfer the heat from the radioactive cooling water to a secondary system that then drives the turbine. PWRs are typically more complex than
BWRs given the need for additional heat exchange equipment, but they
have the advantage of preventing the turbine from becoming radioactively contaminated during normal operation. Currently, PWRs make up
about two-thirds of the nuclear capacity in the United States while BWRs
make up the remaining third. Globally, PWRs make up nearly 65 percent of the total installed capacity, while BWRs make up 22 percent.
The remaining global capacity is made up of other designs such as
heavy-water and gas-cooled reactors.399
For light-water reactors, enrichment forms a vital step in the front end of
the nuclear fuel cycle. The two most common enrichment technologies
that have been pursued on an industrial scale to date are gaseous diffuFor non-commercial use only
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sion and gas centrifuges, although other techniques, such as electromagnetic, laser, aerodynamic, and chemical isotope separation, have all been
developed as well.400 Given that the reactors most likely to contribute to
the global growth scenario, including any potential contribution from
high temperature gas-cooled reactors (HTGR), would all require enriched uranium fuel, the expanded use of enrichment will be a necessary
element of any expansion of nuclear power. The resulting spread of uranium enrichment services around the world would raise significant concerns regarding the potential proliferation of nuclear weapons.
All five of the acknowledged nuclear weapons states under the NPT have
operated uranium enrichment plants for the production of reactor fuel
and all five have operated enrichment plants for the production of nuclear weapons. In the United States for example, the same enrichment
plants have been used to produce both LEU for commercial purposes and
HEU for use in the U.S. stockpile.401 The fissile material in the “Little
Boy” bomb that was dropped on Hiroshima consisted of approximately
60 to 65 kilograms of highly-enriched uranium produced at the Oak
Ridge, Tennessee facility. Fifty-four years later, the nuclear weapons
tested by Pakistan in 1998 used uranium enriched in a clandestine military facility that was based on commercial technology from the European
enrichment company Urenco. The recent controversy over Iran’s nuclear
power program, and in particular its attempt to manufacture gas centrifuges for enriching uranium, as well as revelations of the international
sale of advanced enrichment technology by a supposedly private ring
centering around A.Q. Khan, the “father” of the Pakistani nuclear bomb,
have served to bring a renewed attention to the threats posed by uranium
enrichment technology.
There are three related concerns regarding the spread of uranium enrichment technologies that must be considered. The first concern relates to
the diversion of weapons usable material from known facilities that are
ostensibly intended for civilian purposes, i.e., plants supposedly built to
supply fuel for research or commercial power plants. The South African
weapons program is an example of this type of proliferation. The second
concern relates to the construction and operation of a dedicated, clandestine facility for strictly military purposes using technology developed for
commercial applications. The Pakistani program illustrates the dangers
of this second proliferation route. Third, there is the concern that stockpiles of low-enriched uranium and the existence of commercial enrichment facilities could allow rapid weaponization in the future should the
country so choose. To date, no country has yet followed this third route
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to the acquisition of nuclear weapons, but the potential “latent nuclear
deterrent” of enrichment capabilities is clearly apparent in the ongoing
negotiations surrounding the Iranian enrichment program.
While low-enriched uranium is not itself usable in nuclear weapons, the
connection between the production of LEU and the production of bombs
is heightened by the fact that a majority of the effort goes into the early
stages of the enrichment process. For example, roughly two-thirds of the
energy and effort required to produce HEU goes into enriching natural
uranium with 0.711 percent U-235 to fuel grade low-enriched uranium
with 3.6 percent U-235, while only about one-third goes into the further
enrichment of that LEU to produce highly enriched uranium with 90 percent U-235. In terms of the masses required, the advantages of using
LEU as a feed material rather than natural uranium are even larger. In
order to produce one kilogram of highly-enriched uranium, it would require 176 to 219 kilograms of natural uranium, but just 26 to 27 kilograms of LEU.402 Figure 3.1 shows more generally how both the mass of
the feed material and the amount of enrichment services needed to produce one kilogram of HEU (90 percent U-235) varies with the enrichment of the feed stock.

enrichment services (kg
SWU)
mass of feed material (kg)

200
150
100
50

5.00%

4.52%

4.04%

3.57%

3.09%

2.61%

2.13%

1.66%

1.18%

0
0.70%

Feed Material and Enrichment
Services Needed

250

Enrichment of Feed Material (% U-235)

Figure 3.1: The mass of feed material (in kilograms of uranium) and the amount
of enrichment services (in kilogram separative work units) required to produce
one kilogram of highly enriched uranium (90 percent U-235). The lower bound
on the horizontal axis represents natural uranium while the upper bound represents the typical limit of low-enriched uranium that would be used in light-water
reactors.
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From Figure 3.1 it is clear that possessing a stockpile of low-enriched
uranium significantly lowers the barriers both in time and energy for the
production of weapons usable HEU. The rapid decrease in the required
feed material and enrichment services occurs at enrichments below 3
percent, and therefore any typical LEU for use in light-water reactors
could serve as a useful stockpile for HEU production. In addition to facilitating the more rapid conversion of commercial facilities to military
production, there is also a concern that LEU from a declared enrichment
facility may be diverted for use as feed material in an undeclared enrichment facility. Such a diversion would significantly reduce the number of centrifuge stages needed in the clandestine plant as well as lowering its power consumption and other operational needs, making it even
more difficult for the international community to discover.
The early technologies for uranium enrichment are fairly difficult to hide
since they require very large facilities and a great deal of electrical
power. In fact, at the time it was built in the 1940s, the gaseous diffusion
uranium enrichment plant at Oak Ridge, Tennessee, was the largest industrial building in the world and its location was selected, in part, to
take advantage of the large amounts of hydroelectric power available
from the Tennessee Valley Authority. The successful development of
sophisticated gas centrifuge technology in the Soviet Union, and its subsequent application by European governments and corporations has dramatically reduced the size and energy usage of enrichment plants as well
as making it more difficult to determine if a given plant is configured to
produce low-enriched uranium for reactor fuel or highly-enriched uranium for weapons. Modern centrifuge plants require 40 to 50 times less
electricity than gaseous diffusion plants to achieve the same level of enrichment services. In addition, the centrifuge facilities do not generate as
much waste heat as gaseous diffusion plants. They therefore use far
smaller quantities of ozone depleting coolants like Freon and are more
difficult to detect remotely. To give a sense of the scale of cooling needs
at older plants, in 2002 the Paducah gaseous diffusion plant alone accounted for more than 55 percent of all airborne releases of Freon from
all large industrial users in the entire United States.403
The smaller size, electricity needs, and heat signature of gas centrifuge
plants make them the preferred choice for all future commercial enrichment facilities. As noted previously, these same characteristics, make
them a particular concern with regard to clandestine programs. As noted
nearly three decades ago by the Congressional Office of Technology Assessment,
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Any enrichment plant can theoretically be used for the production of weapons material while simultaneously providing immunity from international nuclear fuel embargoes, but only
one type of enrichment plant—the centrifuge type—increases
opportunities for proliferation on the same scale as reprocessing plants.404

Recognizing these risks, the authors of the MIT study concluded that
“[c]landestine uranium enrichment programs, as have appeared in Iraq,
Iran, North Korea and elsewhere, may present a dramatically increasing
threat.”405
The 1998 Pakistani tests of nuclear weapons made from highly enriched
uranium offered a dramatic highlight to the proliferation risks associated
with the spread of centrifuge technology. The European enrichment
conglomerate Urenco was founded by the governments of Britain, Germany, and the Netherlands following the signing of the Treaty of Almelo
in March 1970. In this treaty, the three countries agreed to jointly develop centrifuge enrichment technology in order to ensure a supply of
reactor fuel that would be independent of the United States. While working for Urenco in the Netherlands, Abdul Qadeer Khan reportedly stole
the centrifuge plans and a list of roughly 100 European suppliers before
returning to Pakistan in the mid-1970’s. Using this information, in conjunction with domestic suppliers, Khan was able to identify companies
willing to sell equipment necessary for the Pakistanis to develop their
own enrichment capabilities and produce HEU for use in nuclear weapons.406
Recent revelations regarding the spread of Pakistani centrifuge technology have raised additional concerns. In October 2003, the Italian coast
guard intercepted the BBC China, a German ship bound for Libya. On
board, the Italians found completed centrifuges as well as information
and equipment necessary for manufacturing additional components.407
Over the next several months, details emerged concerning the most far
reaching illicit network for the proliferation of nuclear weapons related
technology ever discovered. A.Q. Khan had organized a sophisticated
multinational network that sold a nuclear weapon design as well as advanced centrifuge and other uranium enrichment technology to Libya,
Iran, and North Korea. Khan and his associates sold uranium
hexafluoride (the gas used in centrifuge enrichment), designs for both the
older Pakistani centrifuge as well as the newer, more efficient models, as
well as physical components and complete centrifuges to those foreign
governments. The transnational network included not only Khan in
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Pakistan, but also a Malaysian manufacturing facility where centrifuge
components were manufactured and a computer company in Dubai that
served to facilitate shipping and financial transactions.408 At last count,
roughly two dozen companies were known or believed to have been involved. Surprisingly, less than two months after President Bush laid out
the extent of Khan's proliferation network to the public and Khan himself
was granted a pardon by President Musharraf and the United States announced its intention to extend “Major Non-NATO Ally” status to Pakistan.409 The importance of these events was summarized by Dr. ElBaradei as follows
The relative ease with which A.Q. Khan and associates were
able to set up and operate a multinational illicit network demonstrates clearly the inadequacy of the present export control
system. Nuclear components designed in one country could
be manufactured in another, shipped through a third (which
may have appeared to be a legitimate user), assembled in a
fourth, and designated for eventual turnkey use in a fifth.
The fact that so many companies and individuals could be involved is extremely worrying. And the fact that, in most
cases, this could occur apparently without the knowledge of
their own governments, clearly points to the inadequacy of national systems of oversight for sensitive equipment and technology.410

While the spread of gas centrifuge technology is likely to be the greatest
single concern, there are important risks associated with other enrichment technologies as well. This is particularly true for countries seeking
only a limited number of weapons for use as a deterrent against external
aggression rather than a sizeable stockpile for strategic or offensive use.
The authors of the MIT report note that “[u]neconomic technologies may
in some cases be utilized for ‘batch scale’ enrichment sufficient to produce HEU for a small number of nuclear weapons.”411 This was the path
pursued by the Iraqi government. In the 1980s, Saddam Hussein spent
several billion dollars on the development of many different types of enrichment technologies, including the inefficient and expensive electromagnetic separation technique. Despite the scale of these expenditures,
however, this program succeeded in producing only a very small amount
of medium enriched uranium (just above 20 percent) before it was discovered in the wake of the first Gulf War.412
The South African program is another example of uneconomic enrichment technologies enabling the pursuit of nuclear weapons. The South
Africans built an enrichment facility using aerodynamic separation which
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works on a principle that is similar to that of gas centrifuges, but is typically more complicated and expensive to build and operate. This facility
was supposedly built to provide low enriched fuel to the unfinished
French built Koeberg nuclear power plant and more highly enriched uranium for the U.S. supplied Safari-1 research reactor. In reality, the enrichment plant also supplied an estimated 400 kg of uranium enriched to
greater than 80 percent for military use. A total of seven nuclear weapons were eventually constructed from this material.413 As summarized
by the Congressional Office of Technology Assessment,
In the longer run, laser isotope separation techniques and
aerodynamic separation may have serious proliferation potential as means of producing highly enriched uranium for nuclear weapons. Openly pursued by more than a dozen nonnuclear-weapon states, laser enrichment technologies use precisely tuned laser beams to selectively energize the uranium235 isotope most useful for nuclear weapons and separate it
from the more common uranium-238 isotope. Laser facilities
would be small in size and could enrich uranium to high levels
in only a few stages. They could therefore prove to be difficult
to detect and control if successfully developed as part of a
clandestine program.414

The large increase in nuclear power envisioned in the global growth scenario would require a proportional expansion of uranium enrichment capacity and would likely lead to the establishment of fuel cycle infrastructure in a number of countries as governments sought to ensure access to
domestic or regional sources of fuel. In addition, the diffusion of knowledge and the increase in global trade of the specialized materials and
equipment needed to build and operate gas centrifuge facilities would
make it progressively more difficult to identify clandestine programs or
illicit transfers of technology as nuclear power expanded around the
world. Table 3.1 shows the capacity of the commercial enrichment
plants currently operating in the U.S., Europe, Russia, China, Japan, and
Brazil.415 India, Iran, Pakistan, and Israel are not included since they do
not currently have known commercial enrichment programs.
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Table 3.1: Summary of the commercial uranium enrichment capacity in existence
around the world as of 2004. Together, Russia, the United States, and France
account for more than 80 percent of the current enrichment capacity. Despite the
scale of present enrichment capacity, however, the existing plants would be able
to meet less than half the demand for enrichment under the global growth sce416
nario.

Enrichment
Capacity
(MTSWU per
year)

Country

Russia

15,000

United States

11,300

France

10,800

United Kingdom
(Urenco)
Netherlands
(Urenco)
Germany
(Urenco)

2,300
2,200
1,800

Japan

1,050

China

~700

Brazil

120

Total

45,270(d)

Type of Enrichment Plant(s)
four gas centrifuge
plants
one gaseous diffusion plant(b)
one gaseous diffusion plant
one gas centrifuge
plant
one gas centrifuge
plant
one gas centrifuge
plant
one gas centrifuge
plant
one gaseous diffusion and two gas
centrifuge plants(c)
one gas centrifuge
plant
three gaseous diffusion and eleven
gas centrifuge
plants

Percent of Total
Enrichment Capacity Needed to
Fuel the Global
Growth Scenario(a)
12.5 to 15.0%
9.4 to 11.3%
9.0 to 10.8%
1.9 to 2.3%
1.8 to 2.2%
1.5 to 1.8%
0.88 to 1.0%
0.58 to 0.70%
0.10 to 0.12%

37.7 to 45.3%

(a) A typical 1000 MW light water nuclear power plant requires approximately 100 to 120
MTSWU per year in enrichment services to provide its fuel. The increased demand for
uranium under the global or steady-state growth scenario would make the higher enrichment levels more likely since the amount of uranium feed material and the amount of enrichment services needed are inversely related for a fixed percentage of U-235 in the tails.
The assumptions made in the MIT report are consistent with this conclusion. In that report
the authors assume the equivalent of nearly 125 MTSWU per year of enrichment services
417
will be required for each reactor.
(b) The US capacity would increase to 18,700 MTSWU per year if the Portsmouth facility,
which is currently in a standby condition, was added to the capacity of the active Paducah
facility listed in this table.
(c) A third gas centrifuge plant is currently under construction in China that will add an
estimated 500 MTSWU per year to the country’s enrichment capacity.
(d) In 2005, the IAEA estimated that the global commercial enrichment capacity, excluding
Brazil, was 45,100 MTSWU per year which is in excellent agreement with our present esti418
mates.

112

For non-commercial use only

The current enrichment capacity of the 14 plants in Table 3.1 is adequate
to supply the needs of existing reactors, however, in order to fuel the
1,000 gigawatts of nuclear capacity envisioned under the global growth
scenario the installed enrichment capacity by 2050 would have to increase by 120 to 165 percent over the current levels. For the steady-state
growth scenario with 2,500 gigawatts of nuclear capacity online in 2050,
the enrichment capacity would have to expand by more than 450 to 560
percent. The increase in the total number of enrichment plants would
have to be even more dramatic given that the large gaseous diffusion
plants in France and the United States, which together make up nearly 50
percent of the world’s current enrichment capacity, would likely be shutdown and replaced by smaller, more efficient gas centrifuge facilities.
In fact, France already plans to replace its 26 year old gas diffusion plant
with a new 7,500 MTSWU gas centrifuge facility. In the United States,
the U.S. Enrichment Corporation (USEC) and Louisiana Energy Services
(LES), a joint venture of Urenco, Exelon, Duke Power, and Entergy,
have both filed license applications with the NRC seeking to construct
new gas centrifuge plants in preparation for the eventual shutdown of the
fifty year old Paducah facility. These new U.S. enrichment plants are
proposed to have capacities of 3,500 and 3,000 MTSWU per year respectively. Therefore, even if all three proposed facilities in the U.S. and
France are built to replace the two aging gaseous diffusion plants, there
would still be a net decrease in global enrichment capacity of nearly 18
percent. In addition, the two larger Urenco centrifuges plants located in
the Netherlands and the United Kingdom are both more than 30 years old
while even the youngest of the four Russian plants is more than 40 years
old.419 In light of these facts, the IAEA concluded that
The next decade will see something very unusual in the nuclear fuel cycle: all of the world’s commercial enrichment enterprises will be engaged at the same time in re-building and to
a lesser extent expanding their industrial capacities.420

Another way to compare the level of enrichment services needed under
the global growth scenario is to note that it would require 16 to 19 times
more enrichment capacity than currently deployed by Urenco in Britain,
Germany, and the Netherlands combined or about 15 to 18.5 times more
capacity than that of the proposed USEC and LES centrifuge plants
combined. A discussion of the availability of the uranium reserves that
would be required to supply these large number of enrichment plants in
contained in Appendix A.
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To give a sense of how significant this proliferation risk could be, we
note that just one percent of the enrichment capacity required by the
global growth scenario’s reference case would be enough to make between 175 and 310 nuclear weapons every year, assuming 20 to 25 kilograms of HEU per bomb. A single 250 MTSWU per year facility, like
the one being pursued by the Iranians at Natanz, would have enough enrichment capacity to produce both the LEU needed to fuel a 1,000 MW
reactor and enough HEU to build more than 20 bombs a year if it could
be reconfigured rapidly enough.421 Thus, it is clear that, by any measure,
the proliferation risks for the expansion of nuclear power under the
global growth scenario would be quite severe. We will address the proposals that have been put forward by nuclear power proponents to try and
manage these risks in Section 3.4, but we will first turn to the back end
of the fuel cycle and consider the proliferation risks associated with the
separation of plutonium through the reprocessing of spent fuel.

Section 3.2 – Reprocessing and the Plutonium Economy
The world’s first nuclear explosion occurred on July 16, 1945 at the Alamogordo test site in New Mexico. The fissile material used in this
“gadget,” as it was called, as well as in the “Fat Man” bomb dropped on
Nagasaki less than a month later was plutonium that had been recovered
from spent fuel reprocessed at the Hanford Engineer Works in Washington State. The first nuclear weapons tested by the Soviet Union, Britain,
and France all made use of plutonium. Until recently, much of the focus
on nuclear weapons proliferation has focused on the plutonium route
given that (1) smaller amounts are needed compared to uranium, (2) plutonium can be produced in research reactors as well as power plants, and
(3) the use of plutonium allows for more sophisticated weapons designs
to be employed, which are easier to adapt to missile delivery systems.
The focus on plutonium and its relation to nuclear weapons proliferation
was heightened in the wake of India’s surprise test of a “peaceful” nuclear device in May 1974. In exchange for the construction of a CANDU
heavy-water reactor, the Indian government agreed that the fuel supplied
by Canada would not be used for the production of nuclear weapons.
While technically honoring this agreement, the Indians also used the reactor to irradiate fuel produced from indigenous supplies of uranium.
This was possible because the heavy-water CANDU reactors use natural
uranium for fuel, and thus requires no enrichment infrastructure. The
indigenous spent fuel was then reprocessed in an Indian facility that was
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built using knowledge gained through training programs run by the
Atomic Energy Commission under the Atoms-for-Peace initiative.422
The plutonium was then used to make India’s first nuclear device.
In the earliest days of the nuclear age, it was generally assumed that uranium was a limited natural resource, and that in order to fuel the rapid
expansion of nuclear power that was then envisioned, it would be necessary to make use of plutonium as an energy resource. As such, a major
focus of nuclear research and development was placed on the development of so-called fast-breeder reactors. These reactors, often cooled by
liquid sodium, would make use of the relatively abundant quantities of
non-fissile U-238 available to create, or “breed,” more plutonium than
was being used as fuel. This fuel cycle would thus provide a nearly inexhaustible energy resource. However, reprocessing turned out to be a
major economic failure, and breeder programs encountered numerous
difficulties including serious accidents at the Fermi reactor near Detroit
in 1966 and at the Monju reactor in Fukui prefecture, Japan, in 1995 as
well as the permanent closure of the French Superphénix breeder reactor
in 1998 after it had achieved an effective lifetime capacity factor of just
6.3 percent.423 Only one commercial reprocessing plant has ever been
operated in the U.S., although two others were completed but abandoned
before processing any spent fuel. The one U.S. plant that was operated
was located in West Valley, New York and was primarily run by Getty
Oil. The plant reprocessed spent fuel between 1966 and 1972 when it
was shut down for economic reasons leaving the state and federal governments with a billion dollar cleanup effort.424
The detonation of the Indian nuclear device turned a spotlight on the proliferation risks associated with the projected growth of the plutonium
economy.425 In the same way that accidents have led to a renewed focus
on reactor safety and to outstanding concerns finally being addressed by
the nuclear establishment, the emergence of a sixth nuclear armed state
led to a renewed focus on the potential risks inherent in the U.S. policy
of advocating the widespread use of plutonium. Just one week before the
presidential election in 1976, then President Gerald Ford took the first
steps towards turning the U.S. away from the civilian use of plutonium
by issuing a statement which declared that the United States would no
longer view reprocessing as an essential part of the nuclear fuel cycle.
Following his election, President Carter went further and effectively
ended all commercial reprocessing efforts in the United States in 1977.426
In that same year, the Congressional Office of Technology Assessment
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summarized the connections between the plutonium economy and the
potential spread of nuclear weapons as follows
Reprocessing provides the strongest link between commercial
nuclear power and proliferation. Possession of such a facility
gives a nation access to weapons material (plutonium) by slow
covert diversion which would be difficult for safeguards to detect. An overt seizure of the plant or associated plutonium
stockpiles following abrogation of safeguards commitments
could, if preceded by a clandestine weapons development program, result in the fabrication of nuclear explosives within
days. Furthermore, such a plant reduces a nation’s susceptibility to international restraints (sanctions) by enhancing fuel cycle independence. Finally, plutonium recycle is the most likely
source for both black market fissile material and direct theft
by terrorists.427

While the official ban on commercial reprocessing in the U.S. was lifted
by President Reagan in the early 1980s, the high cost and the decision by
Congress to pursue direct disposal of spent fuel in a geologic repository
has so far effectively kept the ban in place. The Clinton administration
discouraged the use of commercial reprocessing in the United States, but
agreed to “maintain its existing commitments regarding the use of plutonium in civil nuclear programs in Western Europe and Japan.”428 The
current Bush administration has advocated expanded research on reprocessing technologies that are claimed by the Department of Energy to be
less proliferation prone. In addition, the 2001 National Energy Policy
report prepared by a committee chaired by Vice-president Dick Cheney
concluded that “the United States will continue to discourage the accumulation of separated plutonium, worldwide.”429
Since 2005, reprocessing has gained significant prominence within the
U.S. government. For example, the U.S. House of Representatives
Committee on Appropriations concluded in their report on the fiscal year
2006 budget that
… the Committee believes that the Department [of Energy]
should embark on a concerted initiative to begin recycling our
spent nuclear fuel, starting with the preparation of an integrated spent fuel recycling plan for implementation in fiscal
year 2007, including selection of an advanced reprocessing
technology and a competitive process to select one or more
sites to develop integrated spent fuel recycling facilities (i.e.,
reprocessing, preparation of mixed oxide fuel, vitrification of
high level waste products, and temporary process storage.)430

116

For non-commercial use only

The Energy Policy Act of 2005 allows allocations of up to $580 million
over the next three fiscal years for research on new reprocessing and
transmutation technologies under the so-called Advanced Fuel Cycle
Initiative.431 Finally, in February 2006, the Bush Administration
launched the Global Nuclear Energy Partnership (GNEP), a major initiative to promote the expansion of nuclear power in the U.S. and around
the world. As part of the GNEP program, the
The U.S. and key international partners will accelerate the
demonstration and deployments of new advanced recycling
technologies such as UREX+ and pyroprocessing that recycle
nuclear fuel in a manner that does not produce separated plutonium – a proliferation risk inherent in existing recycling
technologies.432

While the majority of current arguments supporting reprocessing center
on long-term waste management issues, questions regarding the adequacy of the available uranium supply continue to appear. As discussed
in Appendix A, however, the economically recoverable uranium reserves
are likely to be sufficient to supply either the global or steady-state
growth scenarios if major international development efforts were undertaken in the near to medium term. Uranium prices, even under the high
demand scenarios, would likely remain below $130 per kilogram which
is well below the levels required to make reprocessing and the use of
MOX fuel economical.
Despite the poor economics of reprocessing, by the end of 2001 there
was already 262.5 tons of separated “civilian” plutonium accumulated
around the world. Of this, 165.8 tons was stored in its raw form (i.e. not
as fuel rods or other finished products) at reprocessing facilities in Russia, France, Japan, and Britain.433 For comparison, the entire amount of
plutonium produced at both the Hanford and Savannah River Site complexes for use in the U.S. nuclear arsenal totaled approximately 103.4
metric tons while the estimated inventory of separated plutonium in the
former Soviet Union totaled approximately 150 metric tons.434 Therefore, through the end of 2001, the stockpile of separated plutonium from
commercial fuel world wide had already grown to a roughly equal
amount to that produced for both the U.S. and Soviet militaries combined. Even taking into account the differences in critical mass and the
additional technical difficulties associated with the use of reactor grade
plutonium, the stockpile of separated “civilian” plutonium would have
been enough to produce more than 32,800 nuclear weapons through the
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end of 2001.435 Since 2001, the stockpiles of plutonium at reprocessing
facilities have continued to grow at several metric tons per year.
In the wake of the failure of fast breeder reactor programs around the
world, the advocates of plutonium turned to the use of mixed oxide fuels
or MOX.436 In MOX fuel, plutonium oxide is mixed with uranium and
the resulting fuel elements are used in modified pressurized or boiling
water reactors. To date, Germany, Belgium, Switzerland, and France
have all made use of MOX fuel in their power reactors. In addition, in
2003 the Federation of Electric Power Companies of Japan announced
their intention to continue pursuing the MOX fuel cycle as well. In
2004, Kansai Electric Power received approval to load MOX fuel into
the Takahama 3 and 4 reactors by 2007. The plans to load MOX fuel at
Takahama had been put on hold in 1999 following the revelation that
employees at British Nuclear Fuels Limited had falsified safety qualification data for the MOX fuel it was producing. Kyushu Electric Power has
also recently announced that it plans to begin using MOX fuel by
2010.437 The use of MOX fuel is also currently the preferred option of
the Bush administration for the disposition of weapons grade plutonium
that has been declared surplus to military “needs.” The Russian government favors the use of surplus military plutonium in fast breeder reactors,
but has for now agreed to the use of MOX.438
The theft of MOX fuel poses a far greater proliferation risk than uranium
fuel. This is due to the fact that, unlike spent uranium fuel, MOX does
not emit penetrating radiation at levels high enough to prevent easy handling and the plutonium in MOX fuel can be separated by chemical
means which are far simpler to master and easier to hide than those required to further enrich LEU to weapons usable levels.439 For MOX fuel
made with 7 percent reactor-grade plutonium, just 120 kg of fuel would
provide enough fissile material for one bomb using the conservative
value of eight kilograms per weapon.440 At a density of 10 grams per
cubic centimeter, this amount of MOX fuel could be kept in a can measuring just nine inches on a side. Another way to picture this amount of
fuel is to note that it would represent just 0.0025 percent of the MOX
fuel that would be manufactured each year under the MIT global growth
scenario if such a fuel cycle were in use.441
Commercial reprocessing plants handle very large quantities of plutonium, and therefore inventory control and materials accounting has always been an important concern with respect to the possibility of clandestine diversion. The experience to date, however, has not been en118
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couraging. For example, in 2003 the Japanese government admitted that
the Tokai-mura pilot reprocessing plant could not account for some 206
kilograms of plutonium that it had processed. This was on top of the 70
kilograms of plutonium that remain unaccounted for at a separate Japanese plutonium fuel fabrication facility. In 2003 and 2004 alone, the
British Thorp reprocessing plant reported that it could not account for 49
kilograms of plutonium. Each of these are commercial facilities operating in technologically sophisticated countries under IAEA safeguards.442
At eight kilograms per bomb, the Japanese alone have “lost” enough plutonium to make more than 34 nuclear weapons. While it is not believed
that this material was purposefully diverted, its location remains a mystery. (It is presently assumed that the majority of this unaccounted for
Japanese plutonium remains locked up in the pipes or in the liquid highlevel waste streams.) These examples illustrate the difficulty inherent in
attempting to safeguard any large scale spent fuel reprocessing plant.
The number of reprocessing facilities that would be required to support
the MOX fuel cycle under the global or steady-state growth scenarios
would greatly exacerbate the problem of safeguards and materials accounting. There are currently only two very large-scale commercial reprocessing plants in operation anywhere in the world. These are the La
Hague plant in France and the Thorp plant in Britain. In addition, there
is the RT-1 reprocessing plant in Russia, the Power Reactor Fuel Reprocessing Facility and Kalpakkam Reprocessing Plant in India, and the
Tokai pilot scale reprocessing plant in Japan. Japan is also currently
nearing completion of the Rokkasho commercial scale facility (see Table
3.2).
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Table 3.2: Summary of existing reprocessing plants for commercial spent fuel
443
including their cost and historical rate of performance where available.

Historical Rate of
Reprocessing
(MTIHM per year)
1,200
(between 1990 and
2000)
500
(between 1994 and
2004)

Cost

Rated Capacity
(MTIHM per year)

La Hague
(France)

$16 billion

1,700

Thorp, Sellafield
(Britain)

$5.9 billion

1,200

Rokkasho (Japan)

$18 billion
(estimated)

800

not yet in full scale
operation

N.A.

400

N.A.

N.A.

~200

N.A.

N.A.

120

40
(between 1977 and
2002)(a)

Plant

RT-1, Chelyabinsk (Russia)
Power Reactor
Fuel Reprocessing Facility, Tarapur (India)
Kalpakkam Reprocessing Plant
(India)
Tokai (Japan)

(a) The Tokai reprocessing plant was shutdown in March 1997 due to an explosion at the
facility’s bituminization plant and did not resume full scale operations until November 2000.

The authors of the MIT report concluded that, for a balanced fuel cycle
using light-water reactors, the optimal use of plutonium would limit
MOX to just 16 percent of the total fuel requirements. Using this assumption, the annual reprocessing requirements for the global growth
scenario would amount to approximately 15,800 MTIHM per year.444
Assuming a 75 percent capacity factor for future reprocessing plants, the
reprocessing needs of the global growth scenario would require more
than 17 plants the average size of La Hague, Thorp, and Rokkasho. For
the steady-state growth scenario a total of 43 large commercial scale reprocessing facilities would be required.
For the global growth scenario, approximately 155.3 metric tons of plutonium would have to be separated annually in order to supply the required MOX fuel.445 Just one percent of this plutonium would be suffi120

For non-commercial use only

cient to produce more than 194 nuclear weapons every year. Given the
difficulties that have been experienced to date in accounting for plutonium at existing reprocessing facilities, it would be extremely difficult to
detect clandestine diversion of material sufficient for the manufacture of
two or three nuclear weapons per year if reprocessing technology on this
scale was being undertaken.
In order to try and overcome the proliferation concerns regarding traditional reprocessing, current proposals are looking to what they claim to
be more “proliferation resistant” technologies such as UREX+ or pyroprocessing.446 In pyroprocessing, also known as electrometallurgical
processing, the spent fuel is converted into a metallic form and then dissolved in a bath of molten salt. The plutonium product can then be collected on one of two electrical plates inserted into the mixture. However,
unlike the PUREX reprocessing technology in use today which results in
pure plutonium as a product, pyroprocessing leaves the plutonium mixed
with other transuranic elements like neptunium and americium as well as
with some of the lanthanide fission products like cerium and samarium.447 In the original UREX+ process, a modified version of the
PUREX process in use today, the plutonium that is separated remains
mixed only with neptunium, and would therefore have been significantly
more pure than that which results from pyroprocessing.448 To try and
improve the proliferation resistance of UREX+, DOE has more recently
proposed a modified process that would leave additional transuranic and
lanthanide fission products mixed with the plutonium. This version of
UREX+ would result in material more similar to that which would result
from pyroprocessing.449 While these alternative reprocessing technologies would have some nonproliferation benefits compared to current reprocessing technologies, they would still pose significant risks if deployed on a large scale.
First, while the material resulting from pyroprocessing is very unlikely to
appeal to states that have dedicated production facilities or existing
stockpiles of weapons grade plutonium due to its isotopic composition,
the plutonium product would potentially appeal to terrorists or threshold
states pursuing clandestine weapons programs aimed at manufacturing a
limited number of warheads. There do not appear to be any technical
difficulties associated with making a nuclear weapon from the plutonium
that results from pyroprocessing that would be significantly more complicated to overcome than those associated with using ordinary reactor
grade plutonium recovered via PUREX reprocessing.450 In addition,
unlike the spent-fuel assemblies themselves, the material that would reFor non-commercial use only
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sult from reprocessing the existing stockpile of light-water reactor fuel
would not be sufficiently radioactive to protect against diversion or theft.
As summarized in a recent review
The radiation doses from transuranics without the lanthanides
are more than three orders of magnitude lower than the
IAEA’s threshold for self-protection.
Inclusion of either of two lanthanide fission products, 144Ce
[cerium-144] and 154Eu [europium-154], could increase the
dose rate above the self-protection threshold. However, 144Ce
has a half-life of only 0.8 years and has already decayed away
in all but the most recently discharged spent LWR fuel. 154Eu
has a half-life of nine years but is not recycled with the transuranics in the pyroprocessing fuel cycle. It therefore appears
that keeping plutonium from aged LWR fuel mixed with other
transuranics and with lanthanide fission products other than
154
Eu would not make it significantly more self-protecting.451

Further, pyroprocessing plants could be modified quite rapidly in such a
way that they would produce plutonium that contained significantly
smaller quantities of the transuranic and lanthanide contaminants than
originally intended.452 Thus, a state that sought to use such a facility to
support a limited nuclear weapons program could potentially overcome
much of the nonproliferation advantages of pyroprocessing by simply
modifying the plant prior to the commencement of military production.
The second major proliferation concern surrounding pyroprocessing is
that it would likely be more difficult to safeguard than traditional reprocessing schemes. Pyroprocessing facilities can be made smaller than
PUREX facilities, making them more difficult to detect remotely. Thus,
pyroprocessing has the potential to exacerbate proliferation from plutonium in much the same way that the smaller, more efficient centrifuge
enrichment plants exacerbated the proliferation risk from uranium enrichment. In addition, it would be even more difficult to accurately
monitor the amount of plutonium being processed by a pyroprocessing
plant than it is at current PUREX plants due to the inhomogeneous nature
of the molten salt mixture.453 This would make it even more difficult to
verify that clandestine diversion for nuclear weapons development was
not taking place under a globalization of reprocessing facilities.
Finally, the large stockpiles of already separated plutonium creates additional concerns. For example, a government could simply choose to take
possession of plutonium stockpiles built up at commercial facilities and
use them directly to manufacture nuclear weapons. Ichiro Ozawa, the
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head of the Liberal Party in Japan, highlighted this potential dual nature
of plutonium from commercial fuel in April 2002. During a public discussion, Ozawa commented that if Japan felt threatened by China's military modernization program, that Japan could quickly and easily build a
nuclear arsenal of several thousand warheads using plutonium from its
commercial reactors. In October 1999, Shingo Nishimura was forced to
resign as vice-defense minister due to the public outcry over his suggestion that Japan might consider arming itself with nuclear weapons.
Ozawa’s statement, however, was followed not by his resignation, but by
Yasuo Fukuda, the Chief Cabinet Secretary, stating that times were
changing such that even revising the constitution’s ban on these weapons
was being discussed, and that, “depending on the world situation,” Japan
might eventually need to acquire a nuclear capability.454 The total
amount of separated plutonium stored in Japan as of 2001 (5.6 tons)
could make roughly 700 bombs while the total amount of plutonium
owned by Japan (38 tons, most of which is stored at reprocessing plants
in France and Britain) could make up to 4,750 bombs.455
The expense and concerns over nuclear weapons proliferation led the
authors of the MIT study to recommend the use of the once-through fuel
cycle in which the spent fuel is stored until it is ready for geologic disposal. In particular, the authors note that
The result of our detailed analysis of the relative merits of
these representative fuel cycles with respect to key evaluation
criteria can be summarized as follows: The once through cycle
has advantages in cost, proliferation, and fuel cycle safety,
and is disadvantageous only in respect to long-term waste disposal; the two closed cycles have clear advantages only in
long-term aspects of waste disposal, and disadvantages in cost,
short-term waste issues, proliferation risk, and fuel cycle
safety.456

Based on these findings, the MIT study went on to conclude that
For the next decades, government and industry in the U.S. and
elsewhere should give priority to the deployment of the oncethrough fuel cycle, rather than the development of more expensive closed fuel cycle technology involving reprocessing
and new advanced thermal or fast reactor technologies. 457

While we do not believe further effort should be placed on the development of any aspects of the front end of the nuclear fuel cycle, we share in
the conclusion that the use of plutonium in commercial reactors is expensive and poses unacceptable risks of nuclear weapons proliferation. We
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would add that existing stockpiles of both military and commercial plutonium should rapidly be put under international supervision to reduce its
susceptibility to diversion and should be converted into a form suitable
for permanent disposal such as mixing it with high-level waste prior to
vitrification.458 The discovery of a discrepancy of at least 300 kilograms
between the estimates for the amount of plutonium in the waste at the
Los Alamos National Laboratory highlights the importance of immediately undertaking an international effort to accurately account for all civilian and military plutonium stocks.459

Section 3.3 – Tritium Production
The acquisition of plutonium or highly enriched uranium remains the
primary barrier to the production of nuclear weapons, and is thus the area
of greatest concern with respect to proliferation. However, once the nuclear threshold is crossed, the production of tritium (a radioactive isotope
of hydrogen with a half-life of just over 12 years) can greatly enhance
the “effectiveness” of a country’s nuclear stockpile. As summarized in
the DOE’s 1991 Draft Environmental Impact Statement for the Siting,
Construction, and Operation of New Production Reactor Capacity,
The use of tritium in nuclear weapons makes it possible to
build smaller, yet more powerful weapons and also makes it
possible to reduce the amount of plutonium in each weapon.460

A reduction in warhead size and weight is an important step in being able
to fit the weapons onto missiles, and thus greatly increase the threat they
represent. The use of tritium in warhead designs is also the first step towards making the leap from pure fission weapons to thermonuclear
weapons (i.e. hydrogen bombs) which can be hundreds of times more
powerful. Currently all of the weapons in the U.S. arsenal make use of
tritium as a vital component.
Nearly all of the tritium that has been used in the U.S. stockpile was produced in the reactors at the Savannah River Site (SRS) in South Carolina.
Since the shutdown of the K reactor at SRS in 1993, the U.S. has been
recycling tritium from retired warheads to maintain its active stockpile.
Claiming a need to restart production due to the fact that tritium decays
at roughly 5.5 percent per year, Energy Secretary Bill Richardson announced on May 6, 1999, that the TVA’s Watts Bar and Sequoyah nuclear power plants in eastern Tennessee would be modified by the DOE
for the production of tritium to be used in the U.S. arsenal. In December
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1999 the TVA Board of Directors approved the agreement and in September 2002 the NRC approved the license amendment for Watts Bar
and Sequoyah Units 1 and 2. On October 20, 2003, the Watts Bar reactor officially commenced full scale production of tritium for the nuclear
stockpile. The lithium target rods were irradiated for 18 months before
being returned to the DOE for reprocessing at the Savannah River Site.461
These events mark a major departure from the long-held U.S. position on
distinguishing between civilian power plants and military production
reactors. As summarized by the DOE itself in 1991,
The production of nuclear material for defense purposes by
commercial power reactors licensed by the U.S. Nuclear
Regulatory Commission would be contrary to the longstanding national policy to separate commercial nuclear power
generation from the nuclear weapons program.462

In fact, the U.S. government is now having to actively subvert the spirit
of export controls in order to allow their plans for tritium production to
go forward. The DOE has had to arrange for completely domestic supplies of uranium to fuel these three reactors since the major foreign suppliers like Canada and Australia are prohibited from supplying uranium
for any use related to nuclear weapons production. In addition, the DOE
has had to arrange for the acquisition of components such as integrated
circuit boards from nations with less stringent export controls than major
supplier states like Japan, since the Japanese prohibit its equipment from
being used in the manufacture of nuclear weapons. The DOE has even
agreed to pay the TVA an additional $30 million over ten years to compensate them for the added inconvenience these kinds of arrangements
will require.463
One argument that has been put forward by proponents of the current
tritium production strategy is that, because the Tennessee Valley Authority is wholly owned by the federal government, that the implications for
non-proliferation efforts are less severe than if some other commercial
reactors had been chosen for the manufacture tritium. For example,
Ernest Moniz, one of the co-chairs of the committee that wrote the MIT
nuclear power study and an Undersecretary in the DOE at the time the
new tritium production strategy was being decided upon, told the Los
Angeles Times that because the TVA reactors were technically the property of the government that “the blurring is less.”464 There are, however,
two important reasons that this logic is flawed. The first is that the Watts
Bar and Sequoyah plants are not meaningfully different than any other
commercial power reactors in either technical details or how they are
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regulated by the NRC. They are commercial reactors that were built by
civilians with the sole intention of supplying electricity to the consumer
market and they have not served any military function whatsoever before
this time.465 Second, and more important, is the dangerous message that
this type of reasoning sends to other countries that have state owned utilities about the use of those facilities for the production of nuclear weapons related materials.
The continued pursuit of this tritium policy by the United States has the
potential to make it more likely that other countries may choose to follow
suit, especially if the number of light-water reactors were to expand significantly as envisioned by the global or steady-state growth scenarios.
This concern is heightened by the potential for the diffusion of tritium
production know-how from the commercial TVA facilities.466 Finally,
the U.S. backtracking on its commitment to a clear and unambiguous
separation of commercial nuclear power plants from military production
reactors may make it more difficult to prevent other countries in the future from turning their civilian nuclear infrastructure towards the production of fissile materials for nuclear weapons. This general blurring of the
line between what is “civilian” and what is “military” is likely to be the
most significant impact of the current U.S. tritium policy.

Section 3.4 – Strengthening Non-Proliferation Efforts
The authors of the MIT study themselves concluded that the expansion
of fuel cycle infrastructure and the limitations of the current safeguards
regime “raise significant questions about the wisdom of a global growth
scenario that envisions a major increase in the scale and geographical
distribution of nuclear power.”467 We share this conclusion and note that
it would be an even more acute concern in the case of a larger increase in
nuclear power such as envisioned under the steady-state growth scenario.
The MIT report goes on to note that while much of the proposed nuclear
expansion would occur in countries like the United States and China
which already have dedicated nuclear weapons complexes, other countries like Japan, South Korea, and Taiwan would also see significant expansion of nuclear power and that these countries might eventually seek
nuclear weapons in response to emerging pressures from either China or
a nuclear armed North Korea. Finally, the authors also acknowledge that
the significant growth of nuclear power in India and, to a lesser extent,
Pakistan might provide a potential pathway for facilitating the expansion
of these countries’ arsenals as well.468 In addition, the 2003 Pentagon
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study examining the possible implications of rapid climate change (see
Section 1.2) also included Israel, Germany, Iran, and Egypt among the
countries that might seek to develop or expand their nuclear weapons
capability in response to future national security pressures.469 The withdrawal of North Korea from the NPT and its apparent open pursuit of
nuclear weapons also makes it a concern for future proliferation should
they maintain access to nuclear power technologies. Table 3.3 summarizes the current nuclear capacity of these ten countries, as well as their
projected capacity in 2050 under the MIT high and low nuclear growth
scenarios.
Table 3.3: The current and projected nuclear power capacity under the MIT
global growth scenario for ten countries that are considered to be of potential
concern for future nuclear weapons proliferation.470

Effective Capacity in 2050
(MIT high nuclear growth)(a)
10

Egypt

0

Effective Capacity in 2050
(MIT low nuclear growth)(a)
5

Germany

17

33

49

India

2

87

175

Iran

0

11

22

Israel
Japan

0
31

1
61

2
91

North Korea

0

3

5

Pakistan

0

10

20

South Korea

11

26

37

Taiwan

4

11

16

Total

65

248

427

Country

Effective
Capacity in
2000 (GW)(a)

(a) The “effective capacity” reported by the MIT study is equal to the capacity required to
supply the projected level of electricity production assuming a 100 percent capacity factor
for the nuclear plants. For the 85 percent capacity factor assumed in the economic analysis of Chapter Two, the actual installed capacity in these countries would be greater than
that given in this table by 18 percent.

In just the ten countries listed in Table 3.3, nuclear power would expand
by 280 to 560 percent through 2050. More than 80 percent of that
growth would occur in Germany, India, Japan, and South Korea. In addition, there are other countries that, while unlikely to pose a serious risk
of proliferation, cannot be completely ignored given their history. Countries such as Argentina, Brazil, Libya, and South Africa have all had
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known or suspected nuclear weapons programs in the past and have all
had some level of access to fuel cycle technologies. In fact, Apartheid
South Africa actually built and then dismantled a total of seven nuclear
bombs using enriched uranium produced under the cover of a supposedly
civilian nuclear program.471 All four of these countries, however, have
officially renounced nuclear weapons and are currently non-nuclear
weapons states under the NPT. Under the low and high nuclear growth
scenarios, these four countries would be projected to have a total of 30 to
60 GW of nuclear capacity in 2050 compared to just 2 GW today.472
Such a large expansion of nuclear power would likely be accompanied
by the spread of enrichment and, potentially, reprocessing facilities as
well. Even programs short of full scale commercial facilities could raise
important proliferation concerns. As noted by the authors of the MIT
study,
The rapid global spread of industrial capacity (such as chemicals, robotic manufacturing) and of new technologies (such as
advanced materials, computer-based design and simulation
tools, medical isotope separation) will increasingly facilitate
proliferation in developing countries that have nuclear weapons ambitions. A fuel cycle infrastructure makes easier both
the activity itself and the disguising of this activity. Indeed,
even an extensive nuclear fuel cycle RD&D [research, development, and demonstration] program and associated facilities
could open up significant proliferation pathways well before
commercial deployment of new technologies.473

Considering the complex history of the countries listed in Table 3.3 both
domestically, and in their relations to their neighbors (for example Egypt
and Israel, Israel and Iran, India and Pakistan, India and China, Japan and
China, China and Taiwan, North Korea and South Korea, North Korea
and Japan, and so on), the added tensions and uncertainties that expanded
fuel cycle infrastructure could add to future conflicts is an important vulnerability of nuclear power.
Unfortunately, as the withdrawal of North Korea from the NonProliferation Treaty and its apparent resumption of nuclear weapons production have shown quite clearly, even when inspections and treaty obligations are able to prevent current weapons activity, they are not always
a guarantee for the future. A further example of how situations may
change dramatically over time is the case of Iran. In the mid-1970s the
United States was allied with the Shah of Iran and sought to encourage
not only the development of nuclear power reactors in that country, but
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also commercial scale fuel cycle facilities as well. In fact, under the
Ford Administration, the U.S. had began negotiations with the Iranian
government concerning the potential development of a binational or multinational reprocessing center in Iran as well as the development of domestic fuel fabrication capabilities. One specific advantage that the U.S.
then saw in aiding the development of such a facility was that access to
an Iranian reprocessing plant might help prevent Pakistan from seeking
to develop its own fuel cycle capabilities.474 What the implications for
the region might have been had Iran been in possession of nuclear power
plants and a commercial scale reprocessing center at the time of the Islamic revolution is difficult to say, but the Israeli attack on the Iraqi
Osirak reactor in 1981 raises a number of serious questions. In summarizing the potential security implications of nuclear development, Mohamed ElBaradei noted that, when faced with such an uncertain security
position,
…a country might choose to hedge its options by developing a
civilian nuclear fuel cycle – legally permissible under the NPT
– not only because of its civilian use but also because of the
“latent nuclear deterrent” value that such a programme could
have, both intrinsically and in terms of the signal it sends to
neighboring and other countries. The unspoken security posture could be summarized as follows: “We have no nuclear
weapons programme today, because we do not see the need
for one. But we should be prepared to launch one, should our
security perception change. And for this, we should have the
required capacity to produce the fissile material, as well as the
other technologies that enable us to produce a weapon in a
matter of months.” Obviously, the narrow margin of security
this situation affords is worrisome.475

One notable exception to the consensus regarding the risks associated
with nuclear power and the spread of nuclear weapons is the study conducted at the University of Chicago discussed in Chapter Two. The authors of this study conclude that “[t]here is a lack of agreement about
whether or not the availability of current reprocessing and enrichment
technology under current regulatory mechanisms are increasing nonproliferation risk.” They go on to claim, however, that issues of nuclear
weapons proliferation are outside the scope of their analysis because they
believe that “[t]he future economic viability of nuclear power… does not
depend on their resolution.”476 Given the clear evidence of the proliferation risks associated with uranium enrichment and reprocessing technologies outlined in Sections 3.1 and 3.2, as well as the fact that the existing safeguards regime has been able to limit, but not prevent the
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spread of nuclear weapons, it seems quite hard to justify the conclusions
of the U Chicago study.
Given the concerns regarding the potential spread of nuclear weapons
accompanying the spread of nuclear power, the authors of the MIT study
concluded that
…the current non-proliferation regime must be strengthened
by both technical and institutional measures with particular attention to the connection between fuel cycle technology and
safeguardability. Indeed, if the nonproliferation regime is not
strengthened, the option of significant global expansion of nuclear power may be impossible, as various governments react
to real or potential threat[s] of nuclear weapons proliferation
facilitated by fuel cycle development.477

The impacts from such proliferation are difficult to quantify, but they
could be quite severe. The spread of nuclear weapons and their further
introduction into regional conflicts would make their use increasingly
likely. The continued desire of the U.S. nuclear weapons establishment
to pursue new and more specialized battlefield nuclear weapons adds to
this potential. In addition, the spread of nuclear weapons technology and
fissile materials could make their acquisition by non-state actors more
possible. This latter fact is a particular concern given the difficulties in
deterring non-state actors and the greater likelihood for the surprise use
of a nuclear weapon against a large population center. Beyond the terrible human consequences that would accompany the use of such a
weapon, the direct and indirect financial impacts would also be staggering if a major center like New York, Tokyo, London, or New Delhi were
attacked with a nuclear weapon.
Unfortunately, despite a recognition of the important problems confronting nuclear power with respect to proliferation, the aggressive proposals
put forward by the authors of the MIT report and others to try and overcome these concerns are very unlikely to be successful.
Section 3.4.1 – Enhanced Inspections under the IAEA
One of the oldest proposals for how to allow the expansion of nuclear
power and the spread of research reactors without simultaneously increasing the risk of nuclear weapons proliferation is to rely on a system
of international safeguards and inspections. These inspections would
seek to verify that countries are both living up to their commitments not
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to use civilian infrastructure for military purposes as well as to verify that
countries are not operating undeclared clandestine facilities. Despite the
attractiveness of this option in principle, however, it was realized from
the very earliest days of the nuclear age that it was unlikely for any viable inspection regime to be complete or intrusive enough to guarantee
that a country wasn’t cheating.
As early as November 15, 1945, the leaders of the United States, Canada,
and Great Britain issued a joint declaration in which they noted that
“[t]he military exploitation of atomic energy depends, in large part, upon
the same methods and processes as would be required for industrial use.”
In light of this connection, President Truman and the Prime Ministers of
Britain and Canada stated their belief that
No system of safeguards that can be devised will of itself provide an effective guarantee against production of atomic
weapons by a nation bent on aggression.478

Similar conclusions were shared by General Leslie Groves, the head of
the Manhattan Project during World War II. In his testimony before
Congress on November 28, 1945, General Groves summarized the difficulties he saw in relying on inspections as follows:
Senator Tydings: So, if we do have an atomic-energy operated
world, all the inspections will be pretty much dissipated -- the
value, rather -- because once the development of atomic energy is assured to different nations and the means for producing it is set up, it is a very short step from there, both in time
and in mechanics and intellect and everything else that enters
into it to change that into making a bomb with it?
General Groves: That is correct. If that came to pass and I had
anything to say about the inspections, I would want an inspector of my own in every plant that this material was being used
in for the production of energy and I would also want somebody in there watching that man to make certain he was still
my man.479

These conclusions regarding the efficacy of inspections were further
supported by the findings of a major study commissioned in 1946 by
then Under-Secretary of State Dean Acheson on the future of nuclear
power and its connection to nuclear weapons proliferation. The Committee on Atomic Energy, as it was called, was chaired by David Lilienthal,
then the Chairman of the Tennessee Valley Authority and later the first
Chairman of the Atomic Energy Commission. The committee also inFor non-commercial use only
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cluded the presidents of the New Jersey Bell Telephone Company, Monsanto, and General Electric, as well as Robert Oppenheimer who had
headed the bomb design work at Los Alamos Laboratory during the
Manhattan Project. In their final report, the authors concluded that “[t]he
development of atomic energy for peaceful purposes and the development of atomic energy for bombs are in much of their course interchangeable and interdependent.”480 In light of this conclusion, the committee considered the potential effectiveness of various efforts to try and
enable the spread of nuclear power without simultaneously enabling the
spread of nuclear weapons. While they concluded that inspections would
be a necessary piece of any system of control, their conclusions with respect to the value of inspections alone are worth quoting at length:
We have concluded unanimously that there is no prospect of
security against atomic warfare in a system of international
agreements to outlaw such weapons controlled only by a system which relies on inspection and similar police-like methods. The reasons supporting this conclusion are not merely
technical, but primarily the inseparable political, social, and
organizational problems involved in enforcing agreements between nations each free to develop atomic energy but only
pledged not to use it for bombs. National rivalries in the development of atomic energy readily convertible to destructive
purposes are the heart of the difficulty. So long as intrinsically
dangerous activities may be carried on by nations, rivalries are
inevitable and fears are engendered that place so great a pressure upon a system of international enforcement by police
methods that no degree of ingenuity or technical competence
could possibly hope to cope with them.… We are convinced
that if the production of fissionable materials by national governments (or by private organizations under their control) is
permitted, systems of inspection cannot by themselves be
made “effective safeguards…. to protect complying states
against the hazards of violations and evasions.”481

Despite theses strong warnings, over the next several decades the spread
of nuclear technology was encouraged under President Eisenhower’s
Atoms for Peace initiative relying mainly on national efforts to control
the diffusion of fuel cycle technology and safeguards built around international inspections. The International Atomic Energy Agency, created
in 1957, was tasked with enforcing the nuclear safeguard agreements and
with performing the required inspections. The agency’s powers were
significantly expanded in 1970 when the Nuclear Non-Proliferation
Treaty came into force. As predicted, the efforts by the IAEA and individual countries were able to reduce but not eliminate the proliferation of
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nuclear weapons. The 1974 nuclear test conducted by India and the
revelations in 1986 by Mordechai Vanunu of the extent of Israel’s clandestine nuclear program stand as examples of the limitations of these
strategies when they were not universally applied. (Recall that both India and Israel are outside the NPT regime, and therefore their research
reactors and reprocessing plants were not subject to IAEA safeguards).
Since the early 1990s, three important discoveries have further highlighted the limitations of international inspections even when they are
applied to NPT member states.
Following the 1991 Gulf War, Iraq agreed to highly intrusive international inspections as a condition of the ceasefire agreement. These inspections revealed that Iraq had developed an extensive clandestine nuclear weapons program at undeclared sites that had gone undiscovered by
the IAEA through its normal safeguards agreement with Iraq. This secret
Iraqi program had included large investments aimed at developing a variety of uranium enrichment technologies. Despite the aggressive nature
of this program, however, the Iraqis were never able to enrich more than
a small quantity of medium enriched uranium. The second important
event was the revelation in 1992-93 that North Korea had extensively
violated its safeguards agreements and had been secretly pursuing the
acquisition of plutonium for nuclear weapons. In the wake of these two
failures by the IAEA to rapidly uncover fairly large and well developed
clandestine nuclear weapons programs, negotiations were undertaken to
significantly expand the Agency’s inspection powers. This effort led to
the creation of the Model Additional Protocol which was adopted by the
IAEA’s Board of Governors on May 15, 1997. When ratified by a member state, the Additional Protocol adds the following important requirements to the country’s cooperation with the IAEA:
(1) The member state is required to provide an expanded declaration of nuclear related activities, even if they do not currently involve nuclear material. This expanded declaration
must also include information on such things as uranium
mines (regardless of whether they are currently in use) and
disclose all trade in materials or equipment which are controlled by the Nuclear Suppliers Group.
(2) The members state is required to provide access to IAEA inspectors at all facilities specified by the agency as well as at
all facilities included in the expanded declaration in the
event of any questions or inconsistencies identified by the
agency.
For non-commercial use only

133

(3) The member state is required to provide IAEA inspectors visas upon request within one month which will remain valid
for one year.
(4) The member state is required to accept the use of environmental monitoring by IAEA inspectors as part of their analysis, including at sites not specified by the member state in its
declaration.482
As with other aspects of the NPT regime, the Additional Protocol is not
implemented in the same way in nuclear weapons states as it is in nonnuclear weapons states. For example, non-nuclear weapons states must
adopt all provisions of the Model Additional Protocol while nuclear
weapons states can pick and choose as they see fit. In addition, while the
IAEA is obligated to inspect all declared facilities in non-weapons states,
they have the right, but not the obligation, to inspect them in nuclear
weapons states. Of the 250 non-military nuclear facilities made available
for inspection by the U.S. to the IAEA under its voluntary agreement (i.e.
commercial power plants, research reactors, commercial fuel fabrication
plants, etc.) the Agency has only inspected 17 to date.483
The discovery of an extensive uranium enrichment program in Iran that
had gone undetected by the IAEA for as much as 20 years further highlighted concerns over the ineffectiveness of older safeguards agreements.
These revelations began following the September 2002 announcement by
Iran that it planned to install as much as 6,000 MW of nuclear capacity
and that it planned to simultaneously pursue the associated fuel cycle
facilities to support these plants. Following a February 2003 visit by
Mohamed ElBaradei, Iran acknowledged that they had conducted a wide
range of nuclear related activities that were not previously declared to the
IAEA. These undeclared activities included: (1) the importation of approximately 1.8 metric tons of natural uranium in various chemical forms
(some of which was used for isotope production experiments while some
was converted into uranium metal), (2) the nearly complete construction
of a pilot scale enrichment plant which would hold 1,000 centrifuges, (3)
the commencement of construction on a production scale enrichment
facility which would hold 50,000 centrifuges, and (4) plans to construct a
40 MW-thermal heavy water research reactor, a heavy water manufacturing plant, and a related fuel fabrication facility.484 These initial admissions were followed by subsequent evidence that Iran was still not being
fully honest with the IAEA.
In the original exchanges with the IAEA, the Iranians claimed that their
work on centrifuge technology had begun in 1997 and was based on in134

formation from open sources and their own domestic development work
using inert gas for testing. Environmental samples taken by inspectors in
mid-2003, however, revealed the presence of trace amounts of highly
enriched uranium at the centrifuge facility. In the wake of this discovery,
the Iranians then admitted that the decision to start their centrifuge program had actually begun in 1985 and that around 1987 they had obtained
drawings for centrifuges from a foreign intermediary, now believed to
have been a part of the A.Q. Khan network. Prior to 1997 they received
centrifuge components from overseas as well. It is believed that the
HEU detected by the inspectors was a result of contamination brought
into the country on the centrifuge components that had been acquired
overseas.485 This is consistent with the conclusion that the components
came from Pakistan through Khan’s network in light of Pakistan’s
known HEU production for nuclear weapons. As a result of the ongoing
questions regarding the Iranian program, Iran was officially declared to
be in noncompliance with its safeguards agreement by the IAEA Board
of Governors in September 2005 and was reported to the United Nations
Security Council in February 2006.486
The fact that such an extensive program had once again gone undetected
by the IAEA for so long despite the application of safeguards, led to a
renewed pressure for universal application of the Additional Protocol.
At the beginning of 2003, only 28 countries had ratified Additional Protocols with the IAEA. Significantly, of the five acknowledged nuclear
weapons states, only China had ratified their agreement with Agency,
and they had not done so until March of 2002.487 Under pressure, Iran
signed an Additional Protocol with the IAEA on December 18, 2003, and
agreed to abide by its conditions prior to ratification.488 However, in
February 2006 Iran ended its voluntary cooperation with the IAEA following the Agency’s reporting of Iran to the U.N. Security Council.489
In light of the experience to date regarding the efficacy of safeguards
agreements, the authors of the MIT study proposed the following far
reaching reworking of the basic framework of the Nonproliferation
Treaty:
We suggest a new approach that retains this [NPT] framework
and is based on technical assessment of risk, but politically
non-discriminatory. This approach centers on classifying
states as “privileged” of nuclear reactors or as “fuel cycle
states.” Declared “privileged states” would operate nuclear
reactors according to their internal economic decisions about
nuclear power versus alternatives, with international support
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for reactor construction, operational training and technical assistance, lifetime fresh fuel, and removal of spent fuel. Privileged states would not be eligible for fuel cycle assistance (enrichment, fuel fabrication, reprocessing). Thus “privileged”
states would be low risk for proliferation and would gain several benefits: absence of intrusive safeguards and inspections,
relief from expensive fuel cycle infrastructure development
costs, and in particular elimination of nuclear spent fuel/waste
management challenges.…
On the other hand, the “fuel cycle states” would be subject to a
new level of safeguards and security requirements, along the
line of those recommended above. Both groups of states
would be subject to the Additional Protocol with respect to
undeclared facilities.490

While this type of framework would allow the IAEA expanded inspection powers in the countries that pursue enrichment or reprocessing capabilities, they would remain focused mainly on preventing the misuse of
declared commercial facilities. The problems of uncovering clandestine
efforts would not be significantly reduced by this increased attention on
known plants. In addition, facilities in “fuel cycle states” that are also
acknowledged nuclear weapons states would likely continue to be routinely ignored by the IAEA while those in countries like Iran would receive intense scrutiny. Such a system would perpetuate the existing double standard of nuclear haves and have-nots, and would likely continue to
be viewed as unfair and unacceptable.
The slow progress to date in simply achieving universal ratification of
the Additional Protocol highlights the difficulties encountered in efforts
to expand the IAEA’s inspection powers. Despite the increased pressure
brought about by the revelations of the Iranian enrichment program and
the endorsement of universal application by the United Nations General
Assembly, the NPT Review Conference, and the IAEA General Conference, as of June 2005 only 67 countries had ratified their Additional Protocol agreements with the IAEA, while another 30 countries had signed,
but not ratified, such agreements.491 In addition, Taiwan has a nongovernmental agreement for inspections with the Agency and Libya has
agreed to apply the terms of their Additional Protocols while they are
awaiting entry into force. Of the five nuclear weapons states, the Additional Protocols with China, France, and the United Kingdom have now
gone into force, but the agreements with Russia and the United States
have still not been ratified.492
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A further challenge to strengthened inspection regimes is the issue of
commercial interest and the protection of proprietary technology. Brazil
has the sixth largest known recoverable uranium deposits in the world.
At an estimated 197,000 tons, they are nearly 90 percent larger than
those in the United States.493 Brazil is currently operating nuclear power
plants that require enriched uranium for fuel and, while they supply their
own uranium, the enrichment services are carried out in Europe which
adds to the total cost. In order to provide a domestic source of enrichment, as well as to potentially allow it to break into the international enriched uranium market, the Brazilians are currently preparing to commence the operation of a gas centrifuge enrichment plant near Rio de
Janeiro with a capacity of approximately 120 MTSWU per year. The
planned startup of this facility, however, was delayed by the refusal of
the Brazilian government to allow full and unfettered inspections by the
IAEA. Claiming a need to protect proprietary information, Brazil offered to allow inspectors to conduct environmental monitoring as well as
to monitor the uranium inputs and outputs, but they did not want to permit visual inspections inside the plant.494 In late 2004, the Brazilian government and the IAEA reportedly reached an agreement on the nature of
allowable inspections and the plant is now expected to commence commercial operation.
The concern over the potential abuse of the inspections process to allow
the theft of corporate secrets is not new. In Mohamed Shaker's 1980 review of the negotiations surrounding the Non-Proliferation Treaty he
notes that the non-nuclear weapons states had expressed fears that “international inspection might turn into industrial espionage.”495 In fact, the
United States claims certain exemptions for its commercial facilities under the Additional Protocol it signed in 1998, but has yet to ratify. In her
January 2004 testimony before Congress, Susan Burk, acting Assistant
Secretary of State for Nonproliferation, sought to reassure senators that if
the IAEA chose to inspect a U.S. facility that “so-called ‘managed access’ techniques can be used to protect sensitive proprietary or commercially sensitive information from disclosure.” The U.S. has also reserved
the right of final approval over all members of IAEA inspection teams.496
In addition, Burk noted that
The national security exclusion [which is part of the U.S. Additional Protocol agreement], therefore, gives the United
States an extraordinary legal means to protect and prevent the
transfer of information to the IAEA and exclude inspectors’
access in the United States whenever required for the protection of activities of direct national security significance to the
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United States or of information or locations associated with
such activities.497

As with other types of double standards, the acceptance of special treatment for the commercial facilities in the nuclear weapons states weakens
the inspection regime as a whole over the long run by undermining its
legitimacy. It will grow progressively more difficult to argue that other
countries should accept safeguards and intrusive inspections that the U.S.
has rejected for use in its own facilities.
Overall, the difficulties facing inspectors today are not far removed from
those facing inspectors in the 1950s. In fact, with the spread of smaller,
more energy efficient gas centrifuge plants and the general increase in
overall technological sophistication of countries, the difficulties facing
the IAEA are likely increasing rather than decreasing. Even with the
advent of the Additional Protocol, the continued reliance on international
inspections is not likely to be adequate to prevent the proliferation of
nuclear weapons should nuclear power expand dramatically. Referring
to such activities as the mining of uranium and thorium, the enrichment
of uranium, the operation of nuclear reactors, and the operation of reprocessing plants the Acheson - Lilienthal committee concluded that
If nations or their citizens carry on intrinsically dangerous activities it seems to us that the chances for safeguarding the future are hopeless.498

The inability of all but the most highly intrusive, expensive, and time
consuming inspection regimes to safeguard against proliferation in a
world where the existing nuclear weapons states seek to retain their
weapons indefinitely has led to a variety of proposals for restricting access to and control over fuel cycle technology, even for commercial purposes. These proposals are discussed in the following section.
Section 3.4.2 – Restricting Access to Fuel Cycle Technologies
Proposals to restrict access to fuel cycle technology are nearly as old as
the technology itself. As discussed above, the Acheson - Lilienthal
committee concluded in 1946 that no inspections regime alone would be
adequate to prevent nuclear weapons proliferation if countries were allowed to develop and operate their own reactors and related facilities
such as enrichment and reprocessing plants. The committee’s conclusion, therefore, was “that only if the dangerous aspects of atomic energy
are taken out of national hands and placed in international hands is there
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any reasonable prospect of devising safeguards against the use of atomic
energy for bombs.”499 They envisioned the creation of an “Atomic Development Authority” that would “bring under its complete control world
supplies of uranium and thorium” as well as build, own, and operate all
fuel fabrication plants, nuclear reactors, and reprocessing plants.500
A modification of the Acheson - Lilienthal proposal was presented to the
United Nations on June 14, 1946, by Bernard Baruch, President Truman’s special representative to the U.N. Energy Commission. In the Baruch Plan, an Atomic Development Authority (ADA) would be set up
under the auspices of the United Nations and would control all nuclear
research and development, would own of all facilities potentially related
to nuclear weapons production, would be responsible for licensing and
inspecting all other nuclear related activities carried out by individual
countries, and would be responsible for overseeing the eventual elimination of all existing nuclear weapons.501 The plan failed for a number of
reasons. Chief among these reasons were: (1) the desire of the U.S. to
retain the weapons it had built and to continue the development of its
nuclear capabilities until the establishment of the U.N. agency was complete, (2) the proposal’s elimination of the Security Council veto on
atomic matters which was strongly opposed by the Soviet Union, and (3)
the desire by the Soviet Union to break the U.S. monopoly and develop
its own nuclear arsenal.502
In contrast to these internationalist proposals was the “Atoms for Peace”
initiative put forth by the Eisenhower Administration in 1953. This plan
not only allowed individual countries to control both research and power
reactors, but actively sought to promote the expansion of these technologies around the world. The non-proliferation focus of the Atoms for
Peace initiative centered on controlling the spread of fuel cycle technology by promising that the United States would provide a secure supply of
enriched uranium to countries seeking to build light-water reactors.
However, access to the fuel cycle was technically allowed and Article IV
of the 1970 Nuclear Non-Proliferation Treaty enshrined in international
law the bargain that, in exchange for a promise to not seek the bomb,
non-nuclear weapons states had the right to acquire nuclear power and all
related “peaceful” technologies.
The promise of the United States to provide enrichment services, notwithstanding, large commercial fuel cycle facilities eventually began to
proliferate over time. The Netherlands, Germany, and the United Kingdom formed the uranium enrichment corporation Urenco in 1970 and
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developed advanced centrifuge enrichment plants in each of these three
countries. France joined with Spain, Italy, Belgium, and later Iran to
form the enrichment company Eurodiff which built a large gaseous diffusion plant in southern France. Finally, Japan developed its own reprocessing and fuel cycle facilities, while South Africa developed an indigenous uranium enrichment plant and commercial scale enrichment or reprocessing technologies were offered for sale to countries like Pakistan,
South Korea, and Brazil.503
The concerns over nuclear weapons proliferation highlighted by the 1974
Indian nuclear test and the U.S. renunciation of commercial reprocessing
in 1976-77, led to a revival of the idea of international control in the
1970s and 80s. Among the more important of these efforts were: “the
IAEA study on Regional Nuclear Fuel Cycle Centres (1975-77); the International Nuclear Fuel Cycle Evaluation programme (1977-80); the
Expert Group on International Plutonium Storage (1978-82); and the
IAEA Committee on Assurances of Supply (1980–1987).”504 However,
each of these efforts failed to make any significant progress towards facilitating the establishment of fuel cycle facilities under regional or international control.
Today commercial enrichment and reprocessing services remain in the
hands of individual countries and private companies. However, the recent revelations about the proliferation network of A.Q. Khan and the
concerns that have been raised by the U.S. and Europe over Iran’s efforts
to develop uranium enrichment capabilities, have given renewed life to
proposals seeking to limit access to fuel cycle technologies. Two basic
variations of these proposals have been put forward recently by those
seeking a revival of nuclear power. The first proposal harks back to the
Eisenhower “Atoms for Peace” initiative with the countries that already
possess these technologies providing fuel to the rest of the world, while
the second variation draws upon the Acheson - Lilienthal and Baruch
plans and advocates for international control of the nuclear fuel cycle.
In 2004, President Bush proposed that, in order to combat nuclear weapons proliferation under the guise of civilian nuclear programs,
The world's leading nuclear exporters should ensure that states
have reliable access at reasonable cost to fuel for civilian reactors, so long as those states renounce enrichment and reprocessing. Enrichment and reprocessing are not necessary for nations seeking to harness nuclear energy for peaceful purposes.505
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He went on the propose that no country be allowed to import any nuclear
technology unless they have ratified the Additional Protocol and that
The 40 nations of the Nuclear Suppliers Group should refuse
to sell enrichment and reprocessing equipment and technologies to any state that does not already possess full-scale, functioning enrichment and reprocessing plants.506

A similar proposal for restricting access to fuel cycle technologies was
included as an integral part of the Bush Administration’s Global Nuclear
Energy Partnership as well.507
These proposals for a total freeze on the development of fuel cycle facilities in new countries represent a fundamental shift in the interpretation of
the Nonproliferation Treaty’s guarantee of assistance to any country that
has not been found to be in violation of its safeguard agreements. Specifically, Article IV of the NPT states that:
1. Nothing in this Treaty shall be interpreted as affecting the
inalienable right of all the Parties to the Treaty to develop research, production and use of nuclear energy for peaceful purposes without discrimination and in conformity with articles I
and II of this Treaty.
2. All the Parties to the Treaty undertake to facilitate, and have
the right to participate in, the fullest possible exchange of
equipment, materials and scientific and technological information for the peaceful uses of nuclear energy. Parties to the
Treaty in a position to do so shall also cooperate in contributing alone or together with other States or international organizations to the further development of the applications of nuclear energy for peaceful purposes, especially in the territories
of non-nuclear-weapon States Party to the Treaty, with due
consideration for the needs of the developing areas of the
world.508

Despite this very unambiguous wording, the U.S. now argues that “[t]he
plain language of Article IV creates no ‘right’ to any particular nuclear
activities or facilities, nor does it require the transfer of any particular
technology.” The U.S. further argues that the obligations to not acquire
or aid others in acquiring nuclear weapons under Articles I and II of the
NPT allows states to withhold access to fuel cycle technology when there
are questions about its possible use in military programs regardless of
whether or not the IAEA has found the country to be in compliance with
its safeguards.509
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Insight into why the Bush administration’s proposal to create a permanent monopoly on uranium enrichment is not likely to be acceptable to
the global community can be gained by considering the history of how
similar promises made under Eisenhower’s “Atoms for Peace” initiative
were broken by the United States.510 When the Nixon administration
came to power in 1969, it sought to privatize the enrichment of reactor
fuel, which had until then been conducted by the Atomic Energy Commission.511 This was part of the administration’s larger efforts to privatize activities that had previous been government functions.
At the time when President Nixon entered office, the United States was
still the world’s largest provider of enriched uranium ,and was the only
reliable supplier for many countries. In order to justify privatization, the
Nixon Administration sought to disrupt the smooth functioning of the
AEC’s enrichment enterprise. In January 1973, the contract requirements for enrichment services were quietly changed to require customers
to make very long term projections of their enrichment needs and to impose larger financial penalties for failing to accept a scheduled order.
The AEC also raised the cost of enrichment services by 42 percent over
the 1966 price, built in future biannual price increases, and decoupled the
rate charged to international customers from that charged to domestic
utilities allowing for the possibility of discriminatory pricing in the future.512
Under this artificially created pressure, utilities began signing long-term
contracts with the AEC for enrichment services in order to avoid being
left short of fuel. By June 1974, the AEC enrichment capacity through
the year 1982 had already been oversubscribed. On July 2, 1974 the
signing of new enrichment contracts was suspended and 98 pending applications were declined.513 Despite complaints from the State Department that provoking this enrichment crisis was damaging U.S. nonproliferation efforts, the AEC refused to undo the change in its contracting
procedures. By the time the State Department was able to force concessions from the Commission, the damage to the U.S. reputation as a stable
and reliable supplier of enrichment had already been done. The European enrichment consortiums Urenco and Eurodiff attracted a number of
new contracts in the wake of these events, and countries like South Korea, Pakistan, and Brazil sought their own fuel cycle capabilities citing
the bottleneck in U.S. enrichment services as justification.514
The current global environment make it even less likely that countries
would be willing to trust a predominantly U.S., Russian, and European
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monopoly with control of its energy security. For example, India is expected to make up a large percentage of any future nuclear growth scenario, and they currently have no large scale commercial enrichment capacity. It is not reasonable to believe that they would allow any other
country or group of countries to unilaterally control the fuel for 15 to 30
percent of its electricity production over the next 45 years as envisioned
under the global growth scenario.515 The potential for political or economic disturbances in Russia to disrupt that country’s ability to provide a
counterbalance to western supplies further weakens the acceptability of
the Bush administration’s proposal. For example, in early January 2006,
a conflict between Russia and Ukraine over natural gas prices led Russia
to reduce the amount of gas it was shipping through the Ukrainian pipelines. This in turn caused disruptions in supply to many European countries highlighting concerns over relying on Russia as a major energy supplier.516
Finally, as the Congressional Office of Technology Assessment concluded a decade ago
Reserving enrichment and reprocessing for the nuclearweapon states would so badly aggravate the existing discriminatory nature of the international nonproliferation regime that
this option must be considered politically untenable.517

The inclusion of a handful of other European countries, Japan, and possibly Brazil to such a monopoly (see Table 3.1) would do little to make it
more politically acceptable today. Iran’s continuing refusal to give up its
commercial uranium enrichment program can be seen, in part, in this
context. It is this unacceptability of national monopolies that have led to
a revival of proposals for international control.
The highest profile proposal for international control over the fuel cycle
has come from Mohamed ElBaradei. This is a particularly significant
fact given that the stated goal of the IAEA is to help facilitate the development of nuclear power around the world. Speaking a few months after
President Bush announced his proposal for freezing access to enrichment
and reprocessing facilities, the IAEA Director General proposed that
We should consider limitations on the production of new nuclear material through reprocessing and enrichment, possibly
by agreeing to restrict these operations to being exclusively
under multinational controls. These limitations would need to
be accompanied by proper rules of transparency and, above
all, by international guarantees of supply to legitimate wouldbe users.518
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In early 2005, Dr. ElBaradei elaborated on his proposal as follows:
The first step [to improving world security]: put a five-year
hold on additional facilities for uranium enrichment and plutonium separation. There is no compelling reason to build
more of these facilities; the nuclear industry has more than
enough capacity to fuel its power plants and research centres.
To make this holding period acceptable for everyone, commit
the countries that already have the facilities to guarantee an
economic supply of nuclear fuel for bona fide uses. Then use
the hiatus to develop better long-term options for managing
the technologies (for example, in regional centres under multinational control).519

Dr. ElBaradei’s plan therefore incorporates elements of President Bush’s
proposal in the near term, but attempts to overcome its political unacceptability by explicitly linking the national monopolies to the longer
term creation of an international monopoly. Similar proposals put forth
by others have also included the option for international storage of spent
fuel as a means of preventing clandestine reprocessing.520
Although they raise different concerns, multinational plans such as that
proposed by Dr. ElBaradei are likely to be little more acceptable than the
national monopolies of President Bush’s proposal. The group of experts
brought together by the IAEA to examine the feasibility of the Director
General’s proposal summarized the failure of efforts undertaken in the
1970s and 80s to establish multinational control over the fuel cycle as
follows:
All of these initiatives failed for a variety of political, technical and economic reasons, but mainly because parties could
not agree on the non-proliferation commitments and conditions that would entitle States to participate in the multilateral
activities. Moreover, differences of views prevailed between
those countries and/or regions that did not plan to reprocess or
recycle plutonium and those that favoured it (the latter group
being concerned, in particular, about the availability of fuel
supplies and the possibility of the interruption of supplies by
suppliers).521

In addition, the IAEA report also conclude that, while so-called Multilateral Nuclear Approaches (MNAs) would likely have some advantages
from a nonproliferation standpoint,
However, the case to be made in favour of MNAs is not entirely straightforward. States with differing levels of technol144

ogy, different degrees of institutionalisation, economic development and resources and competing political considerations
may not all reach the same conclusions as to the benefits, convenience and desirability of MNAs. Some might argue that
multilateral approaches point to the loss or limitation of State
sovereignty and independent ownership and control of a key
technology sector, leaving unfairly the commercial benefits of
these technologies to just a few countries. Others might argue
that multilateral approaches could lead to further dissemination of, or loss of control over, sensitive nuclear technologies,
and result in higher proliferation risks.522

There are additional concerns, such as economic considerations and what
would be done with the military facilities in the five nuclear weapons
states, that add to the difficulty of negotiating multilateral approaches.
At current market prices, the enrichment services necessary to fuel 1,000
gigawatts of nuclear capacity would amount to roughly $10 to $14.4 billion in annual sales.523 Current enrichment services are provided primarily by private or quasi-private companies. In light of these kinds of considerations, the Congressional Office of Technology Assessment concluded that
Instituting an international nuclear material control regime
would involve the internationalization of enrichment, reprocessing, and, possibly, fuel fabrication facilities.… As such, an
international control regime would involve drastic changes to
the way the uranium and plutonium markets now operate, affecting the ownership and operation of many billions of dollars worth of existing facilities. Dramatic changes would be
required to the international legal regime, along with extensive
treaty negotiations.
It would be very difficult to create such a regime. Nonnuclear-weapon states would likely object strongly to a regime
that reinforced the discriminatory aspects of the NPT by denying them the ability to operate nuclear fuel-cycle facilities by
themselves, while permitting the nuclear weapon states to do
so in their military programs. Given the magnitude of the
changes such a policy would require, it would likely be possible only with sustained effort over many years, if at all.524

The conflicts between the United States and its NATO allies France,
Belgium, and Germany in the lead up to the 2003 invasion of Iraq illustrate the difficulties that can be encountered in trying to implement multilateral security programs even among countries with close economic,
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political, and military relationships who share many similar overall security concerns and international goals.
A further potential difficulty to implementing such programs was created
by the issuance of the Joint Statement Between President George W.
Bush and Prime Minister Manmohan Singh on July 18, 2005. In this
statement, President Bush announced his intention to request that Congress amend federal laws and to have the U.S. and its allies amend “international regimes” in order to allow “full civil nuclear energy cooperation and trade with India” including the sale of uranium fuel for the Tarapur reactor. In addition, the statement announced the U.S. intention to
“consult” with other countries on allowing India to join in ITER [International Fusion Energy Research project] and the Generation IV International Forum. In exchange the Indian Prime Minister agreed to a
“phased” separation of India’s civilian and military nuclear infrastructure, as well as placing the declared civilian infrastructure under voluntary IAEA safeguards, continuing the test moratorium, working with the
U.S. on advancing negotiations of a Fissile Material Cut-off Treaty, and
“refraining from transfer of enrichment and reprocessing technologies to
states that do not have them” in line with the Bush Administration’s proposal.525
In addition to the specific steps outline above, the joint statement included a particularly important pair of statements that shed additional
light on the significance of this major change in U.S. policy. The U.S.
part of the joint statement noted that
President Bush conveyed his appreciation to the Prime Minister over India’s strong commitment to preventing WMD proliferation and stated that as a responsible state with advanced
nuclear technology, India should acquire the same benefits and
advantages as other such states.526

The definition of “other such states” was not clarified further by the U.S.,
however, the Indian half of the joint statement noted that
The Prime Minister [Manmohan Singh] conveyed that for his
part, India would reciprocally agree that it would be ready to
assume the same responsibilities and practices and acquire the
same benefits and advantages as other leading countries with
advanced nuclear technology, such as the United States.527

Thus, while not explicitly declaring it, by issuing a joint statement which
includes a specific reference to India accepting the “same responsibilities
and practices” on nuclear issues as those of the United States, the Bush
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Administration has taken a significant first step towards what is likely to
be viewed as a de facto recognition of India as a nuclear weapons state
akin to those under the NPT. The similarity of India’s acceptance of
safeguards on self-declared “civilian” facilities while prohibiting access
to its “military” facilities to the practices of the nuclear weapons states
further strengthens this implication of the joint statement.
Implementing this agreement between the U.S. and Indian governments
would require the Nuclear Suppliers Group to fundamentally change its
rules against exporting sensitive nuclear technology to countries that
have not ratified the Non-Proliferation Treaty. By allowing India, a
country whose nuclear weapons program goes back well before 1974 and
who has tested nuclear weapons as recently as 1998, to be given full access to advanced nuclear power technology would severely erode the
primary bargain of the NPT; namely that such technology could only be
acquired in exchange for a pledge not to develop or acquire nuclear
weapons. If the President’s proposals are carried out, it would create a
significant new double standard that would make it increasingly difficult
to stop NPT members like Iran from acquiring fuel cycle technology
while India would retain its nuclear arsenal outside the treaty and enjoy
unrestricted access to nuclear technology and materials.
It is very unlikely that either national or international monopolies on the
fuel cycle would be sustainable, as the deadlock at the 2005 NPT Review
Conference and the ongoing standoff between the U.S., the EU and Iran
demonstrate. However, even if one of these proposals was somehow
brought into force, it would still not be capable of totally eliminating the
proliferation risks associated with a large expansion of nuclear power.
As noted by William Sutcliffe, a Senior Physicist at the Lawrence Livermore National Laboratory, “[t]here is little that can be done to prevent
the diffusion of technology and therefore its potential for misuse.”528
Mohamed ElBaradei concluded that
The technical barriers to mastering the essential steps of uranium enrichment – and to designing weapons – have eroded
over time, which inevitably leads to the conclusion that the
control of technology, in and of itself, is not an adequate barrier against further proliferation.529

As noted above, the extent of the A.Q. Khan proliferation network and
fact that it was reportedly able to transfer advanced centrifuge technology and components to Iran, Libya, and North Korea before it was identified and finally stopped highlights the limitations of export controls and
current efforts to prevent clandestine proliferation. Such concerns have
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given rise to an increased focus on punishing proliferation after it has
been discovered as will be discussed in the next section.
Section 3.4.3 – Increased Consequences for Suspected Proliferators
The proposals put forth for strengthening the inspection regimes and restricting access to fuel cycle technologies are both proactive efforts that
seek to detect and prevent nuclear weapons programs from developing.
However, for such efforts to have any significant effect on limiting proliferation, the proponents of nuclear power acknowledge that mechanisms would have to be in place to punish countries that violate their international agreements as well. As summarized by Bernard Baruch in his
June 1946 speech before the United Nations on the international control
of atomic energy
We must provide the mechanism to assure that atomic energy
is used for peaceful purposes and preclude its use in war. To
that end, we must provide immediate, swift, and sure punishment of those who violate the agreements that are reached by
the nations. Penalization is essential if peace is to be more
than a feverish interlude between wars.530

The imposition of enforcement mechanisms, however, creates a number
of concerns over the viability of these non-proliferation efforts. These
concerns are particularly acute for proposals that would be strong enough
to facilitate a widespread expansion of nuclear power without resulting in
a spread of nuclear weapons as well.
Outside of naval blockades and other direct military action, the most aggressive of the proposed enforcement mechanisms is the imposition of
United Nations sanctions. The NPT already allows the U.N. Security
Council to impose a penalty on countries that are found to be in violation
of their safeguards agreements with the IAEA. However, to date the
United Nations has been reluctant to exercise this power, and this has
prompted calls for greater action by some proponents of nuclear power’s
revival. The authors of the MIT study recommended that the “[t]he U.N.
Security Council should develop guidelines for multilateral sanctions in
the event of serious violations of safeguards agreements.” In addition,
they recommend that “more stringent restrictions” be placed on countries
that remain outside the non-proliferation framework.531 Another example can be found in a recent statement by Mohamed ElBaradei. In a June
2004 speech, Dr. ElBaradei noted that
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For 12 years, the Democratic People’s Republic of Korea
(DPRK) has been in non-compliance with its NPT obligations.
In January 2003, the DPRK capped its non-compliance by declaring its withdrawal from the NPT. Naturally, the Agency
reported the situation to the United Nations Security Council.
But now, more than a year later, the Security Council has not
even reacted. This lack of response, this inaction, may be setting the worst precedent of all, if it conveys the message that
acquiring a nuclear deterrent, by whatever means, will neutralize any compliance mechanism and guarantee preferred treatment.532

A final example of these calls for stronger action by the Security Council
was the Bush administration’s efforts to see Iran sanctioned by the
United Nations. This effort led to Iran being reported to the Security
Council in February 2006.533
There are three main reasons why a more stringent sanctions regime is
unlikely to be effective at successfully deterring the production of nuclear weapons and should not be supported. The first reason is that economic sanctions can actually work to strengthen a government’s internal
position while primarily hurting ordinary people. Cuba and Iraq are two
examples of this effect. Despite an intensive economic embargo and a
long history of covert military and political operations sponsored by the
U.S. against it, the government of Fidel Castro has outlasted nine U.S.
presidents and remains in power today.534 In Iraq, the dictatorship of
Saddam Hussein remained in power during more than a decade of intense sanctions coupled with ongoing U.S. and British bombing campaigns in parts of Iraq. As a result, the United Nations Children’s Fund
estimated that, had Iraq not been under sanctions and instead been allowed to continue investing in its social sector, between 1990 and 1998 a
staggering half a million children who died before reaching their fifth
birthday would have otherwise survived.535 This human toll should be
more than enough reason to resist the use of these kinds of coercive sanctions.
The second reason that sanctions are likely to be an ineffective strategy
in the current context is that many countries of potential proliferation
concern are either permanent members of the Security Council themselves (i.e. the five nuclear weapons states under the NPT) or are strategically important to at least one, and often several, of the permanent
council members. Given the absolute power of the veto in the United
Nations, such countries or their close allies are therefore very unlikely to
be targets of international sanctions. For example, the U.S. use of its
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veto power to systematically shield Israel from condemnation by the Security Council despite Israel’s possession of an undeclared nuclear arsenal and the extension by the United States of “Major Non-NATO Ally”
status to Pakistan shortly after the A.Q. Khan proliferation network became public provide relevant examples.536 The importance of the veto in
limiting the ability of the U.N. to hold certain countries accountable was
recognized from the very start of the nuclear age. In his June 1946
speech on the international control of atomic energy and atomic weapons, Bernard Baruch, the U.S. negotiator, concluded
It would be a deception, to which I am unwilling to lend myself, were I not to say to you and to our peoples that the matter
of punishment lies at the very heart of our present security system. It might as well be admitted, here and now, that the subject goes straight to the veto power contained in the Charter of
the United Nations so far as it relates to the field of atomic energy.537

The Baruch proposal to eliminate the veto power in matters relating to
violations of non-proliferation agreements was strongly objected to by
the Soviet Union, and became one of the central disagreements that
caused the negotiations for international control of atomic energy to
fail.538 No proposal to limit or eliminate the Security Council veto today
would fare any better.
The third reason that sanctions are unlikely to be effective is that the acquisition of nuclear weapons by a country creates great pressures on
other countries to pursue diplomatic negotiations and against further
economic and political isolation. The threat posed by a nuclear armed
state is such that engagement and dialogue are likely to have significant
security advantages for its neighbors or rivals which might be hampered
by the imposition of harsh economic sanctions. This has so far proved
true in the case of North Korea. Since the latest crisis began, both China
and South Korea have actually expanded trade with North Korea and
have shown reluctance to join in any discussion of sanctions or other
more confrontational strategies. On the other hand, Japan has reduced its
economic contacts with the North. As implied by the June 2004 comments from Dr. ElBaradei quoted above, it would be hard for potential
proliferators to compare the invasion and occupation of Iraq and the hard
line taken by the United States towards the Iranian commercial enrichment program to the treatment of North Korea’s open pursuit of nuclear
weapons without drawing the conclusion that the possession of a nuclear
deterrent is a potential pathway to enhanced national security when facing threats from far more powerful countries. This is particularly impor150

tant in the case of countries that are facing potential threats from states
that are already armed with nuclear weapons and have declared policies
that would allow their use against non-nuclear armed states.539
Given that strengthened sanctions regimes have potentially devastating
human impacts and that they are likely to be of limited value in preventing proliferation, a variety of new strategies have been proposed to augment export controls and to try and prevent the illicit transfer of nuclear
weapons related technologies. A central element of these so-called
“counter proliferation” efforts has been the establishment of the Proliferation Security Initiative (PSI). The PSI is a group of countries that,
without explicit United Nations authorization, have agreed to work together to intercept shipments of nuclear, chemical, and biological weapons as well as missile technology and materials or equipment related to
any of these types of programs.540 The first of the so-called “Interdiction
Principles” agreed to by the PSI member states that these countries will
Undertake effective measures, either alone or in concert with
other states, for interdicting the transfer or transport of WMD,
their delivery systems, and related materials to and from states
and non-state actors of proliferation concern. “States or nonstate actors of proliferation concern” generally refers to those
countries or entities that the PSI participants involved establish should be subject to interdiction activities because they
are engaged in proliferation through: (1) efforts to develop or
acquire chemical, biological, or nuclear weapons and associated delivery systems; or (2) transfers (either selling, receiving, or facilitating) of WMD, their delivery systems, or related
materials.541

The interdiction of the BBC China by the Italian coast guard in October
2003, and the seizure of uranium enrichment technology and related
equipment bound for Libya has been widely heralded as a major success
for the PSI. However, certain aspects of this initiative are of dubious
legality and raise serious concerns with respect to their long-term impact
on the Law of the Sea.542 In particular, the Law of the Sea, a loose collection customary law and international treaties, outlaws such activities
as piracy, slave trading, trafficking in illegal drugs, and unauthorized
broadcasting of television or radio, but includes no prohibition against
the transport of nuclear weapons, missiles, or their related technology. In
fact, the United States, France, Britain, China, and Russia have all argued
against the imposition of any such prohibition because of their desire to
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continue transporting their nuclear weapons and missiles over the
world’s oceans.
Under the PSI’s interdiction principle quoted above, the decision as to
which states are classified as a “proliferation concern,” and thus possible
targets for interdiction, are made entirely by the PSI countries themselves
with no review or oversight authority. For example, missile sales by the
United States are allowed to go unchallenged while a missile shipment
from North Korea to Yemen has already been intercepted, although not
ultimately prevented.543 As Christopher Clary, a research associate at the
U.S. Naval Postgraduate School, concluded in 2004, “[a]t present, the
line between interdiction and piracy is thin and blurry.”544
In order to try and overcome the questionable legality of this interdiction
policy, the U.S. has entered into a series of bilateral agreements with major shipping countries. In February 2004, the United States signed an
agreement that gave it the explicit legal authority to board any Liberian
vessel in search of nuclear, chemical, or biological weapons, their delivery vehicles, or related materials. This was followed in May by the signing of a similar ship boarding agreement with Panama and in August by
an agreement with the Marshall Islands. By August 2005 three additional ship boarding agreements had been signed with Belize, Croatia,
and Cyprus. Panama and Liberia have the largest and second largest ship
registries in the world respectively. When added to the ships registered
to PSI member states, the six ship boarding agreements give the U.S. a
legal right to search more than 50 percent of the world’s commercial
shipping fleet.545
The United States has called on NPT member states to endorse “cooperation to interdict illegal transfers of nuclear material and equipment that is
fully consistent with domestic legal authorities and international law and
relevant frameworks, such as the Proliferation Security Initiative.”546
However, both China and Russia initially refused to join the PSI due to
concerns over its unilateral nature and lingering questions over its legality.547 The clear double standard it represent makes it unlikely that interdiction strategies like the PSI will be able to achieve the universality required to prevent proliferation in the event of a greatly expanded nuclear
power infrastructure. If interdiction was used routinely, the impact on
international law in general, and on the Law of the Sea in particular,
could be serious as this small number of countries, representing just 15
percent of the world’s population, would be essentially seeking to unilaterally re-write the rules governing ocean transport by themselves.548
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Finally, and most troubling, are the proposals for an expanded use of
“preemptive” military strikes against countries suspected of violating
their safeguards and pursuing clandestine nuclear programs. In 1981, the
Israeli air force invaded Iraq and used U.S. made planes to bomb the
French built Osirak reactor about 15 miles east of Baghdad. This attack
was prompted by the Israeli concern over the reactor’s ability to support
a nuclear weapons program. A French technician working at the site was
killed in the attack. The bombing was condemned by all the members of
United Nations Security Council, including the United States. The Security Council unanimously passed a resolution that strongly condemned
the attack by Israel which it said was “in clear violation of the United
Nations charter and the norms of international conduct” and was “a serious threat to the entire International Atomic Energy Agency safeguards
regime.”549
Despite this rare public disavowal of Israeli actions in the United Nations, after the 1991 Gulf War, then Secretary of Defense Dick Cheney
sent an aerial photograph of the wrecked Osirak reactor to the commander of the Israeli Air-Force, on which Cheney reportedly wrote:
For Gen. David Ivry, with thanks and appreciation for the outstanding job he did on the Iraqi nuclear program in 1981 -which made our job much easier in Desert Storm.550

The support for preemptive military action against suspected nuclear,
chemical, and biological weapons was formally incorporated into U.S.
policy in the September 2002 National Security Strategy of the United
States of America. This policy document stated that
The United States has long maintained the option of preemptive actions to counter a sufficient threat to our national security. The greater the threat, the greater is the risk of inaction—
and the more compelling the case for taking anticipatory action to defend ourselves, even if uncertainty remains as to the
time and place of the enemy’s attack. To forestall or prevent
such hostile acts by our adversaries, the United States will, if
necessary, act preemptively.
The United States will not use force in all cases to preempt
emerging threats, nor should nations use preemption as a pretext for aggression. Yet in an age where the enemies of civilization openly and actively seek the world’s most destructive
technologies, the United States cannot remain idle while dangers gather.551
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The option of preemptive strikes against nuclear, chemical, or biological
weapons was also included in the December 2002 National Strategy to
Combat Weapons of Mass Destruction. This document warned that
The United States will continue to make clear that it reserves
the right to respond with overwhelming force – including
through resort to all of our options – to the use of WMD
against the United States, our forces abroad, and friends and
allies.
…
Because deterrence may not succeed, and because of the potentially devastating consequences of WMD use against our
forces and civilian population, U.S. military forces and appropriate civilian agencies must have the capability to defend
against WMD-armed adversaries, including in appropriate
cases through preemptive measures. This requires capabilities
to detect and destroy an adversary’s WMD assets before these
weapons are used.552

Finally, the Bush Administration’s position on preemptive military action was reiterated in the March 2006 National Security Strategy of the
United States of America. This update of the 2002 policy stated that
If necessary, however, under long-standing principles of self
defense, we do not rule out the use of force before attacks occur, even if uncertainty remains as to the time and place of the
enemy’s attack. When the consequences of an attack with
WMD are potentially so devastating, we cannot afford to stand
idly by as grave dangers materialize. This is the principle and
logic of preemption. The place of preemption in our national
security strategy remains the same.553

The March 2003 invasion and occupation of Iraq by the U.S. and Britain
premised on the supposed continuation of Iraqi programs to develop illicit weapons is the most stark and deeply troubling example of these
doctrines in action. Adding to such concerns is the speculation that Israel or the United States may be prepared to attack Iran's nuclear facilities if it continues to make progress towards developing uranium enrichment capabilities.554 Finally, Richard Perle, a key administration advisor
and one of the architects of the war on Iraq, told reporters regarding the
North Korean nuclear program
But I don't think anyone can exclude the kind of surgical strike
we saw in 1981… We should always be prepared to go it
alone, if necessary.555
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As the Director General of the IAEA noted, there is only a “narrow margin of security” that accompanies the development of civilian fuel cycle
technology in a country given its ability to support a future nuclear
weapons program.556 As we have discussed above, it is unlikely that access to fuel cycle technology could be limited in any meaningful or sustainable way if the use of nuclear power was to greatly expand over the
coming decades. The embracing of “preemptive” military strikes by
powerful states like the U.S. and Israel (which have both demonstrated
their willingness to carry out such a policy), further erodes this margin of
security. Such military actions present a serious challenge to the future
growth of nuclear power around the globe if proliferation were to be held
in check by increased regional tensions and the risk of conventional war.
Section 3.4.4 – Disarmament and Nonproliferation
Finally, the two most important issues that limit the effectiveness of efforts to prevent nuclear weapons proliferation while expanding nuclear
power is the inability to adequately address the problem of countries outside the NPT regime and the inability to address the unwillingness of the
five acknowledged nuclear weapons states to live up to their NPT obligation to bring to a conclusion negotiations on disarmament.557 The institutionalization of a system in which some states are allowed to possess nuclear weapons while dictating intrusive inspections and restricting what
activities other states may pursue is not sustainable over the long-term.
This situation is aggravated by the fact that the only country to actually
use nuclear weapons in a time of war is one of the central countries
claiming that others are not responsible enough to be trusted with these
weapons. The devastating impact of nuclear bombs and their potential
use as a weapon of surprise or terror adds further complications to a
world of nuclear “haves” and “have-nots.” As summarized by Mohamed
ElBaradei in his remarks to the 2005 NPT Review Conference
As long as some countries place a strategic reliance on nuclear
weapons as a deterrent, other countries will emulate them. We
cannot delude ourselves into thinking otherwise.558

First, any attempt to reduce future proliferation concerns will have to
address the four countries currently outside the NPT regime. The existence of nuclear weapons in India, Pakistan, Israel, and presumably
North Korea creates serious pressures on their neighbors. In this context
it is interesting to note that despite discussion of three of these four programs, the MIT study does not contain a single mention of the Israeli
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nuclear weapons program despite its size, technical sophistication, and
implications for the long-term stability of the Middle East. Estimates
following the release of information by Mordechai Vanunu in 1986 put
the Israeli stockpile nearly on par with those of France or the United
Kingdom. The Egyptian government opposed the indefinite extension of
the NPT due to the security implications of Israel and other countries
remaining outside the regime.559 Mohamed ElBaradei has stated that
“the Israeli military nuclear programme is a cause of great concern in the
Middle East and in the world as a whole.”560 Finally, the Congressional
Office of Technology Assessment concluded that
Even if Israeli weapons of mass destruction are not themselves
deemed to threaten the United States or U.S. interests, however, their implicit acceptance complicates nonproliferation
policy.561

It has been 10 years since the goal for a nuclear weapons free zone in the
Middle East was adopted by the NPT member states. While the United
States government officially supports the creation of a Middle East nuclear weapons free zone, it has yet to put any meaningful pressure on
Israel. In a constructive sign, during the visit of Mohamed ElBaradei to
Israel in 2004, then Prime Minister Sharon and Minister of Foreign Affairs Silvan Shalom told the Director General that, within the larger context of negotiations with the Palestinians, that the Israelis were prepared
to begin a discussion on the eventual establishment of a nuclear weapons
free zone.562 However, the treatment by the Israeli government of Mordechai Vanunu, the man that exposed the scale of Israel’s secret nuclear
weapons program to the world, highlights the long road that such a process would likely represent.
Mordechai Vanunu was released from prison in April 2004 after spending 18 years in jail following his conviction for espionage and treason.
He reportedly spent more than eleven of those years in solitary confinement. Upon his release he was barred by the Israeli government “from
leaving the country, approaching its borders,” or of “talking to foreigners
without permission.”563 These prohibitions were to last at least one year.
from the time of his release Less than seven months later, Vanunu was
rearrested by the Israelis and placed under house arrest for speaking to
reporters and the European Social Forum without authorization. This
arrest was made despite the fact that no new secret information was revealed.564
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Second, successful nonproliferation efforts must necessarily address disarmament in the five acknowledged nuclear weapons states. This has
been recognized to be the case from the earliest days of the nuclear age.
For example, India's official justification for refusing to join the NPT
regime was the treaty’s lack of clearly required steps for disarmament as
well as its lack of legally binding assurances that nuclear weapons would
not be used against non-nuclear states.565 This connection between disarmament and non-proliferation efforts remains strong today. In an oped published in the New York Times in February 2004, Mohamed ElBaradei wrote
Of course a fundamental part of the nonproliferation bargain is
the commitment of the five nuclear states recognized under the
nonproliferation treaty -- Britain, China, France, Russia and
the United States -- to move toward disarmament.… A clear
roadmap for nuclear disarmament should be established -starting with a major reduction in the 30,000 nuclear warheads
still in existence, and bringing into force the long-awaited
Comprehensive Test Ban Treaty.566

The authors of the MIT report, however, do not address the problems of
disarmament in the context of their nonproliferation proposals. This is a
noteworthy omission given that the study’s two co-chairs (Ernest Moniz
and John Deutch) had both been high ranking officials in the Department
of Energy, which oversees the U.S. nuclear weapons establishment. In
fact, Ernest Moniz has referred to the maintenance of a so-called safe and
reliable nuclear stockpile as “a supreme national interest for this country”
while John Deutch has co-authored an op-ed with Henry Kissinger and
Brent Scowcroft opposing ratification of the Comprehensive Test Ban
Treaty. In this op-ed the authors stated that they were “no fans” of the
CTBT and that “for the foreseeable future, the United States must continue to rely on nuclear weapons to help deter certain kinds of attacks on
this country and its friends and allies.”567
While a complete discussion of the role of nuclear weapons in U.S. and
NATO military strategy is well beyond the scope of this report, a brief
review will serve to illustrate the challenge that these policies present to
current and future nonproliferation efforts.568 Prior to 1999, the United
States had been pursuing policies that were slowly coming more directly
into line with its disarmament obligations. These policies included the
negotiation of the Strategic Arms Reduction Treaties (START) with
Russia, the 1992 nuclear test moratorium, the signing of the Comprehensive Test Ban Treaty (CTBT), and the sharp reduction in tactical nuclear
forces deployed in Europe. Since the failure of the U.S. Senate to ratify
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the CTBT, however, the U.S. has been steadily turning away from its
disarmament commitments.
The withdrawal from the Anti-Ballistic Missile Treaty in December
2001, the open hostility of the Bush Administration to the CTBT, the
issuance of the 2001 Nuclear Posture Review, the announcement of the
NATO doctrine for continued reliance on nuclear weapons, the commencement of tritium production in commercial power reactors, and the
rejection of the START framework in exchange for the unverifiable
Moscow Treaty that sets no intermediary goals and is set to expire upon
its entry into force in 2012, all point to the conclusion that the U.S. intends to expand rather than shrink its reliance on nuclear weapons. For
example, the Nuclear Posture Review states that
Nuclear weapons play a critical role in the defense capabilities
of the United States, its allies and friends. They provide credible military options to deter a wide range of threats, including
WMD and large-scale conventional military force. These nuclear capabilities possess unique properties that give the
United States options to hold at risk classes of targets [that
are] important to achieve strategic and political objectives.569

The Nuclear Posture Review also reveals that the U.S. is planning to develop a new land-based ICBM for deployment by 2020, a new submarine
launched missile for deployment by 2030, and a new intercontinental
heavy bomber for deployment by 2040.570 The 2006 National Security
Strategy notes that “[t]he new strategic environment requires new approaches to deterrence and defense” and goes on to declare that “[s]afe,
credible, and reliable nuclear forces continue to play a critical role.”571
Finally, Table 3.4 shows the recent budget requests for DOE’s National
Nuclear Security Agency to pursue new nuclear weapons designs and
capabilities.
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Table 3.4: Budget requests by the Bush Administration and Congressional allocations for new nuclear weapons related program between fiscal year 2004 and
2006.572

Program
Enhanced
Test Readiness
Modern Pit
Facility
Robust Nuclear Earth
Penetrator
“Advanced”
Concepts(b)
Reliable
Replacement
Warhead(b)
Total

FY04 Budget
(in millions)
AllocaRequest
tion

FY05 Budget
(in millions)
AllocaRequest
tion

FY06 Budget
(in millions)
AllocaRequest
tion

24.9

24.74

30.0

26.78

25.0

---

22.8

11.55

29.8

6.95

7.7

---

15.0

7.41

27.6

0

8.5(a)

---

6.0

6.0

9.0

0

N.A.

---

N.A.

N.A.

N.A.

8.93

9.35

---

68.7

49.7

96.4

42.7

50.6

---

(a) This request included $4 million for the NNSA and $4.5 million for other Department of
Defense efforts related to this program.
(b) The Advanced Concepts included the so-called “low-yield” nuclear weapons as well as
weapons designed to destroy chemical or biological agents. The Reliable Replacement
Warhead program has replaced the more expansive Advanced Concepts efforts.

The continued reliance on nuclear weapons in the military and political
spheres is not just an issue in the United States. For example, the Russian Military Doctrine which was approved in April 2000 states that
The Russian Federation regards nuclear weapons as a means
of deterrence of an aggression, of ensuring the military security of the Russian Federation and its allies, and of maintaining
international stability and peace.573

In addition, the 2001 NATO Handbook notes that
NATO’s nuclear forces contribute to European peace and stability by underscoring the irrationality of a major war in the
Euro-Atlantic region. They make the risks of aggression
against NATO incalculable and unacceptable in a way that
conventional forces alone cannot. They also create uncertainty
for any country that might contemplate seeking political or
military advantage through the threat or use of Nuclear, Biological or Chemical (NBC) weapons against the Alliance. By
promoting European stability, helping to discourage threats re159

lating to the use of weapons of mass destruction, and contributing to deterrence against such use, NATO’s nuclear posture
serves the interests not only of the Allies, but also of its Partner countries and of Europe as a whole.574

Finally, in January 2006, French President Jacques Chirac stated that, “in
the face of the concerns of the present and the uncertainties of the future,
nuclear deterrence remains the fundamental guarantee of our security.”575
Attempting to institutionalize a world of nuclear “haves” and “havenots” would make it extremely difficult to prevent the spread of nuclear
weapons. As Mohamed ElBaradei summarized
We must abandon the unworkable notion that it is morally reprehensible for some countries to pursue weapons of mass destruction yet morally acceptable for others to rely on them for
security -- indeed to continue to refine their capacities and
postulate plans for their use.576

Without concrete, verifiable programs to irreversibly eliminate the tens
of thousands of existing nuclear weapons, no nonproliferation strategy is
likely to be successful over the long-term no matter how strong it would
otherwise be. This is likely to prove to be one of the most difficult obstacles to overcome in any attempt to revive the nuclear power industry.
Section 3.5 - Conclusions
As summarized nearly sixty years ago by the Committee on Atomic Energy, “[t]he development of atomic energy for peaceful purposes and the
development of atomic energy for bombs are in much of their course interchangeable and interdependent.”577 This overlap between the nuclear
fuel cycle and the infrastructure required to produce nuclear weapons
makes nuclear power unique among all sources of electricity. It is this
connection to the potential proliferation of nuclear weapons that is likely
to be the largest single vulnerability associated with an expansion of nuclear power around the world.
For light-water reactors, enrichment forms a vital step in the nuclear fuel
cycle. In order to fuel the number of nuclear plants under the global or
steady-state growth scenarios, large increases in enrichment capacity will
be needed. For example, fueling the global growth scenario alone would
require roughly 18 times more capacity than is currently deployed by the
European enrichment corporation Urenco in all of Britain, Germany, and
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the Netherlands combined. The needs of the steady-state growth scenario would be even greater (see Figure 3.2).
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Figure 3.2: Comparison of the current global uranium enrichment capacity to the
levels that would be required to fuel the global and steady-state growth scenarios
operating on the once-through fuel cycle. For simplicity, these figures assume
that an average of 110 MTSWU per year is required to fuel a single 1,000 MW
reactor on average. Larger levels of enrichment services may be required in the
future if higher fuel burnup becomes common or if the price of natural uranium
rises significantly (see Appendix A).

While the 14 enrichment plants in operation today are capable of fueling
the existing reactors, all of these facilities would likely be replaced over
the next few decades if nuclear power was aggressively expanded. The
planned closure of the two large gaseous diffusion plants in the U.S. and
France, which together account for nearly half of the world’s enrichment
capacity, and their replacement by smaller gas centrifuge plants would be
of particular importance to the global enrichment market.
The development of such large numbers of enrichment plants would create a significant risk of nuclear weapons proliferation as gas centrifuge
technology spread around the world. For example, just one percent of
the enrichment capacity required by the global growth scenario would be
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enough to supply the highly-enriched uranium for approximately 175 to
310 nuclear weapons every year. If the spent fuel was reprocessed to
allow the separated plutonium to be fabricated into MOX fuel, the requirements for enrichment would be decreased somewhat, but would still
remain significantly above present levels. For example, the authors of
the MIT study found that the optimal use of MOX would reduce the enrichment needs by only 16 percent. In addition to the continued need for
large increases in enrichment capacity, the separation of weapons useable
plutonium would add significantly to the proliferation risks of nuclear
power if the MOX fuel cycle were to be used.
The existing commercial reprocessing capacity is well below what would
be needed to support the widespread use of MOX. Even if only 16 percent of the fuel was MOX as assumed by the authors of the MIT study, in
order to supply the fuel requirements of the global or steady-state growth
scenarios a reprocessing capacity three and a half to nine times greater
than that in existence today would be required (see Figure 3.3).
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Figure 3.3: Comparison of the current reprocessing capacity to that required to
fuel the global and steady-state growth scenarios. This calculation assumes that
the reprocessing plants have an effective capacity factor of 75 percent. In addition, just 16 percent of the total fuel requirements are supplied by MOX, while the
remaining 84 percent remains low-enriched uranium.
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For the global growth scenario alone, more than 155 metric tons of plutonium would be separated annually in order to supply the required
MOX fuel. Just one percent of this plutonium would be sufficient to produce more than 190 nuclear weapons every year. Given the difficulties
that have been experienced to date in accounting for plutonium at existing reprocessing and fuel fabrication facilities, the use of MOX would
pose a significant proliferation risk. While newer reprocessing technologies like UREX+ or pyroprocessing would have some advantages over
the current PUREX process from a proliferation standpoint, the resulting
plutonium would still be useable in nuclear weapons making them a serious concern. In addition, materials accounting at pyroprocessing facilities would likely be even more difficult than at current plants, making
clandestine diversion more difficult to detect.
The proposals that have been put forward to try and reduce the proliferation risks posed by a revival of nuclear power are unlikely to be sustainable over the long term in light of the continued refusal of the nuclear
weapons states to disarm and their continued focus on nuclear weapons
as a corner stone of their national security posture. In effect, the current
nonproliferation efforts seek to permanently institutionalize a discriminatory system of nuclear weapons “haves” and “have-nots.” Even efforts
to enhance the power of inspections by the International Atomic Energy
Agency are undermined by the preferential treatment given to the five
acknowledged nuclear weapons states. Despite the favorable conditions
in the agreements, as of February 2006, neither Russia nor the United
States had ratified their Additional Protocols with the IAEA further undermining efforts to achieve universal adherence.
Despite the clear language of the Nuclear Nonproliferation Treaty giving
any member the right to posses uranium enrichment and reprocessing
facilities as part of a civilian nuclear power program, proposals from the
Bush Administration and the IAEA now seek to restrict access to these
fuel cycle technologies. The proposals to limit the spread of enrichment
and reprocessing are motivated by the inability of all but the most highly
intrusive, expensive, and time consuming inspection regimes to prevent
proliferation in the event of a state determined to develop nuclear weapons, as well as the possibility that states could pull out of safeguards in
the future and use formerly civilian infrastructure for weapons production.
Proposals to create national or international monopolies on the nuclear
fuel cycle, however, are very unlikely to be acceptable. The implication
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of these proposals is that certain countries, including the only country to
have used nuclear weapons in a time of war, can be trusted with the fuel
cycle while no one else can. This is clearly a highly discriminatory policy, and not one likely to gain significant support. The deadlock at the
2005 NPT Review Conference in New York and the continued refusal of
Iran to abandon its development of an indigenous enrichment capability
are clear examples of the difficulties faced by attempts to prevent countries from controlling the production of their own nuclear fuel. This difficulty would be greatly increased under the global or steady-state
growth scenarios given the presumed increased reliance on nuclear
power in many countries that do not current posses fuel cycle facilities.
The use of punitive sanctions or military intervention such as air strikes
or the interdiction of ships on the high seas in order to enforce these proposed restrictions on fuel cycle technologies would add greatly to their
unacceptability. First, such actions would further the discriminatory nature of these proposal. Specifically, the nuclear weapons states, which
are also the permanent members of the Security Council, along with their
allies would be shielded from any of these kinds of consequences. To
illustrate this one has only to look at the difference between the U.S. approach to the Iranian uranium enrichment efforts and to the existence of a
presumably significant stockpile of modern nuclear weapons in Israel.
Second, it would make nuclear power appear increasingly unattractive if
the proliferation of nuclear weapons was held in check by increased regional tensions, sanctions that hurt ordinary people, and a heightened risk
of conventional war.
To trade the serious vulnerabilities of global warming for the environmental and security impacts that would accompany the potential proliferation of nuclear weapons is not a sound energy policy when, as discussed in Chapter Two, a clear set of robust and economically viable alternatives are available.
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Chapter Four: A Culture of Safety?
With regard to implementation of the global growth
scenario during the period 2005-2055, both the historical and the PRA [Probabilistic Risk Assessment]
data show an unacceptable accident frequency. The
expected number of core damage accidents during
the scenario with current technology would be 4. We
believe that the number of accidents expected during
this period should be 1 or less, which would be comparable with the safety of the current world LWR
fleet. A larger number poses potential significant
public health risks and, as already noted, would destroy public confidence.578
- The Future of Nuclear Power (2003)
We should remember that risk assessment data can
be like the captured spy: if you torture it long
enough, it will tell you anything you want to know.579
- William Ruckelshaus, the head of the U.S.
Environmental Protection Agency under Presidents Nixon and Reagan (1984)
Of course, the whole point of the regulatory system
is not simply to enable adequate average performance, but to ensure that every plant is operating
safely all the time. And we clearly have not always
achieved that objective. Indeed, a recurrent theme
over the past decade is the need for improvement of
safety culture at plants that are encountering serious
difficulties.580
- Richard Meserve, Chairman of the U.S. Nuclear Regulatory Commission (2002)

The risk associated with the proliferation of nuclear weapons discussed
in the previous chapter is one of the unique vulnerabilities associated
with the use of nuclear power. The potential for a catastrophic accident
or a well coordinated terrorist attack such as those of September 11,
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2001, to result in the release of a large amount of radiation and to contaminate a vast area is a second unique vulnerability of nuclear power.
Perhaps the only other type of accidents within the energy system that
could begin to approach the immediate environmental impacts of a serious accident at a nuclear plant are the failure of a large hydroelectric dam
or the rupture of a supertanker carrying oil through a fragile ecosystem
such as what happened with the Exxon Valdez on March 24, 1989.581
However, the impacts on human health and the environment, the difficulty and cost involved in cleanup and decontamination efforts, and the
long time scales of the impacts of the contamination all make the largescale release of radiation from a nuclear plant a truly unique concern.
This chapter will focus on safety issues with light-water reactors given
that they both dominate the existing fleet of nuclear plants, and are also
the ones most likely to be built over the coming decades if nuclear power
were to be expanded as part of an effort to reduce carbon emissions. It is
important to note that, despite their dominance in the market, the initial
choice to pursue light-water reactor designs was not based upon a detailed consideration of their safety compared to other designs. As summarized by Alvin Weinberg, the director of Oak Ridge National Laboratory from 1955 to 1973,
Nowadays I often hear arguments about whether the decision
to concentrate on the LWR was correct. I must say that at the
time I did not think it was; and 40 years later, with around 400
commercial LWRs on-line or being built throughout the
world, we realize more clearly than we did then, that safety
must take precedence even over economics – that no reactor
system can be accepted unless it is first of all safe. However,
in those earliest days we almost never compared the intrinsic
safety of the LWR with the intrinsic safety of its competitors.
We used to say that every reactor would as a matter of course
be made safe by engineering interventions. We never systematically compared the complexity and scale of the necessary
interventions for, say heavy-water, graphite, or light-water reactors.582

One of the non-light-water reactor designs that might become commercially viable in the medium term, and thus warrants a brief discussion, is
the high-temperature gas cooled reactor. In fact, the authors of the MIT
report believe that “[i]t is possible with success at every turn that HTGR
deployment could make up as much as one third of the global growth
scenario.” Given their smaller capacity per plant, however, if gas-cooled
reactors were to make up one-third of the capacity under the global
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growth scenario then there would have to be about two or three times as
many HTGRs in operation as light-water reactors by 2050.583
The concept for the gas cooled reactor dates back to the earliest days of
the Manhattan Project. While not widely pursued in the United States,
the British have built a number of gas cooled Magnox reactors and AGRs
[Advanced Gas-cooled Reactors]. The choice by the U.K. to develop
graphite moderated, gas-cooled reactors was driven in part by the desire
to build reactors that could produce both electricity and plutonium for the
British nuclear weapons program. All fourteen of the AGRs built in
Britain came in over budget and took much longer to complete than expected. As a result, the U.K. has chosen to abandon this design, and the
last nuclear plant completed in Britain was a light-water reactor.584 The
two commercial HTGRs that have been operated in the United States
have had a poor operating history as note in the introduction to Chapter
Two. The Peach Bottom 1 reactor in Pennsylvania was shut down in
November 1974 after less than seven years in operation, while the Fort
St. Vrain reactor in Colorado was closed in August 1989 after achieving
a lifetime capacity factor of just 14.5 percent.585
The current concepts for high-temperature gas-cooled reactors are graphite moderated and use helium gas instead of water to cool the fuel.
While this arrangement makes it unlikely that a loss-of-coolant could
lead to a meltdown of the fuel, this design is susceptible to other types of
serious accidents that could potentially lead to the dispersal of radioactivity. This possibility is increased by the fact that, in order to save money,
gas-cooled reactors are proposed to be built without strong secondary
containment structures that could serve as an additional barrier to radionuclide release. One type of accident that could occur with a gascooled reactor is the ejection of a control rod. As detailed by the Union
of Concerned Scientists, in the event that a control rod was rapidly
ejected from the pressurized reactor core of an HTGR, the sudden rapid
rise in reactivity due to its loss, combined with the leakage of the helium
coolant out the hole where it used to be, could lead to “a very large release of radioactivity to the environment.”586
In addition, the high purity graphite used as the moderator in HTGRs is
flammable and prone to burn if exposed to air at high temperatures. On
October 10, 1957, the graphite moderator in the air cooled Windscale
reactor in Britain caught fire and burned for over 24 hours before it was
finally extinguished. The accident is estimated to have released between
16,200 and 27,000 curies of radioiodine to the environment as well as a
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number of other gaseous fission products. On October 12, the British
authorities stopped the distribution of milk from 17 farms, and by October 15 they had restricted the distribution of milk from a 200 square mile
area around the reactor. All told, approximately 2 million liters (528,400
gallons) of contaminated milk had to be dumped into the sea and rivers.587
Finally, reactor designs that employ a heat exchanger and steam driven
turbines have additional safety concerns related to the leakage of water
into the core. Once in the reactor, water can cause a reactivity excursion
similar to the loss of a control rod. In addition the water can chemically
degrade the fuel. Finally, the presence of water in the core can also lead
to the evolution of combustible gases through reactions with the graphite.588 It is worth noting that the three largest accidental releases of radioactive iodine-131 have all been from graphite moderated reactors,
although they all used different types of coolants (Chernobyl in the
Ukraine, water cooled; Windscale in Britain, gas cooled; and the Sodium
Reactor Experiment in California, sodium cooled).589
In this chapter we will begin by discussing the history of accidents that
have already occurred as well as the potential consequences of a worst
case accident at a commercial light-water reactor. We will then turn to
the question of how to determine the likelihood of such an accident and
examine the limitations of current techniques such as probabilistic risk
assessments. We will close with a look at what the potential risks might
be if the large expansion of nuclear plants envisioned under the global or
steady-state growth scenarios were to become a reality.

Section 4.1 – The Record of Safety
The primary safety concern with the operation of light-water reactors
relates to their need for constant cooling to prevent the uranium fuel rods
from melting. In the complete absence of cooling water, the decay heat
from irradiated fuel is capable of damaging the rods in as little as five
seconds and capable of completely destroying their integrity in just 20
seconds. The conditions of a real loss of coolant accident, in which only
part of the fuel is uncovered would result in a slower rate of fuel damage.
However, even under these conditions, core melting can still occur
within minutes.590 Following the onset of melting, the molten fuel could
begin to pool at the bottom of the reactor vessel. If enough fuel melts,
the combined decay heat would become sufficient to melt through the
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steel shell of the reactor vessel. Once outside the reactor vessel the molten core could come into contact with the concrete floor and, rather than
melting straight through as suggested by the so-called China Syndrome,
the fuel would more likely react violently with the concrete releasing
large amounts of gas that could cause the containment building to rupture.591
One of the primary defenses against uncovering the core and allowing
the fuel to melt is the Emergency Core Cooling System (ECCS). In the
event of an accident, this system is intended to inject high-pressure water
into the reactor vessel to maintain cooling. However, important questions remain over its ability to function properly under all realistic accident conditions.592 Some of the evolutionary reactor designs discussed in
the introduction to Chapter Two make use of gravity fed emergency
cooling water systems and other “passive” cooling features to try to mitigate the risks associated with loss of coolant accidents. While some of
these changes will likely decrease the probability of a meltdown occurring, these reactors remain fundamentally vulnerable to this type accident.
During a meltdown, a large amount of radioactivity is released from the
core in the form of gaseous and particulate fission products. Many of the
gaseous elements would be noble gas isotopes which do not have significant biological activity. However, radioactive iodine-131 would also be
released from the core and is a particular concern given that it concentrates in milk and can thus lead to large doses to children’s thyroids. In
addition, a fraction of the cesium-137 and strontium-90 in the molten
fuel can also be released during some accidents. These two radionuclides are of particular concern given that they are both produced in significant quantities, they are both biologically active (cesium replaces potassium in the body, while strontium replaces calcium), and they are both
fairly long half-lived (cesium-137 has a half-life of 30 years and strontium-90 has a half-life of 28 years).
In order for the radionuclides to be released into the environment, the
containment structure surrounding the reactor has to be breached. This
can happen is a number of different ways, with the specific vulnerabilities of the containment depending strongly on its design. There are currently five different types of containment structures in use at reactors in
the United States; two types use large dry containment domes that are
designed to withstand very high pressures, two related designs use
smaller structures that contain pools of water intended to condense the
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steam escaping from the core in the event of an accident and thus reduce
the peak pressure, and one type that also has a smaller containment structure but uses ice is large wire baskets instead of water to condense the
escaping steam. Nearly 60 percent of the reactors in the U.S. use the
stronger dry containment structure which is the most robust against a
variety of accident types.593
The primary threat to large dry containment structures is an accident scenario known as direct containment heating (DCH). Significantly, DCH
was not recognized as a problem until after the Three Mile Island accident. At TMI, the meltdown was caused by a pressure release valve
which stuck open rather than a large pipe breaking. If such a meltdown
was not stopped in time, the molten fuel could be sprayed out of the core
by the high pressure coolant remaining in the vessel. The molten fuel
would subsequently burn, resulting in a rapid heating and pressurization
of the containment dome that could lead to rupture. This scenario is a
particular concern given that the core damage and containment failure
would occur close together in time which could lead to a very large release of fission products. While the NRC officially closed the books on
this safety concern in the 1990s, important uncertainties remain over the
likelihood that direct containment heating could lead to the rupture of a
dry containment dome during a meltdown.
Compared to large dry domes, containment designs that rely on steam
suppression in combination with weaker structures have been found to be
far more vulnerable to rupture under a variety of possible accident conditions. These risks include such things as, (1) the buildup and ignition of
hydrogen gas from the reaction of the zirconium fuel cladding with
heated steam, (2) direct melting of the containment walls due to the heat
generated by a pool of molten fuel, and (3) rupture due to a pressure
spike resulting from rapid steam generation following the reactor vessel
being breached. In fact, an analysis by Sandia National Laboratory
found that, in the event of a loss of electrical power, the ice condenser
containment structure at the Sequoyah nuclear plant had a 97 percent
chance of rupturing during a core melt accident.594
In this section, we will examine the record of safety at both new plants as
well as plants that are nearing the end of their design lifetime. We will
then turn to the possible safety implications of the changes that have
been made to the licensing process and regulatory oversight mechanisms
that would be applied to a new generation of reactors in the United
States.
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Section 4.1.1 – The Problems of Youth
The accident rate at nuclear plants, like that for most complex technical
systems, can be expected to follow what David Lochbaum has called the
“bathtub curve.”595 Specifically, the accident rate is expected to be
higher during the initial shakedown phase when the plant is new. As the
equipment is tested and broken in and the operators gain experience, the
failure rate is expected to fall until it reaches a relatively steady rate
where it remains for a majority of the plant’s operation. Eventually the
equipment in the plant begins to age and wear out while the operator’s
accumulation of experience has the potential to lead to over confidence
in the performance of the plant. During this wear out stage, the accident
rate will begin to rise, and continue to grow over time until the plant is
finally shut down. The average failure rate over the whole lifetime of the
plant is the parameter of most interest in determining the risk, and will
thus not be accurately reflected by ignoring the higher values during either the shakedown or wear-out phases.
Examining the history of accidents that have occurred at civilian and
military reactors to date, we see that they are all likely to have occurred
on the front end of the bathtub curve. Table 4.1 summarizes the seven
major accidents that have so far resulted in damage to the fuel and the
release of radioactivity from the reactor core.
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Table 4.1: Summary of the seven nuclear reactor accidents that have occurred to
date that have resulted in damage to the reactor and the release of radioactivity.
These reactors were both research and commercial reactors and employed a
596
number of different technologies for cooling and moderation.

Plant Name
and Location

Type of
Reactor

Date of
First
Criticality

Date of
Accident

Description of
Accident

Chalk River
(NRX)
Canada

Experimental
heavy-water
moderated,
light-water
cooled reactor

July 22,
1947

December
12, 1952

accidental super-criticality
and partial fuel
meltdown

Windscale
(Pile 1)
United Kingdom

Graphite moderated, gascooled reactor

October
1950

October 9
- 10, 1957

Sodium
Reactor
Experiment
(SRE)
United States

Graphite moderated, sodium
cooled reactor

April 25,
1957

July 12 26, 1959

Stationary
Low-Power
Reactor
Number One
(SL-1)
United States

Boiling water
reactor (BWR)

August 11,
1958

January 3,
1961

Fermi I
United States

Sodium cooled
fast breeder
reactor

August 23,
1963

October
5, 1966

Three Mile
Island
(Unit 2)
United States

Pressurized
water reactor
(PWR)

March 27,
1978

March 28,
1979

Chernobyl
(Unit 4)
Ukraine

Graphite moderated, water
cooled reactor

December
20, 1983

April 26,
1986
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graphite fire in
one of the plutonium production reactors
fuel cladding
failure and extensive damage
to nearly 1/3 of
the reactor’s
fuel
accidental super-criticality
resulting in a
steam explosion
that destroyed
the reactor
partial meltdown of reactor
fuel due to loss
of coolant circulation
partial meltdown of reactor
fuel due to loss
of coolant
power excursion
caused by a
failed safety
experiment resulting in a
steam explosion
that destroyed
the reactor

All of these accidents occurred within one to seven years of the reactor’s
first criticality. The five most recent accidents all occurred within about
one to three years of the reactor’s startup. Overall, the average length of
time that the seven reactors in Table 4.1 had been operating before suffering their respective accidents was less than three and a half years.
In addition to the accidents listed in Table 4.1, there have been a number
of other important accidents and near misses that have occurred which,
for one reason or another, did not result in the release of radiation. One
of the most important of these accidents was the cable fire that occurred
at the Browns Ferry 1 boiling-water reactor on March 22, 1975. Until
the meltdown at Three Mile Island four years later, this fire was considered to be the most serious accident to have occurred at a commercial
U.S. power plant. While checking for leaks from the containment dome
with a candle, a technician accidentally ignited the insulation on some of
the control cables for the reactor. The fire spread, and quickly grew out
of control. It would eventually burn for seven and half hours and destroy
1,600 electrical cables including 618 related to safety systems. Despite
the fact that the reactor was at full power when the fire began and the
complete destruction of all of the control systems relating to emergency
cooling, the operators were able to bring the reactor under control
through a series of ad hoc measures. This accident occurred just 1.6
years after the reactor came online and led to a detailed reexamination of
the fire safety systems at similar plants.597 A more recent accident was
the leak of 640 kilograms (1,410 pounds) of non-radioactive sodium
from the secondary cooling system at the Monju fast breeder reactor in
Japan on December 8, 1995. This spill occurred just 1.7 years after the
reactor’s first criticality.598
While these reactors were of many different designs and different power
levels, the history of their accidents is consistent with the expectations
from the bathtub curve. To date all of these accidents have likely been
populating the front end of the curve. With the aging of the U.S. commercial power fleet, these accidents should serve as a cautionary tale for
what to expect in the future as discussed in the following chapter.
Section 4.1.2 – The Problems of Aging
Nuclear plants were originally designed and licensed to operate for up to
40 years. However, as of January 31, 2006, 40 reactors had received
twenty year license extensions, 12 other requests were under review by
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the NRC, and a number of additional applications were expected to be
made over the coming years.599 Without these extensions, the operating
licenses for all but 20 plants would have expired by 2025.600 Now, however, the Energy Information Administration now predicts that there will
likely be no nuclear power plants retired before 2025, and that the net
generating capacity of the existing fleet will actually increase slightly
due to ongoing power expansion programs.601 Table 4.2 summarizes the
ages of the currently operating reactors as well as their average capacity.
Table 4.2: The age and average power level of commercial light-water reactors in
the United States as of the end of 2003.602

Years of Commercial
Operation
(as of December 2003)
0–9
10 – 19
20 – 29
30 – 35

Number of Reactors

Average Capacity
(MW)

1
36
46
21

1,121
1,145
935
689

The first thing to note is that even the youngest of the U.S. plants, the
Watts Bar reactor in Tennessee, has already been in operation for more
than nine years. The second thing to note is that 84 percent of the installed nuclear capacity is in plants that are between 10 and 29 years old.
As these higher power reactors continue to age and are eventually run
beyond their design lifetime, we can expect to see an increasing rate of
accidents and near accidents due to equipment failures. Already the
NRC has issued more than 100 technical reports on the degradation of
such things as motors, valves, cables, pipes, switches, concrete, and tanks
due to the effects of aging. Although not involving the release of radiation, four workers were killed at the Surry nuclear power plant in Virginia when a pipe that had been weakened through corrosion broke,
scalding them with superheated steam.603 In 2004, five workers at a
Japanese nuclear plant were killed in a similar accident.604
The single most important discovery to date regarding the degradation of
reactor safety due to aging was the corrosion of the reactor vessel head
that occurred at the Davis-Besse plant near Toledo, Ohio. Given its importance, we will provide a detailed discussion of this event as well as its
underlying causes in this section. The Davis-Besse plant is an 873 MW
pressurized water reactor (PWR) that was brought online in April
1977.605 During inspections ordered by the NRC, the operator of the
plant, FirstEnergy Nuclear Operating Company (FENOC), discovered in
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March 2002 that boric acid leaking from inside the core had eaten a hole
approximately the size of a pineapple through the carbon steel top of the
reactor vessel. The only material left to contain the superheated cooling
water, exerting more than 2,180 pounds per square inch of pressure inside the reactor core, was a stainless steel liner just 0.125 inches thick. If
this lining had ruptured, it would have led to a potentially serious loss of
coolant accident as water would have rushed out the 4 by 5 inch hole in
the vessel head and potentially damaged the nearby control rod.
The corrosion was so extensive that the entire vessel head had to be replaced before the reactor could be restarted. It was more than two years
(nearly 780 days) before the plant was finally returned to 100 percent
power. The total direct cost of this incident was over $640 million, including $293 million for operations, repairs, and maintenance and $348
million for the purchase of replacement electricity.606 This is more than
ten and half times the cost of a typical refueling outage and nearly nineteen times longer. In fact, the total cost incurred as a result of this corrosion amounted to nearly a third of the original overnight construction
cost of the entire Davis-Besse plant.607
Although the extent of the corrosion at Davis-Besse was not discovered
until March 2002, the history behind this problem dates back much further. As far back as the late 1970s, the NRC had become aware that boric acid corrosion was a potential safety concern at pressurized water reactors. Such corrosion was subsequently discovered at the Turkey Point
Unit 4 and Salem Unit 2 reactors in the late 1980s. In 1999, the NRC
actually issued a violation to Davis-Besse citing them for having an inadequate program to control boric acid corrosion after the discovery that
several bolts had been corroded. In addition, although not initially linked
to the concerns over large-scale boric acid corrosion, the first evidence
that the nozzles which penetrate the vessel head were cracking as they
aged was discovered at a French pressurized water reactor in 1991.608
Between November 2000 and April 2001, cracked nozzles were discovered at four pressurized water reactors in the United States. In February
2001, inspectors at the Oconee Unit 3 nuclear plant near Greenville,
South Carolina, found signs that cracks had caused leaks in more than
one of the vessel head nozzles. Of particular concern to the NRC was
the discovery of a crack spreading around the circumference of a control
rod nozzle at the Oconee Unit 3. The NRC was worried that if this type
of circumferential crack went all the way through the wall of a nozzle
that the nozzle could break and allow the control rod to be ejected by the
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high pressure water inside the reactor. Such an accident would lead not
only to the loss of a control rod, but also to the simultaneous loss of reactor coolant as the superheated water rushed out the resulting hole in the
vessel head. Both the NRC and the nuclear industry considered the discovery of circumferential cracking to be a “very significant safety concern.”609
In response to this threat, the NRC issued a bulletin to all operators of
pressurized water reactors on August 3, 2001 which provided guidance
for determining the susceptibility of their reactors to a control rod ejection accident. The NRC bulletin contained criteria for dividing the reactors into four categories. Categories One and Two were for plants that
either had known cracking in their nozzles or those that had a high likelihood of having developed cracks. Categories Three and Four were for
plants that were determined to be at moderate to low risk of having developed cracks in their nozzles. All plants determined to be in Categories One or Two were ordered to perform a special inspection of their
vessel head nozzles by December 31, 2001 (150 days from when the
NRC issued the safety bulletin). The plants in Category One were required to perform a more sophisticated and sensitive inspection than
those in Category Two. Of the 69 then operating pressurized water reactors, five were determined to be in Category One, seven were in Category Two, and the remaining 57 were in either Categories Three or
Four.610 In other words, this meant that more than one in six pressurized
water reactors had either already developed cracks in their vessel head
nozzles or were believed to be at a high risk of having developed such
cracks. It was later discovered during a routine inspection that one plant
in Category Three had also developed circumferential nozzle cracks.611
By the beginning of November, 10 out of the 12 Category One and Two
plants had either already performed the necessary inspections, or had
made arrangements with the NRC to shutdown before the end of the year
in order to carry them out. For the two plants that had yet to demonstrate
that they would meet the December 31 deadline, the NRC had begun
preparations to issue shutdown orders. These preparations were an indication of how significant the NRC considered the potential safety implications of this cracking, given that only the Commission has only once
actually issued a shutdown order for an operating plant due to safety
concerns. (The Peach Bottom plant was ordered shutdown in 1987).
The NRC quickly reached an agreement with one of the two holdouts,
D.C. Cook 2, allowing the operator to delay their inspection by 19 days
to correspond with the plants scheduled refueling outage in January
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2002. This compromise, left only Davis-Besse facing a potential shutdown order.612
The initial response of FirstEnergy to the NRC demand was to inform the
regulators that it did not intend to shutdown until March 30, 2002, when
the Davis-Besse plant was next scheduled to shutdown for refueling.
This proposed shutdown date was almost 90 days beyond the NRC inspection deadline. As part of their response, FirstEnergy pointed out to
the NRC the “adverse financial and other consequences” of having to
shutdown to inspect the vessel head nozzles and then shutdown again a
few months later for refueling.613 As noted, the cost of any shutdown can
be quite significant for a nuclear reactor. When the purchase of replacement power is included, the cost can run into the hundreds of thousands
of dollars per day. Incurring this cost twice in such a short time was obviously a concern for FirstEnergy.
However, the six other Babcock and Wilcox reactors similar to DavisBesse that had already been inspected all showed evidence of cracking,
with at least half of those showing clear signs of circumferential cracks.
Given this fact, the Director of the NRC's Office of Nuclear Reactor
Regulation concluded that
[A]dequate protection of the public health and safety cannot
be assured without successful completion of the recommended
inspections [and it] is unacceptable for a facility to continue
operation beyond December 31, 2001, without performing the
recommended inspections.614

These conclusions were included in a cover letter accompanying a draft
shutdown order that was sent to the NRC Executive Director for Operations on November 16, 2001. This draft order had been prepared by the
technical staff and approved by both the management in the Office of
Nuclear Reactor Regulation and the NRC’s Office of the General Counsel. The draft order was forwarded to the NRC Commissioners five days
later by the Executive Director.615
In order to avoid being forced to shutdown the reactor by the end of December, FirstEnergy offered a number of “compensatory measures” to
the NRC. The most significant of these measures was an offer to move
up the date for the refueling shutdown to February 16, 2002. This was
the earliest possible date that the operators could acquire the necessary
replacement fuel.616 This new shutdown date was roughly halfway between the NRC deadline and the originally scheduled refueling outage
planned for Davis-Besse. However, the technical specifications for the
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Davis-Besse plant do not permit any leakage of coolant from the reactor
vessel. The existence of cracks that penetrated the nozzles would therefore represent a violation of this requirement, and the NRC specifications
specifically require that a plant be shutdown within 36 hours of the discovery of leakage of any coolant through the containment vessel.
According to the Director of the Office of Nuclear Reactor Regulation,
however, the fact that the NRC did not know for sure that there were
cracks leaking at Davis-Besse precluded the agency from legally issuing
the shutdown order. This excuse is belied by the fact the fact that
FirstEnergy’s own analysis estimated that there were between one and
nine leaking nozzles.617 In fact, the draft shutdown order that had been
submitted to the NRC Executive Director for Operations had concluded
that it was “highly probable that Davis-Besse Nuclear Power Station,
Unit No. 1, is also currently experiencing pressure boundary leakage and
is operating in violation of its technical specifications.”618 In addition, a
senior attorney from the NRC’s Office of the Chief Counsel stated that
his office had approved the shutdown order and that the Commission had
all the legal authority it needed to issue the order.619 Despite the vote of
three staff members in support of moving forward with the shutdown
order, and the fact that four out of the five safety principles outlined in
the NRC's risk-informed decision making guidance would not be met by
postponing the inspections, the NRC decided in late November 2001 to
allow Davis-Besse to delay inspections until February 16.620
When the inspection was finally carried out, FirstEnergy found a total of
24 cracks in five nozzles, including nine that had penetrated all the way
through the nozzle wall allowing boric acid to leak onto the vessel head.
During this inspection, FirstEnergy removed roughly 900 pounds of boric acid crystals and powder from the reactor vessel head. Far more
troubling than the discovery of circumferential cracks, however, was the
discovery that a large section of the carbon steel that comprises the reactor vessel head had been eaten away by the boric acid that had leaked
from a long axial crack in the nearby control rod nozzle.621 A preliminary report released by the Commission in May 2004 concluded that the
containment vessel at Davis-Besse could have ruptured with as little as
two to 13 months of additional operation. These preliminary findings
were subject to a number of uncertainties surrounding the rate of leakage
and the mechanisms governing the rates of crack growth and vessel corrosion.622 However, in light of these initial estimates, it is important to
recall that the original shutdown date proposed by FirstEnergy was approximately one and a half months after the date that was agreed upon.
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Both the NRC’s “Lessons Learned” Task Force and the GAO concluded
that corrosion of the vessel head could have been prevented if the NRC
and the reactor operators had acted properly. The conditions that led to
the vessel head corrosion had gone undetected for at least four years, despite knowledge of the concerns posed by boric acid leakage. At least
twice, the operators of the Davis-Besse plant put off careful examination
of the vessel for corrosion damage despite identification of possible boric
acid leaks. These choices were driven by the operator’s assumption that
the corrosion rates were insignificant.623 Following these revelations,
NRC Chairman Richard Meserve concluded that “[i]n short, the inspections at Davis-Besse have revealed that the head corrosion problem was a
direct result of a degraded safety culture.”624
In their investigations, the NRC uncovered a number of indications that
the operators of the Davis-Besse plant had emphasized the generation of
electricity over the safety of the plant.625 In fact, FirstEnergy’s own public presentation recognized as much when it stated that
There was a focus on production, established by management,
combined with taking minimum actions to meet regulatory requirements, that resulted in the acceptance of degraded conditions.626

The NRC’s Office of Inspector General reached a similar conclusion:
The fact that FENOC [FirstEnergy Nuclear Operating Company] sought and staff allowed Davis-Besse to operate past
December 31, 2001, without performing these inspections was
driven in large part by a desire to lessen the financial impact
on FENOC that would result from an early shutdown.627

As a result of this event, ten managers and executives at FirstEnergy left
the company. However, despite these changes, more than a year and a
half after the initial shutdown, an internal survey conducted by FirstEnergy found that one out of every six employees still felt that management
valued cost reductions and the restart schedule more highly than resolving outstanding safety and quality issues.628
In April 2005, the NRC proposed imposing the largest fine it its history
against the operators of Davis-Besse. The $5.45 million fine was based
upon the fact that the utility provided incomplete and inaccurate information to the NRC and upon the operator’s decision to restart the reactor
after their inspection in 2000 without fully characterizing and stopping
the boric acid leaks. In the same action, the NRC also banned Andrew
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Siemaszko, the engineer at Davis-Besse responsible for the inspection of
the vessel head in 2000, from working in NRC-regulated activities for
five years.629 Despite these actions, the GAO concluded that
While NRC has not yet completed all of its planned actions,
we remain concerned that NRC has no plans to address three
systemic weaknesses underscored by the incident at DavisBesse. Specifically, NRC has proposed no actions to help it
better (1) identify early indications of deteriorating safety
conditions at plants, (2) decide whether to shut down a plant,
or (3) monitor actions taken in response to incidents at plants.
Both NRC and GAO had previously identified problems in
NRC programs that contributed to the Davis-Besse incident,
yet these problems continued to persist. Because the nation’s
nuclear power plants are aging, GAO recommended that NRC
take more aggressive actions to mitigate the risk of serious
safety problems occurring at Davis-Besse and other nuclear
power plants.630

One of the most important lessons to be learned from the events at
Davis-Besse is that, as one NRC engineer said, the corrosion issue “was
not on the radar screen” prior to the dramatic discovery in March
2002.631 Back in 1993, the nuclear industry and the NRC had concluded
that the likelihood of serious vessel head corrosion going undetected was
low because nozzle leaks would be detected long before significant degradation of the steel could occur. The NRC guideline for unidentified
leakage was one gallon per minute, however, the leak rate from the nozzle responsible for the vessel head corrosion at Davis-Besse was estimated at just 0.025 gallons per minute (approximately one quarter of a
can of soda per minute). Detecting such small leaks is a very challenging
task, and the NRC has concluded that the detection systems installed at
both French and Swedish plants are not sensitive enough to identify this
level of coolant loss.632
Despite the evidence of boric acid leaks in 2000 and the known likelihood of vessel head nozzles having cracked, the operators at Davis-Besse
decided to continue operating the reactor with minimal efforts at addressing these issues. Similar examples of a “normalization of deviance” can
be found throughout the history of accidents in high reliability systems.633 In September 1977, one and a half years before the meltdown at
Three Mile Island, the pilot-operated relief valve (PORV) stuck open at
the Davis-Besse plant. This was the same failure that would occur at
TMI in March 1979 and, significantly, the operators at Davis-Besse
made the same type of mistakes in responding to the failure that would
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later be made during the TMI accident. Luckily, however, the DavisBesse reactor was operating at only nine percent power at the time the
valve stuck open, and thus no serious consequences occurred at that time.
In fact, by the time the meltdown at TMI occurred, there had been a total
of nine separate instances at similar plants where the PORV stuck open.
Despite these previous warnings, no actions were undertaken to ensure
that the problem was adequately resolved or that the operators were adequately trained to handle the failure should it occur. The one change that
was made (i.e. the addition of an indicator that the valve had received the
close command) was insufficient, and ended up contributing to the severity of the accident at Three Mile Island. Had information from the previous near misses been known by the operators of TMI, the core damage
might have been avoided.634
The so-called “normalization of deviance” has also found to have been
an important contribution to the loss of both the Challenger and Columbia Space Shuttles. As summarized by the commission investigating the
loss of Columbia
The initial Shuttle design predicted neither foam debris problems [like that which led to the destruction of the shuttle Columbia in February 2003] nor poor sealing action on the Solid
Rocket Booster joints [like that which led to the destruction of
the shuttle Challenger in January 1986]. To experience either
on a mission was a violation of design specifications.… These
engineers decided to implement a temporary fix and/or accept
the risk, and fly. For both the O-rings and foam, that first decision was a turning point. It established a precedent for accepting, rather than eliminating, these technical deviations.635

In both of these cases, the failures being experienced were not an expected part of the shuttle’s operation, but with each successful launch the
concern over their importance diminished. Instead of being viewed as
warning signs and subsequently resolved, the failures were not considered to be safety critical and were addressed by, at best, ad hoc fixes. It
was only after a catastrophic loss of the shuttle and its crew, that the true
importance of these failure modes became widely recognized.
The significance of the Davis-Besse vessel head corrosion goes beyond
this one plant and this one type of aging related failure. In assessing the
overall safety of nuclear plants, the NRC is not able to independently
verify much of the vital information it needs, and it must therefore rely
heavily on its licensees to provide the necessary data. A number of NRC
inspectors, both active and those no longer with the agency, told the
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GAO that, as a result, “they cannot easily distinguish a safe plant from an
unsafe one.”636 As summarized by the GAO in 2004
The underlying causes of the Davis-Besse incident underscore
the potential for another incident unrelated to boric acid corrosion or cracked control rod drive mechanism nozzles to occur.
This potential is reinforced by the fact that both prior NRC
lessons-learned task forces and we have found similar weaknesses in many of the same NRC programs that led to the
Davis-Besse incident.637

Between 1986 and 1997, 41 nuclear reactors were placed on the NRC's
“Watch List” which was designed for plants with declining safety performance that require additional oversight from the Commission. An
additional 43 reactors were considered seriously, but eventually not
placed on the Watch List. In other words, roughly four out of every five
reactors in the U.S. has either been on or been considered for placement
on the NRC Watch List. The placement of a plant on the Watch List is a
fairly serious matter. For instance, the Salem plant was not placed on the
list until after the NRC had required it to remain shut down due to safety
problems and the Cooper plant was never placed on the list despite also
being held closed by the NRC due to safety concerns.638 Finally, the
NRC consistently assessed Davis-Besse as a “good performer” throughout the years that the vessel head degradation was occurring which was
part of the reason that closer oversight of the operator was not given.639
With the continued aging of the U.S. and world nuclear fleets, the bathtub theory indicates that more failures of this kind are likely to emerge.
The likelihood of accidents occurring is increased by the failures of the
NRC to ensure that all reactor operators are enforcing an adequate culture of safety.
Section 4.1.3 – The Problems of New Reactors
Several of the regulatory changes that have been made or proposed as
part of efforts to revive the nuclear power industry are likely to exacerbate some of the problems highlighted in the two previous sections, and
thus have a negative impact on the safety of future plants. First, the Energy Policy Act of 1992 changed the licensing rules to allow a utility to
be granted a combined construction and operating license (COL) for a
new plant. The new licensing process allows a reactor to be operated
without further regulatory review or possibility for public participation
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and comment if the NRC is satisfied that it has been built according to
the agreed upon design specifications. This process will likely weaken
the ability of the public to effectively raise concerns over important
safety issues. The history of nuclear construction in the U.S. shows that
intervenors and outside experts have had a positive impact on the safety
of existing plants by raising important questions that the NRC and nuclear industry had to address more thoroughly.
As a result of the controversy over these regulatory changes, the government is offering large subsidies as an incentive for the first few utilities that are willing to test the new licensing process. This federal support places additional pressure upon the NRC to approve the licenses in
order to show that the taxpayer money given to the utilities was well
spent. So far, a consortium led by Dominion Resources is seeking $250
million over six years in federal subsidies for the preparation of a COL to
build a reactor at the site of the existing North Anna plant in Virginia.
Dominion is already receiving DOE assistance to seek an early site permit for this location. NuStart Energy Development, a consortium made
up of Entergy and other nuclear utilities, is seeking $400 million in subsidies over seven years to prepare a COL. No specific site has been selected, but the consortium is currently seeking two early site permits for
possible sites in Mississippi and Illinois. In both of these cases, the assistance sought would cover half of the expected cost of applying for the
combined license. In addition, Duke Power (currently a member of NuStart) is considering filing its own application for a COL and a consortium
led by the Tennessee Valley Authority is seeking $2 million in DOE
funds to study the feasibility of building a new boiling water reactor at
the site of its unfinished Bellefonte plant. However, no one has yet
committed to actually starting construction on any of these proposed reactor’s, even if the licenses are eventually granted.640
More troubling than these federal subsidies, however, is the proposal put
forth by President Bush in April 2005 that the government pay for the
cost of any delays in nuclear plant development that might be caused by
the regulatory process. Specifically, the President directed the DOE
… to work on changes to existing law that will reduce uncertainty in the nuclear plant licensing process, and also provide
federal risk insurance that will protect those building the first
four new nuclear plants against delays that are beyond their
control.641

This proposal, which has since been enacted in the 2005 Energy Policy
Act (see Section 2.1.2), will effectively punish the NRC for carrying out
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its responsibility to protect the public health. The NRC will be particularly hard pressed to justify delaying the licensing of one of the nuclear
plant’s covered by this “insurance” given that the government, which is
already running a record deficit, would end up paying the utility for the
delay. Unlike most subsidies which simply transfer public money to private hands, this subsidy would have a chilling effect on the regulators
and further weaken the oversight provided by the NRC.
All together, the history of the nuclear industry and the NRC, the move
to combined construction and operating licenses, the federal funding of
the first few applications, and the creation of “federal risk insurance” all
cast serious doubt about the ability of the regulatory community to adequately ensure the safety of a new generation of plants. This doubt is
increased by the fact that many of the new designs that have been proposed exist only on paper and have had no practical real world experience. In looking to the future, it is important to keep in mind the record
of past safety, including the many surprises that have occurred after construction, and the fact that very few serious accident scenarios were seen
as likely on an engineer’s drawing prior to their occurring.

Section 4.2 – The Impacts of A Catastrophic Accident
Shortly after 1:22 am on April 26, 1986, Unit Number 4 of the Chernobyl nuclear power plant was destroyed by a steam explosion that resulted
from a runaway power excursion. The graphite moderator continued to
burn for 10 days after the accident while the leakage of radiation from
the site continued for some time after the fires were finally extinguished.642 Officially, much of the initial emphasis on the impacts of this
accident have been placed on the 31 people who were killed by acute
radiation sickness within the first few months of the accident. This focus, however, misses the far more important impacts of this disaster on
the people of Russia, Belarus, Ukraine and throughout Europe. When
the overall health and environmental effects are included, the Chernobyl
accident likely ranks along side the methyl isocyanate release at Bhopal,
India as one of the two largest industrial disasters in human history.
In the first few days after the accident, an exclusion zone 30 kilometer in
radius was established around the destroyed reactor. Initially, 130,000
people were evacuated from this area and all agricultural and commercial
activities were suspended. High fallout areas extended well beyond this
range, however, and were detected as much 100 to 300 km from the site
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of the accident. Two months after the explosion, a further 113 villages
were evacuated outside the original exclusion zone. An estimated
220,000 people were eventually forced to relocate as a result this accident and large areas of agricultural land had to be abandoned.
The official Soviet estimate for the release of radionuclides other than
the noble gases only included the amounts that were deposited within the
U.S.S.R. despite the fact that fallout is known to have occurred in every
country in the northern hemisphere. In addition, the official estimates for
the dose received by the people within the former Soviet Union included
only the contribution of external radiation and ignored the additional exposures that occurred due to the consumption of contaminated milk and
other food stuffs. For example, it is estimated that, outside of Mongolia
and parts of Asia where few food crops were being grown at the time of
the accident, the Soviet’s focus on the external dose alone underestimated the actual exposure from cesium-137 by more than two-thirds.643
The cesium-137 contamination in the environment will remain important
for decades as the radionuclide slowly decays. In addition, there was
also fallout of the gamma emitter cesium-134 as a result of the accident.
While this radioisotope has a shorter half life than cesium-137 (two years
for cesium-134 versus 30 years for cesium-137), it contributed to internal
and external doses from the accident through the mid-1990s.
A far more important implication of the fact that the Soviet estimate focused only on external radiation, however, was that it severely underestimated the dose received by children’s thyroids due to their consumption
of radioactive iodine-131 in cow’s and goat’s milk. In areas around the
Chernobyl site the sale of milk was banned for more than a year after the
accident affecting as many as 20 to 25 million people. Despite the ban,
however, it is known that milk was still produced and consumed in some
of the nearby areas. It is also known that the impact of the Chernobyl
accident on children extended far beyond the boarders of the Soviet Union. For example, levels of iodine-131 contamination well above the
action level of 15,000 picocuries per liter set by the U.S. Food and Drug
Administration were reported in several countries including Italy
(160,000 pCi/L), Romania (78,000 pCi/L), Sweden (78,000 pCi/L),
Hungary (70,000 pCi/L), Poland (54,000 pCi/L), Switzerland (50,000
pCi/L), Czechoslovakia (42,000 pCi/L), Austria (41,000 pCi/L), Germany (32,000 pCi/L), and the United Kingdom (31,000 pCi/L).644
Already significant increases in the incidence of thyroid cancer among
people who were children at the time of the accident have occurred in
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many areas. It is now an accepted fact that the observed increase in these
cancers in areas of Belarus and Ukraine are a direct result of the fallout
from Chernobyl. Given that fallout occurred throughout the Northern
Hemisphere, it is likely than millions of people were exposed to enough
radiation to significantly increase their risk of developing cancer, and
that many of these people will die as a result. An analysis of the impacts
of this accident carried out in 1988 by researchers at the Lawrence Livermore National Laboratory, the Electric Power Research Institute, and
the University of California, Davis estimated that the cumulative dose
from the cesium-137 released during the accident will total as much as
93 million person-rem, with 35 percent of that dose being received by
people in the former Soviet Union, 62 percent by those in Europe, and
the remaining 3 percent by those in other countries throughout the
Northern Hemisphere. Using their model of radiation risk, this exposure
translated into as many as 17,400 excess fatal cancers occurring around
the world as a result of the Chernobyl disaster. They further concluded
that a reasonable upper bound estimate would be that as many as 51,000
fatal cancers might occur.645 Both higher and lower estimates for the
number of deaths expected have been made, but these results are generally consistent with the estimate made by the Environmental Protection
Agency and published by the Nuclear Regulatory Commission. In 1987,
the EPA concluded that roughly 14,000 fatal cancers in Europe and the
former Soviet Union could be expected to occur as a result of the accident.646 The geographical distribution of the expected cancers, however,
was markedly different, with the government’s analysis concluding that
the majority of these deaths would occur within the former Soviet Union
while the later study found that the majority of the deaths would likely
occur in European countries.
A 2005 study of the effects of Chernobyl conducted by the United Nations estimated that 4,000 people “among the higher-exposed Chernobyl
populations, i.e., emergency workers from 1986-1987, evacuees and
residents of the most contaminated areas” will eventually die from cancer
due to the accident.647 This estimate however, ignores the far larger
number of people that were exposed to lower levels of fallout from the
Chernobyl accident. Our best understanding of radiation health effects is
that every unit of exposure, no matter how small, leads to a proportional
increase in the risk of developing cancer.648 Thus, the actual number of
cancer fatalities that will occur throughout Europe and the former Soviet
Union as a result of the Chernobyl disaster is almost certain to be far
higher than the estimate of 4,000 arrived at in the U.N. study.
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By any estimate, however, the number of fatal cancers that are expected
to occur as a result of fallout from Chernobyl is a very small percentage
of the number that would be expected to occur over this same time from
all other causes and would thus it would not be detectible by epidemiological means. In addition, the detection of the health impacts in areas
surrounding the reactor site is made particularly difficult given the
breakdown in medical services, which has been particularly acute since
the collapse of the Soviet Union. This breakdown has increased the
number of deaths from other causes and makes it more likely that victims
of Chernobyl may not be recognized as such. However, just because the
impact may not be statistically detectible against a larger background of
other cancers, doesn’t mean that it is not there. The deaths of a few hundred thousand people from cancers unrelated to Chernobyl does not
change the fact that thousands of people can be expected to die from
cancers that are a result of Chernobyl.
While light-water reactors are not susceptible to the kind of accident that
occurred at Chernobyl, they have their own safety concerns as noted in
the previous section. In addition, the violence of the explosion at Chernobyl made its impacts unique from those of a meltdown or cooling pool
fire. By injecting a portion of the radionuclides into the upper atmosphere, the fallout was very widely distributed resulting in smaller areas
around the plant receiving the extremely intense levels of contamination
that could occur with an accident at a light-water reactor. An additional
consideration is that the population surrounding some light-water reactors may be larger for some locations than the population surrounding
Chernobyl. Within 30 kilometers of the Chernobyl site, there were approximately 130,000 people, while the largest city within that range had
a population of 45,000. In the United States there are a number of reactors with far larger surrounding populations. For example, the cities of
New York, New York (population of 8.01 million in 2000), Philadelphia,
Pennsylvania (population 1.52 million), Charlotte, North Carolina (population 541,000), New Orleans, Louisiana (population 484,700), Omaha,
Nebraska (population 390,000), Minneapolis, Minnesota (population
383,000), Miami, Florida (population 362,000), and Toledo, Ohio (population 314,000) are each within approximately 30 to 40 km of operating
nuclear reactors. The addition of the populations surrounding these city
centers would add to the number of people within the area at risk.649
In this section will examine the human, environmental, and financial impacts that could result from a worst case nuclear accident at a light-water
reactor in the United States. We will also touch upon the potential im187

pacts that such an accident could have on the energy system as a whole
due to the loss of public confidence in nuclear power that would be likely
to accompany another catastrophic accident.
Section 4.2.1 – Human Consequences of an Accident
Quantitative estimates for the impact of a worst case nuclear accident are
very complicated and subject to numerous uncertainties due to the large
number of variables involved and the sensitivity of the results to such
things as the fraction of radionuclides that would be released from the
core, the timing of the failure of the containment structure, the meteorological conditions prevailing throughout the accident, and the precise
population distribution in the surrounding areas and what their level of
shielding is. Despite the changes that have occurred in the population,
the last major government investigation of the impacts from worst case
nuclear accidents was completed more than twenty years ago.650 Following efforts by the Union of Concerned Scientists, the results from this
1981 Sandia National Laboratory report were eventually released to the
public.651 Tables 4.3 and 4.4 show the ten nuclear plants with the largest
number of estimated peak early fatalities and peak number of latent cancer fatalities that could result from a worst case accident (i.e. a maximum
“credible” accident occurring during the worst possible meteorological
conditions).
Table 4.3: Peak Early Fatalities Resulting from a Nuclear Reactor Accident as
Estimated by Sandia National Laboratory in the 1981 CRAC-2 Study. 652

Reactor
Salem 1 & 2
Waterford 3
Limerick 1 & 2
Peach Bottom 2 & 3
Susquehanna 1 & 2
Indian Point 2 & 3
Catawba 1 & 2
Three Mile Island 1
Dresden 2 & 3
Surry 1 & 2

Nearest Major
Population Center
Wilmington, DE
New Orleans, LA
Philadelphia, PA
Lancaster, PA
Berwick, PA
New York, NY
Rock Hill, NC
Harrisburg, PA
Morris, IL
Newport News, VA

Early Fatalities(a)
100,000
96,000
74,000
72,000
67,000
50,000/46,000
42,000
42,000
42,000
31,000

(a) An early fatality is defined as a death resulting from radiation exposure that occurs
within the first nine years.
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Table 4.4: Peak Number of Cancer Deaths Resulting from a Nuclear Reactor
Accident as Estimated by Sandia National Laboratory the 1981 CRAC-2 Study.653

Reactor
Salem 1 & 2
Millstone 3 & 2
Peach Bottom 2 & 3
Limerick 1 & 2
North Anna 1 & 2
Susquehanna 1 & 2
Three Mile Island 1
McGuire 1 & 2
Beaver Valley 1 & 2
Pilgrim 1

Nearest Major
Population Center
Wilmington, DE
New London, CT
Lancaster, PA
Philadelphia, PA
Richmond, VA
Berwick, PA
Harrisburg, PA
Charlotte, NC
McCandless, PA
Plymouth, MA

Cancer Deaths
40,000
38,000/33,000
37,000
34,000
29,000
28,000
26,000
26,000
24,000
23,000

Strikingly, the maximum total number of people that could be expected
to die as a result of a worst case accident at the Salem nuclear power station would be comparable to the number of people killed in either the
Hiroshima or Nagasaki bombings. This plant is not unique in the magnitude of its consequences. The total number of fatalities from a worst
case accident at the Peach Bottom, Limerick, or Susquehanna plants
could all begin to approach this level of destruction. Given that the U.S.
population has been growing increasingly concentrated over time, the
peak accident consequences for some areas could be even larger today.
In addition, the scientific understanding of radiation risks has also increased significantly since the early 1980s which would also tend to increase the expected consequences of a major accident at a nuclear plant.
The latest assessment of cancer risks from radiation exposure conducted
by the National Research Council was published in 2005. This report
reaffirmed that there is no safe level of radiation exposure, and that every
increment of exposure leads to a proportional increase in the risk of cancer.654 While the fatal cancer risks have remained virtually unchanged
due to improvements in available treatment, the estimated cancer incidence per unit of exposure recommended by the BEIR Committee is approximately 35 percent higher than the value recommended by the EPA
in 1999. The BEIR Committee also reaffirmed the fact that women and
children have a higher risk for developing cancer compared to adult
males.655 In addition, the BEIR Committee also concluded that it is
likely that other health effects besides cancer are associated with high
levels of radiation exposure. In particular they noted that
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Health endpoints other than cancer have been linked with radiation exposure in the LSS cohort [the Life Span Study of Hiroshima and Nagasaki survivors]. Of particular note, a doseresponse relationship with mortality from non-neoplastic disease mortality was demonstrated in 1992 and in subsequent
analyses in 1999 and 2003 have strengthened the evidence of
this association. Statistically significant associations were
seen for the categories of heart disease, stroke, and diseases of
the digestive, respiratory and hematopoietic [blood cell forming] systems.656

The epidemiological data available is not yet sufficient to determine if
these non-cancer health effects will occur at all doses similar to the risks
for cancer or whether they would only appear at relatively high doses
(greater than 50 rem). However, there would likely be sufficient exposures to some people following a worst case accident at a nuclear plant to
require the inclusion of these additional health impacts in future impact
assessments. For exposures on the order of 100 rem, the BEIR Committee estimated that the life-time risk from non-cancer diseases would be
“similar to those for solid cancer for those exposed as adults, and about
half those for solid cancer for those exposed as children.”657 Finally,
adding to concerns over the long-term health impacts of radiation exposures, the BEIR Committee concluded that, while not yet proven conclusively in human studies, “there are extensive data on radiation-induced
transmissible mutations in mice and other organisms” and that “[t]here is
therefore no reason to believe that humans would be immune to this sort
of [inheritable genetic] harm.”658
Additional health impacts could occur in the event of a worst case accident due to the dislocation of large numbers of people from the areas that
would be heavily contaminated with longer-lived radionuclides such cesium-137 (half-life 30 years) and strontium-90 (half-life 28 years). Even
in areas where these contaminants could eventually by cleaned up to an
acceptably low level, the decontamination efforts would require a significant amount of time to complete. This would, therefore, still necessitate the evacuation of the local populations during that time as well as the
potential destruction of locally produced food if it was found to be contaminated at dangerous levels. Providing adequate shelter and care, including mental health services, would be important to avoid adding to the
long-term impacts of the accidents. A study of the exposed populations
at Chernobyl found a high incidence of distress and behavioral disorders
six years after the accident. A later study of evacuees, conducted 11
years after the accident, found that women who were pregnant or had
young children at the time of Chernobyl “experienced substantially
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poorer health,” including a higher incidence of depression, posttraumatic stress disorder, and other psychological problems, than control
populations.659 The problems associated with displaced populations
would be particularly severe in densely populated countries like India
and China which are assumed to make up a large part of the expansion of
nuclear power under the proposed growth scenarios. However, the aftermath of Hurricane Katrina, which struck the Gulf Coast in 2005, revealed the difficulties that can be encountered with caring for refugee
populations even in the United States.
The likelihood of such a serious accident occurring at any particular nuclear plant is very small given the safety features built into the design of
nuclear plants and the rare occurrence of the worst case meteorological
conditions. Under typical weather patterns, the impacts from a serious
reactor accident would be much smaller than the peak values discussed
above, however they would remain quite severe. In addition, it is important to keep in mind the lesson learned from the release of toxic methyl
isocyanate gas at the Union Carbide plant in Bhopal, India, that killed
nearly 4,000 people and injured 200,000; namely that sometimes a worst
case accident can, in fact, occur.660 With the large number of reactors
envisioned under the global or steady-state growth scenarios, the probability of an accident occurring will grow proportionately. In addition, a
successful large scale terrorist attack on the scale of those carried out on
September 11, 2001, could lead to a major accident with a subsequent
release of radiation. While the likelihood of this kind of attack occurring
is also small, more reactors mean more targets, and we should not forget
that the probability of the towers of the World Trade Center collapsing
due to the impact of civilian aircraft was also considered to be small before they fell. Already at least once since September 11 the Federal
Aviation Administration has issued an order temporarily banning all
general aviation flying within 10 nautical miles (11.5 miles) of 86 nuclear power and nuclear weapons production sites due to the threat of
terrorist actions.661
Finally, it is important to note that even if an accident or terrorist attack
damages the reactor core, but does not result in the release of large quantities of radioactivity, there would still be important social and psychological impacts. For example, the Presidential Commission set up to investigate the accident at Three Mile Island, noted the negative impacts on
the surrounding communities that resulted from the “severe mental
stress” experienced during the accident. This stress was particularly high
for those living within about five miles of the facility, as well as for those
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people living further away who had young children at the time.662 Follow-on studies have found “long-term behavioral disturbances in mothers
of young children” who were living in the area during the accident.663 As
noted in Section 4.2.4, the possibility that public opinion could turn
sharply against the widespread use of nuclear power in the event of an
accident is a serious vulnerability with plans that envision a heavy reliance on this energy source.
Section 4.2.2 – Economic Consequences of an Accident
In addition to the potential loss of life and the social disruption caused by
the displacement of entire communities, the direct and indirect financial
costs arising from a catastrophic nuclear accident could also be quite significant. The economic consequences of nuclear accidents fall into two
categories. The first category includes the costs to the utility from the
loss of the reactor and potentially of other co-located facilities while the
second category covers the costs to offsite populations from the health
effects of radiation releases as well as the costs associated with the contamination of buildings, land, food crops, water resources, and other
types of property.
Costs under the first category will be incurred regardless of whether or
not there are dangerous offsite releases of radiation to the environment.
The major expense of such an accident to the utility will be the loss of
the reactor itself, which represents a large capital investment, as well as
the cost of decontamination efforts at the plant. As summarized by Peter
Bradford, a former commissioner of the NRC,
The abiding lesson that Three Mile Island taught Wall Street
was that a group of N.R.C.-licensed reactor operators, as good
as any others, could turn a $2 billion asset into a $1 billion
cleanup job in about 90 minutes.664

Added to the financial losses accompanying the destruction of a reactor
are the costs of purchasing replacement power to make up for the loss of
generating capacity. The NRC estimates that a routine shutdown typically costs a utility between $249,000 and $310,000 per day including
the purchase of replacement electricity.665 Events from the last few
years, however, have demonstrated that these numbers may underestimate the cost of unexpected or extended shutdowns. When the steam
generator tubes ruptured at Indian Point 2 in February 2000, spilling radioactive cooling water, the plant's operator announced that customers
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would have to pay approximately $600,000 per day in order to offset the
cost to the utility of purchasing replacement power.666 It was not until
December 2000, roughly 10 months after the accident, that Indian Point
2 was finally brought back online. Another example is that during the
two years that the Davis-Besse plant was shutdown following the discovery that leaking boric acid had eaten through the carbon steal vessel head
(see Section 4.1.2), the cost to the utility of replacement power alone averaged more than $446,000 per day.667
The potential financial consequences to the utilities are increased by the
construction of multiple reactors at a single site. During construction and
licensing, the co-location of facilities reduces costs and simplifies the
development process for the utilities and reactor vendors. However, in
the event of an accident that does breach containment and release radiation to the environment, it is possible that other facilities on the site may
become highly contaminated and have to be shut down for extended periods during cleanup. This decontamination would be expensive and the
costs of purchasing replacement power would also be higher in the event
that two or three co-located reactors were affected simultaneously.
While the costs to utilities from an accident can be quite significant and
run as much as a few billion dollars, the financial impact to offsite populations could potentially be far larger. In addition to determining the
health impacts from a worst case accident, the 1981 analysis conducted
by Sandia National Laboratory also evaluated the potential financial
costs. While it is very difficult to accurately place a dollar figure on the
human and environmental impacts that would follow a large release of
radioactivity, Table 4.5 summarizes Sandia’s estimates for the largest
costs that could have been incurred for an accident occurring in the early
1980s.
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Table 4.5: Top 20 Peak Costs of a Worst-Case Nuclear Reactor Accident as estimated by Sandia National Laboratory in the 1981 CRAC-2 Study. (escalated to
year 2000 dollars)668

Reactor
Indian Point 2
Indian Point 3
Limerick 1
Limerick 2
San Onofre 2
San Onofre 3
Millstone 3
Seabrook 1
Diablo Canyon 1
Diablo Canyon 2
Salem 2
Susquehanna 1
Susquehanna 2
Fermi 2
Millstone 2
Salem 1
Nine Mile Point 2
Waterford 3
Braidwood 1
Braidwood 2

Cost of Accident in Billions of Dollars(a)
656.9
573.2
445.6
412.1
389.1
380.8
364.0
343.1
330.5
324.3
313.8
299.2
286.6
284.5
282.4
282.4
280.3
274.1
265.7
255.2

(a) The costs of the accident include “estimates of lost wages, relocation expenses, decon669
tamination costs, lost property and the cost of interdiction for property and farmland.”

The first thing to note from the estimates in Table 4.5 is that a worst case
accident at any of these plants could result in financial losses more than
20 times greater than the Price-Anderson Act’s liability limit of $10.9
billion as set forth in the 2005 Energy Policy Act.670 Luckily, as with the
health impacts, the financial consequences of an accident that occurred
during typical meteorological conditions would be greatly reduced. For
example, the Sandia report estimated that the average cost of a catastrophic accident at Indian Point 3 would be $24 billion (in 2000 dollars)
compared to a peak cost of $573 billion (in 2000 dollars).671 Even this
lower amount, however, would still be more than twice the liability limit
set by the Price-Anderson Act.
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As noted in the discussion of health impacts, there are a number of factors that would tend to increase the Sandia estimates made in the early
1980s. These include the changes in population size and distribution, the
additional reactors that have come online since 1981, and the increase in
land and property values in many cities. In fact, just adjusting the older
Sandia estimate for the cost of a worst case accident at Indian Point 3 to
put it in 2004 dollars, without any other adjustments, would alone add
more than $48 billion to the cost. There are additional cost uncertainties
introduced by the way in which the “value” of a human life is determined
in these models. Significant work on such questions has been done in
connection with the September 11 compensation programs and would
need to be taken into account in future assessments. Finally, the estimated decontamination costs would also likely increase if the cleanup
standards were set so as to protect women and children, who are known
to be at higher risk from radiation compared to men.
Secondly, we can use the estimates from Table 4.5 to compare the financial impacts of a single, worst case accident to the total projected capital
cost of building all 300 nuclear plants envisioned under the MIT global
growth scenario for construction in the United States. The cost that
would have to be absorbed by society in the event of such an accident
(i.e. the cost after taking into account the $10.9 billion in private insurance payments that would be made under the current version of the
Price-Anderson Act), would be between 40 and nearly 110 percent of the
total cost to build all 300 reactors ($600 billion under the MIT reference
case economic model). While the likelihood of such an accident occurring is quite small, the scale of its potential costs to society are enormous. Nuclear power should be made to internalize the risks associated
with these potential costs by removing the Price-Anderson Act liability
limits and allowing the generation cost of nuclear power to reflect more
accurately the economic risk posed by its potential for catastrophic accidents.
Finally, there would be additional financial costs resulting from an accident due to the psychological impacts on the public. The potential for a
severe accident or successful large scale terrorist attack, particularly one
that caused thousands of deaths and billions of dollars in financial losses,
to spark widespread public pressure for a rapid phase-out of nuclear
power could be highly disruptive to the energy system and the economy
as a whole. This disruption would be particularly expensive if the choice
had already been made to make the world increasingly dependent upon
nuclear power. The cost of such a disruption and of the ad hoc strategies
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that might have to be applied, particularly if there were simultaneous
efforts to continue deep reductions in carbon emissions, is unknown, but
it could potentially be more significant than the direct consequences of
the accident.
Section 4.2.3 – The Risks from the Nuclear Fuel Cycle
While most of the focus on nuclear safety relates to the possibility of a
meltdown in the reactor, there are other concerns relating to rest of the
nuclear fuel cycle as well. At the front end, there have been a number of
accidents at military and civilian uranium conversion or enrichment
plants.672 However, the risks from these kinds of accidents are typically
no more severe or unique than the risks posed by large oil refineries, the
shipment of petroleum in supertankers, the off-loading and regasification
of liquefied natural gas, or a number of other elements of the fossil fuel
energy system. The risks from accidents during the storage or reprocessing of spent fuel, however, are unique in that they are potentially as severe as those associated with some types of reactor accidents and can
lead to the same kind of long-term contamination of vast areas.
When discharged from the reactor, the decay heat from the spent fuel is
so high that it must be cooled under water for at least five years before it
can be moved to other types of storage. At a typical U.S. reactor, the
spent fuel pool are between 30 and 60 feet long, between 20 and 40 feet
wide, and approximately 40 feet deep. The pools have steel-lined concrete walls that are four to six feet thick, while the fuel is stored under at
least 20 feet of water to ensure adequate cooling as well as to provide
shielding from the intense radiation. At Pressurized Water Reactors the
cooling pools are located in independent structures on or partially below
the ground. At most Boiling Water Reactors, on the other hand, the cooling pools are located near the reactors themselves, and are elevated off
the ground making them significantly more vulnerable to terrorist attack.673
The cooling pools were originally designed to serve only as temporary
storage, and it was believed that the waste would soon be removed for
either reprocessing or disposal in a geologic repository. The high cost,
coupled with the opposition of both the Ford and Carter administrations
on proliferation grounds led to the end of commercial reprocessing in the
United States. In addition, the repository program is far behind schedule
and the possible date of its completion remains highly uncertain due to a
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number of technical and regulatory concerns (see Section 5.2). As a result, the spent fuel has continued to build up in these onsite reactor pools.
The utilities have chosen to repack the waste more densely in order to
increase the pool’s capacity. As of the end of 2002, nearly 90 percent of
the spent fuel that had been discharged from the reactors in the U.S. was
still being stored in cooling pools. The remaining waste was mostly
stored in air-cooled dry casks at reactors whose cooling pools have completely filled up.674
As a result of the utilities’ decision to leave the waste in the pools as long
as possible, the cooling pools at many older reactors contain several
times more cesium-137 and strontium-90 than is contained in the reactor’s core. If the cooling water was lost and the fuel was uncovered, the
zirconium cladding could ignite and result in a fire that would release
large amounts of these fission products. For example, a 1997 study conducted by Brookhaven National Laboratory for the NRC estimated that a
severe cooling pool fire that released between 8 and 80 million curies of
cesium-137 near a highly populated area such as New York City could
cause 54,000 to 143,000 excess cancer deaths, render unusable 2,000 to
7,000 square kilometers of agricultural land, cause the displacement of
1.6 to 7.6 million people, and cause $117 to $566 billion in damage.675 A
later analysis conducted by independent experts estimated that a cooling
pool fire that released between 3.5 and 35 million curies of cesium-137
could cause 50,000 to 250,000 deaths, severely contaminate 180 to 6,000
square kilometers of land, and cause $50 to $700 billion in damages.676
Finally, a third study estimated that a fire in the fuel pool at the Millstone
nuclear plant in Connecticut could lead to fallout over an area up to
75,000 square kilometers, an area more than five times the size of Connecticut itself.677 For comparison, the estimated release of cesium-137
from the April 1986 explosion at the Chernobyl nuclear power plant was
on the order of one to nearly three million curies.678
Given that the release of radiation from spent fuel pools requires the loss
of a significant amount of cooling water, it is believed that terrorist attacks are a more likely initiating event than an accident, however, accidents remain possible. A review of cooling pool safety published in
2003 identified a number of accidents or acts of sabotage that could potentially result in the loss of water in a spent fuel pool.679 Following the
publication of this review, the National Research Council of the U.S.
National Academy of Sciences was asked by Congress to review the
safety of the spent fuel cooling pools. The committee concluded that,
“under some conditions,” an attack on a spent fuel pool would be capable
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of starting a propagating fire with a resulting release of “large quantities
of radioactive material to the environment.”680 They concluded, however, that the magnitude of this release could not be quantified conclusively since the available models have not been validated for simulating
the conditions in a pool fire. The committee also concluded that, while
the release of radiation could likely be prevented if adequate intervention
occurred in time, the “damage to the pool and high radiation fields could
make it difficult to take some of these mitigative measures.”681 In summary, the National Research Council committee concluded “that it is not
prudent to dismiss nuclear plants, including their spent fuel storage facilities, as undesirable targets for attacks by terrorists.”682
The risks from the storage of spent fuel could be significantly reduced by
moving more of the waste into dry cask storage. A typical vertical cask
is 20 feet tall, 9 feet in diameter, and can weight up to 125 tons when
loaded with spent fuel.683 While it is possible that an attack against such
a cask could still release radiation, the National Research Council committee concluded that the release would be “relatively small” and that
“[t]hese releases are not easily dispersed in the environment.”684 These
risks could be even further reduced by spacing out the casks and moving
them into underground silos. This type of configuration, known as
Hardened On-Site Storage, would make it even more difficult to successfully attack and rupture a cask and would serve to help contain the radionuclides in the event of such an attack (see Section 5.5).
Estimates for the cost to transfer 35,000 tons of older fuel to dry casks
while leaving at least 5 years of recently discharged fuel in the cooling
pools would amount to only 0.03 to 0.06 cents per kWh which is less
than one percent of the expected cost of electricity generation from new
nuclear plants.685 Some amount of freshly discharged fuel would have to
be left in the cooling pools, but moving the majority of the older waste to
dry casks and spacing out the remaining fuel in the pools would greatly
reduce both the risk of a fire occurring as well as reducing the impacts
should such a fire occur.
In addition to the risk of fires in spent fuel cooling pools, the other serious safety risk associated with the nuclear fuel cycle is the high-level
waste generated by reprocessing. Reprocessing plants in Britain (Sellafield) and France (La Hague) routinely discharged liquid high-level
waste into the North Sea. This contamination has been detected in marine life throughout the region and has led to conflicts between Britain,
France, Norway, and Ireland over the continuation of this dumping.686 In
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addition to these routine discharges, the majority of the liquid high-level
waste must be stored before it can be vitrified. This waste must be
cooled continuously in order to prevent a serious explosion from occurring. Finally, at both the Hanford and Savannah River Site complexes a
number of the carbon steel high-level waste tanks are corroding and several have already begun to leak. These leaks now pose a long-term threat
to the local ground and surface water resources.687
By far the most severe accident to have occurred at either a civilian or
military reprocessing plant was the explosion of a high-level waste tank
at the Chelyabinsk-65 nuclear weapons complex near the town of Kyshtym in the Southern Ural mountains. Due to the failure of its cooling
and exhaust systems, a waste tank holding 70 to 80 tons of high level
waste from reprocessing exploded on September 29, 1957, with the force
of between 5 and 100 tons of TNT. While the CIA knew of the explosion as early as 1959, the accident was not publicly acknowledged by
any government until June 1989. An estimated 20 million curies was
released in the explosion with approximately 2 million curies being deposited offsite. As many as 270,000 people are believed to have been
exposed to the fallout which covered more than 15,000 square kilometers
(an area larger than the state of Connecticut). Of these affected people,
10,180 eventually had to be evacuated as a result of the accident.688
Similar explosions in the high-level waste tanks at either Hanford or the
Savannah River Site are also possible if they were to lose cooling.689
Even less severe accidents at reprocessing plants can result in serious
levels of contamination. For example, during plutonium extraction at the
Siberian Chemical Combined Works, a military reprocessing plant at the
Tomsk-7 facility, a processing cell exploded on April 6, 1993, releasing
approximately 32 grams of plutonium and more than 877 kilograms of
uranium. The explosion blew off the concrete lid of the cell damaging
the facility's roof and part of one wall. The release of radiation to the
environment contaminated an area more than 120 square kilometers in
total size.690
Finally, the use of plutonium as a reactor fuel can increase the consequences of a severe reactor accidents beyond those discussed in Sections
4.2.1 and 4.2.2. This increase in risk is due to the fact that irradiated
MOX fuel has a larger inventory of highly toxic long-lived transuranic
elements like americium-241 compared to spent uranium fuel. For example, an analysis of MOX usage in Japan estimated that the area im-
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pacted by fallout would increase by roughly three to four times if MOX
fuel was used compared to fresh uranium oxide fuel.691
Many of these risks associated with reprocessing were explicitly cited as
concerns by the authors of the MIT study. Specifically they noted that
We are concerned about the safety of reprocessing plants, because of large radioactive material inventories, and because
the record of accidents, such as the waste tank explosion at
Chelyabinsk in the FSU [Former Soviet Union], the Hanford
waste tank leakages in the United States and the discharges to
the environment at the Sellafield plant in the United Kingdom.
Releases due to explosion or fire can be sudden and widespread. Although releases due to leakage may take place
slowly, they can have serious long-term public health consequences, if they are not promptly brought under control.692

In addition to economic and proliferation concerns, these safety considerations supported the decision to oppose the future use of reprocessing.
The safety concerns over the reprocessing of spent fuel can most easily
be avoided by choosing not to reprocess the fuel. IEER shares the scientific consensus that the least worst solution for the spent fuel already in
existence would be its direct disposal in a mined geologic repository.693
Section 4.2.4 – Safety and Public Opinion
The partial core meltdown at Three Mile Island in 1979 and the steam
explosion at Chernobyl in 1986 demonstrate that an accident in any
country can affect the acceptance of nuclear plants around the world.
These two accidents served to heighten the public awareness of the risks
inherent in nuclear power and forced the NRC to, at least temporarily,
tighten its regulations and oversight. The impact of these accidents on
public opinion was summarized by the authors of the MIT study as follows
Since the accident at the Three Mile Island power plant in
1979, 60 percent of the American public has opposed and 35
percent have supported construction of new nuclear power
plants, although the intensity of public opposition has lessened
in recent years. Large majorities strongly oppose the location
of a nuclear power plant within 25 miles of their home. In
many European countries, large majorities now oppose the use
of nuclear power. Recent Eurobarometer surveys show that 40
percent of Europeans feel that their country should abandon
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nuclear power because it poses unacceptable risks, compared
with 16 percent who feel it is “worthwhile to develop nuclear
power.”694

Austria, Belgium, Demark, Germany, Italy, the Netherlands, and Sweden
have all made official commitments to prohibit or phase out nuclear
power. In addition, the MIT study notes that the opposition to nuclear
power is growing in other industrialized countries like Japan and Taiwan
as well. Adding to this list, we note that New Zealand has declared itself
to be free of both nuclear weapons and nuclear power.695
Despite the growing concerns over global warming, the opposition to
nuclear power continues. In October 2005, the International Atomic Energy Agency, a body explicitly charged with promoting the spread of
civilian nuclear technologies, released a report on public opinion in 18
countries. In their survey, the IAEA found that, overall, nearly three out
of every five people interviewed opposed the construction of new nuclear
plants. In only one country, South Korea, was a majority in favor of
building new reactors.696 It is expected that such opposition is likely to
spread if attempts were made to expand nuclear power into the Global
South.697
Despite the importance of accidents in capturing the public’s imagination, opposition to nuclear power had already become widespread within
the United States long before the Chernobyl disaster, and even before the
Three Mile Island meltdown. During the late 1970s and early 80s there
were numerous protests and acts of direct action that took place at nuclear power plant construction sites. In 1977 there were more than 1,400
people arrested in demonstrations against the Seabrook nuclear plant under construction in New Hampshire.698 On one weekend in 1979 alone
there were 45 protests against nuclear power in states such as Oklahoma,
Arkansas, Massachusetts, Connecticut, Georgia, Illinois, Michigan, Virginia, and Colorado. These demonstrations resulted in more than 370
arrests.699 In 1981, a total of nearly 1,600 people were arrested at protests opposing the Diablo Canyon power plant which was being built
next to an active offshore fault that had been discovered during construction.700 In addition, concerns over the ability to successfully execute an
emergency evacuation led to the permanent closure of the Shoreham nuclear plant in New York before it had generated a single kWh of electricity for commercial sale. This closure occurred despite the Long Island
Lighting Company having already spent approximately $5.5 billion to
complete the construction of the plant.701
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These protests are important to consider because, even if new plants can
be built without significant disruption, it is unlikely that public opposition could be avoided in the wake of a serious accident or successful
large scale terrorist attack on a nuclear power facility. If nuclear power
is in the process of being expanded and accounts for a significant amount
of capacity in terms of either absolute generation or a percentage of
overall electricity usage, then public pressure to shutdown existing plants
would leave open far fewer energy options (particularly in terms of
greenhouse emissions). The options that would be available to achieve a
rapid phase-out of nuclear power would likely come at a very high price
considering both the sunken capital in the completed nuclear plants as
well as the cost of ad hoc measures that would be needed to rapidly replace the off-lined baseload nuclear capacity. On the other hand, however, if long-term plans to phase out nuclear power were already being
carried out when the accident or attack occurred, there would likely be
far more options available and those options could be accelerated with
far less serious disruptions to the overall economy.
Predicting the public’s reaction to a major nuclear accident is in no way
certain. In fact, the opposition to nuclear power has been changing recently. However, taking the history of public opinion as a guide, the
risks of serious disruption to an energy system which is heavily reliant on
nuclear power following a major accident or successful terrorist attack
should not be ignored. As summarized by Dr. Russell Peterson, one of
the commissioners appointed by President Carter to investigate the accident at Three Mile Island, prior to the Chernobyl disaster
As a final comment, I wish to emphasize my conviction,
strongly reinforced by this investigation, that the complexity
of a nuclear power plant -- coupled with the normal shortcomings of human beings so well illustrated in the TMI accident -will lead to a much more serious accident somewhere, sometime. The unprecedented worldwide fear and concern caused
by the TMI-2 “near-miss” foretell the probable reaction to an
accident where a major release of radioactivity occurs over a
wide area. It appears essential to provide humanity with alternate choices of energy supply.702

Section 4.3 – Probabilistic Risk Assessments
That the impacts from a major accident involving a commercial reactor, a
spent fuel pool, or a high-level waste tank could be extremely severe if
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they occurred near a major population center is no longer in debate.
While the details vary, and there remain some important areas of disagreement, the results of analyses from Sandia National Laboratory and
many previous and subsequent works have consistently demonstrated the
high cost that could accompany the most serious accidents at these kinds
of nuclear facilities. Unlike the question of consequences, however, the
likelihood that such accidents might occur remains a highly contentious
issue. This is a particularly important area of debate since what is most
relevant is not just the consequences of a nuclear accident, but what the
risks of nuclear power are. The concept of risk takes into account both
the consequences of an accident as well as the probability that it will occur. This section will focus primarily on the technical issues surrounding
the efforts that have been made to quantify the probability of a major
accident, and by extension the risk.
Once the estimate of the probability is made, however, an even more
contentious question arises; namely what level of risk should be considered acceptable. A particularly complicated element of this question is
how to properly compare the risks between different types of activities.
For example, it is difficult to adequately take into account the unique
features of low-probability, high consequence events that affect many
people all at once (such as an airplane crash) and compare them to the
impacts of more routine events with similar, but highly diffuse effects,
(such as automobile accidents). For instance, focusing only on the risk
as given by the probability of an event multiplied by its consequences
would lead to the conclusion that a voluntary activity that killed one person each week somewhere in the U.S. was the same as an event that suddenly killed 5,200 people in one area, but occurred only once every one
hundred years. The risk associated with these two activities, however,
would likely be viewed quite differently by society. As an example, the
number of people killed during the September 11, 2001 terrorist attacks
(3,028) accounted for just 15 percent of the U.S. homicide victims in that
year while the number of non-terrorism related homicides in the U.S.
actually grew from 16,765 in 2000 to 17,638 in 2002.703 However, the
public’s view on the relative risk posed by terrorism and by general violent crime is not always consistent with these raw numbers.
Related to the question of what level of risk is acceptable is the question
of what level of uncertainty is acceptable. This is a particularly important issue for low-probability, high consequence events because the risk
is extremely sensitive to the underlying assumptions that are made in the
analysis. This sensitivity can lead to a significant level of uncertainty in
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the final results. Finally, it is clear that the resolution of some of these
issues is only partly a technical question, and one that instead deals more
directly with issues of societal values as well as individual psychology.
It is only through an open, honest, and active debate in which all relevant
information is available that the question of “acceptable risk” can be
justly answered.
In trying to determine the likelihood of an accident occurring, the simplest way is to look at the operating history of the industry. While the
true failure rate of high-reliability systems like nuclear plants will not be
revealed until a very large number of operating hours have been logged
and representative plants have passed through both the shakedown and
wear-out phases, past experience can serve to place some useful bounds
on the actual accident probabilities. While Table 4.1 lists seven accidents that have so far led to the release of radioactivity from the core,
only one of these accidents (the meltdown at Three Mile Island) occurred
at a commercial light-water reactor in the United States.
Through 2003, the 104 licensed nuclear power reactors (including the
currently mothballed Browns Ferry 1 reactor) had accumulated a total of
2,360 years of operating experience. An additional 385 years of operating experience had been accumulated by reactors that are now permanently shutdown and undergoing decommissioning. While all of these
reactors are similar in fundamental respects, it is important to note that
they are not all identical and that there are a number of unique safety
concerns among them. Among the plants that have been built in the
United States, there have been two main types of reactor concepts (PWR
and BWR), four different reactor vendors (General Electric, Westinghouse, Babcock & Wilcox, and Combustion Engineering), and 80 different detailed reactor designs.704 In the 2,745 total reactor-years of experience accumulated at these commercial plants there has been one loss of
coolant accident that resulted in a partial core meltdown as well as a
number of near misses and close calls. Using past experience to estimate
the underlying average accident rate is an inherently probabilistic problem. Assuming for simplicity that the failure rate remains constant over
time (see Section 4.1.1), we can estimate that the probability of a TMI
level accident occurring at currently operating reactors is between 1 in
8,440 to 1 in 630 per year.705
Aside from historical experience, the other widely used method is to determine the likelihood of an accident’s occurring is an analytic technique
known as Probabilistic Risk Assessment (PRA). In conducting a PRA
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analysis the engineers seek to identify all possible ways in which a serious accident could occur and each pathway is mapped out from initiating
event to ultimate consequence. Once these so-called “fault trees” are
created, probabilities are assigned to each failure along each path under
the assumption that each individual failure is random and independent of
other failures. The entire tree is then combined with the resulting number meant to represent the overall likelihood that an accident would occur. PRAs conducted for the currently operating reactors typically predict accident probabilities on the order of 1 in 10,000 per year which is
below the lower range of what would be expected from historical experience.706 This type of quantitative risk analysis was developed for use in
high-reliability systems such as the space program and was first applied
to accidents at nuclear power plants in the 1970s when the Atomic Energy Commission began the preparation of the Rasmussen Report, officially known as WASH-1400 or the Reactor Safety Study. Since then the
technique has been greatly improved and some of its more important restrictions have been somewhat relaxed. However, the original results of
the 1975 Rasmussen Report, can still be found reported in many places
today, including, for example, a nuclear engineering textbook used at the
Massachusetts Institute of Technology.707
Given its importance we will begin this section with a discussion of the
Rasmussen Report and the controversies that surrounded it. We will then
examine the major limitations of modern Probabilistic Risk Assessments
and the impact of these limitations on the resulting uncertainty of the
estimated accident frequencies.
Section 4.3.1 – The Rasmussen Report and the History of the PRA
Methodology
The earliest official study of the potential impacts from a nuclear power
plant accident was conducted at Brookhaven National Laboratory for the
Atomic Energy Commission. The report, known as WASH-740, was
completed in March 1957, the same year that the Shippingport reactor
came online. The WASH-740 report considered the impacts of an accident at a small (100 to 200 MW) nuclear reactor located 30 miles upwind
of a major U.S. city. The study concluded that up to 3,400 people could
die and as many as 43,000 could be injured in the event of a catastrophic
accident at such a plant. The report also concluded that between 18 and
150,000 square miles could be affected by the radioactive fallout, and
that the resulting property damage could be as high as $7 billion ($43
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billion in 2000 dollars). These results were used by the AEC to argue for
the passage of the Price-Anderson Act later that year. As initially
passed, the Act limited the private liability from a nuclear plant accident
to just $560 million, or less than one-twelfth the worst case property
damage calculated by WASH-740.708
Significantly, while the consequences of a catastrophic accident could be
roughly estimated, there was little that could be said quantitatively about
the likelihood of such an accident given the sate of knowledge at the
time. As the size of the nuclear plants under construction expanded rapidly, the Atomic Energy Commission sought to update the results of the
WASH-740 report to keep pace with the changing technology. It was
believed by the nuclear industry and the AEC at the time that, despite the
larger size of the newer reactor designs, that the improvements that had
been made in the plant’s safety features and in the general knowledge of
accident conditions would combine to reduce the consequences of any
potential accidents making the lack of a quantitative probability estimate
less significant.
The analysis for the update of WASH-740 was carried out between 1964
and 1965 at Brookhaven National Laboratory. This work found that,
despite the safety improvements that had been made, the results of the
1957 analysis had to be considered to be a realistic estimate of the possible outcome for a serious accident, and not as a conservative worst case
estimate as then claimed by the AEC. Illustrative calculations found that
an accident at one of the new, larger plants might cause up to 45,000 fatalities with accompanying property damage many times higher than the
WASH-740 estimate. Internally, the staff of the AEC expressed concern
that, should these results become public, they might make it difficult for
the Commission to justify the continued granting of licenses for new nuclear plants. Partly due to these concerns, the results of the WASH-740
update were never put into a final form, and the study was withheld from
the public until 1973 when a Freedom of Information Act request filed
by the Union of Concerned Scientists forced its release.709
With the continued estimation of such severe potential consequences
from a major nuclear accident, the AEC turned its attention more fully to
determining the probability that such an accident would occur. This effort was initiated in 1972 and became the study known as WASH-1400
or the Reactor Safety Study. The work was funded by the AEC and was
conducted at the AEC’s offices in Germantown, Maryland. The final
version of the report, also known as the Rasmussen Report, after Profes206

sor Norman Rasmussen who led the study, was issued by the Nuclear
Regulatory Commission in October 1975.710 The methodology chosen
was Probabilistic Risk Assessment, which requires a great deal of
knowledge about both the possible failures that can lead to a particular
accident as well as the likelihood of each of these individual failures.
Given the immense complexity of this task, the authors of the Rasmussen
Report choose to focus their efforts on just one pressurized water reactor
and one boiling water reactor. These results were then extrapolated to all
98 operating reactors without any effort to examine the uncertainties introduced by this approach.711 With this extrapolation made, the executive summary presented the now infamous figures purporting to show
that the risks from living near a nuclear plant were less than being struck
by a meteorite.
The flawed logic behind the kind of extrapolation used in the Rasmussen
Report was highlighted less than five years after the study was published
when the reactor at Three Mile Island suffered a partial core meltdown in
March 1979. The particular accident sequence that occurred at TMI had
been identified by the Rasmussen Report, however, it was predicted to
have a probability of occurring of just once every 100,000 years. This
estimate was based upon their analysis of the Surry nuclear plant which
was a Westinghouse pressurized water reactor. Following the accident,
however, it was realized that if the PRA methodology had been applied
to a Babcock and Wilcox reactor like the one at Three Mile Island, than
this type of accident would have appeared far more probable than at a
reactor like Surry.712
Beyond the limitation of looking at only two reactor designs, the Rasmussen Report was widely criticized in both its draft and final forms on a
wide range of technical issues. The most important of these independent
reviews concluded that the Rasmussen Report was likely underestimating
the probability of serious accidents as well as underestimating the consequences of those accidents.713 In response to the intense criticism of this
report, the NRC appointed an expert panel in July 1977 to review the
findings of the Rasmussen Report. This committee, known as the Lewis
Commission, concluded that, while it was not possible for them to determine if the results of the Rasmussen Report were over or understatements of the risk given the limited scope of the their review, the panel
was positive that the uncertainty in the results were understated for a variety of reasons.714 For example, the Lewis Commission concluded that
The statistical analysis of in WASH-1400 leaves much to be
desired. It suffers from a spectrum of problems, ranging from
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lack of data on which to base input distributions to the invention and use of wrong statistical methods. Even when the
analysis is done correctly, it is often presented in so murky a
way as to be very hard to decipher.
For a report of this magnitude, confidence in the correctness of
the results can only come from a systematic and deep peer review process. The peer review process of WASH-1400 was
defective in many ways and the review was inadequate.715

In addition, the Lewis Commission concluded “that the Executive Summary is a poor description of the contents of the [Rasmussen] report, and
should not be portrayed as such” and that the way in which the summary
was written “has lent itself to misuse in the discussion of reactor
risks.”716
In response to the findings of the Lewis Commission, the Nuclear Regulatory Commission officially withdrew “any explicit or implicit endorsement of the Executive Summary” of the Rasmussen Report.717 Further, the NRC concluded that
The Commission accepts the Review Group Report's conclusion that absolute values of the risks presented by WASH1400 should not be used uncritically either in the regulatory
process or for public policy purposes and has taken and will
continue to take steps to assure that any such use in the past
will be corrected as appropriate. In particular, in light of the
Review Group conclusions on accident probabilities, the
Commission does not regard as reliable the Reactor Safety
Study's numerical estimate of the overall risk of reactor accidents.718

Since this time, the techniques of Probabilistic Risk Assessments have
been greatly improved and a number of plant specific analyses have been
carried out. However, as the coming sections will show, there remain
many important uncertainties with these newer estimates, and that many
of the concerns revealed in the reviews of the Rasmussen Report remain
important limitations of the methodology today.
Section 4.3.2 – Issues of General Completeness
The most fundamental uncertainty in the results of Probabilistic Risk
Assessments is whether or not all important accident scenarios have been
identified and properly included in the fault-trees. The question of determining completeness is a particularly difficult one because it requires
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one to know what one does not know; namely, are there important pathways for an accident to occur that have not been foreseen and included in
the engineering model being used. The Lewis Commission recognized
this as an “inherent limitation” of the methodology that will always give
rise to some level of uncertainty in the results.719
Interestingly, the report of the Lewis Commission inadvertently provided
an excellent example of the kinds of uncertainties that can be introduced
by a lack of completeness. In their discussion of the Rasmussen Report,
the panel noted that for “sufficiently simple systems,” no experimental
data is required to accept a theoretical probability calculation, and that
these results can be considered to be “entirely reliable.” As an example
of such a system, they noted that one can conclude that a symmetrical
coin will have a 50 percent chance of landing heads and a 50 percent
chance of landing tails without ever having to flip such a coin.720 At first
glance this seems to be a reasonable conclusion, however, even in this
simplest and most classic example of probability theory, the authors
failed to consider the complete set of possible outcomes. Specifically,
they ignored the fact that real coins can land on their edge as well as on
either face. For some types of coins, this probability can be non-trivial.
For example, one experiment found that the probability of a one pound
British coin landing on its edge and remaining upright was as much as 3
chances in 500 while the probability of a U.S. nickel landing on edge
was predicted to be approximately 1 chance in 6,000.721 If the low probability event of the coin landing on edge was accompanied by a set of
very serious consequences we would find that even for such a seemingly
simple system, probabilistic assessments based on theoretical assumptions or partial experimental knowledge could miss a potentially important contribution to the overall risk while seeming for all intents and purposes to be both fully complete and wholly accurate.
The extrapolation of data and analyses from one plant to another and the
resulting uncertainties over completeness continue to affect the probabilistic risk assessments performed by the nuclear industry to date. As
noted by the NRC in 1998
Data often are not available on important initiating event frequencies and component reliability, and their specific applicability and usefulness may vary somewhat plant to plant. Thus,
while a comprehensive plant-specific data analysis is within
the current capabilities, it sometimes is not performed because
of the lack of basic failure data for a plant, as well as the costs
and resource allocations required.722
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This lack of plant of specific information may lead to important accident
scenarios being missed or probabilities being underestimated.
An additional limitation is that the PRA methodology assumes that the
plant is always operating as designed. However, the GAO noted that as
of the late-1990s “some utilities do not have current and accurate design
information for their nuclear power plants.”723 While the number of violations has been falling since the late 1980s, there were still more than
1,400 instances in 1997 where plants failed to meet their technical specifications or regulatory requirements. Some of these violations continued
for long periods and have been found to have the potential to adversely
affect important safety systems. For example, in August 1998 the operators of the Big Rock Point nuclear plant informed the NRC that one of its
safety systems, the Standby Liquid Control System, had been completely
out of order for somewhere between 13 and 18 years.724 These violations
can lead to new types of accidents that would not necessarily be foreseen
by those who assumed the plant was operating as designed. In addition,
they can also render completely inoperable important safety equipment
that the risk assessments are assuming will fail randomly.
A particularly striking example of a plant failing to meet its technical
specifications was the extensive corrosion of the reactor vessel head discovered at the Davis-Besse plant in early 2002 (see Section 4.1.2). Boric
acid leaking from within the reactor had corroded the top of the carbon
steel vessel over time leaving only a 0.125 inch thick stainless steel liner
to hold in the high-pressure cooling water. In 1993, the nuclear industry
and the NRC had concluded that the likelihood of serious vessel head
corrosion going unnoticed was low because nozzle leaks would be detected long before any degradation of the steel could occur. Subsequent
experiments, however, found that this conclusion was likely to be incorrect on a number of counts. As summarized by the NRC in the wake of
the discoveries at Davis-Besse
Specifically, predictions regarding boric acid-induced corrosion rates, for in-plant boric acid leaks, have not been reliable
in all cases. Operating experience reveals instances in which
corrosion rates were significantly underestimated for identified boric acid leaks because of erroneous assumptions regarding the nature of the leakage, environmental conditions, the relationship between the actual leakage and experimental data,
or other factors. As a consequence, in some instances, carbon
steel components have been corroded to a much greater extent
than anticipated. A number of these events occurred even
though the underlying leakage had been previously identified
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by licensees, as they deferred material wastage assessments
and repairs on the basis of the assumption that the corrosion
rates would be inconsequential.725

The Probabilistic Risk Assessment used by the NRC to allow DavisBesse to continue operating beyond the December 31, 2001 deadline set
by the NRC for conducting inspections was seriously incomplete because
it did not consider the possibility of vessel head corrosion. More than
two years after its discovery, the NRC had yet to produce a final analysis
for the probability of a loss-of-coolant accident associated with this failure mode.726 An additional area in which the initial Davis-Besse PRA
was found to be incomplete was that the NRC considered only the case
of a control rod ejection at high-power. In the case of an ejection at lowpower, the control rods would be deeper inside the reactor, and the rapid
removal of one rod could result in a much larger power excursion that
could bring the reactor to well above its rated power before enough coolant had boiled out of the resulting hole to shutdown the chain reaction.727
A further example where an important aging related accident pathway
may be overlooked is the fact that the so-called “maximum credible accident” stops short of considering the rupture of the reactor vessel itself.
This type of failure would be particularly catastrophic given that no
emergency actions of any kind would be capable of restoring cooling
water to the fuel. It is recognized that there is the possibility that the intense neutron radiation experienced by the steel vessel might lead to its
becoming increasingly brittle over time. If this embrittlement occurs, the
vessel would be more likely to rupture in the event that cold, high pressure water was injected into the core during a loss-of-coolant accident.
Despite the potential importance of this possibility, the rupture of a reactor vessel is not included in the PRAs of commercial reactors. The concern over the exclusion of this failure mode dates back to criticisms of
the Rasmussen Report in the late 1970s, and was heightened by the closure of the Yankee Rowe plant in Massachusetts in 1992 due to radiation
induced embrittlement of its reactor vessel.728
In addition to random accidents, the possibility of terrorism or intentional
acts of sabotage to affect the safety of a plant adds to the uncertainty of
probabilistic risk assessments. Nuclear power plants and research reactors have been the target of attacks both during construction and after
commissioning. These attacks have been conducted by governments,
such as Israel's bombing of the Osirak research reactor outside Baghdad
in 1981, as well as by sub-national groups, such as in South Africa where
the African National Congress claimed credit for four blasts that dam211

aged the Koeberg nuclear power plant in 1982.729 Following the September 11, 2001 terrorist attacks and the U.S. led invasions of Afghanistan and Iraq, concerns over the security of nuclear facilities have been
greatly heightened.730 For instance, in a 2001 report from the DOE’s
Energy Information Administration entitled Impact of U.S. Nuclear Generation on Greenhouse Gas Emissions, the authors pointed out that
Any discussion of nuclear power today must acknowledge the
impact of the now active war on international terrorism. Nuclear plants have specifically been enumerated among the potential targets of terrorists.731

While much of the current focus is on international terrorism, it is important to recall the risk from domestic actors that was demonstrated by the
Oklahoma City bombing in 1995. The ability of a group of highly
trained and motivated individuals to seriously damage a nuclear reactor
or spent fuel storage pool with or without inside help is an important
vulnerability about which we do not yet have sufficient information to
allow its inclusion in a probabilistic analysis. The issue of completeness
in this case is particularly acute given the inherent difficulties in trying to
anticipate the types of attacks that might be possible.732
Finally, the omission of design and construction defects in probabilistic
risk assessments adds to the concerns over their completeness. In a PRA,
the accident scenarios are assumed to flow from one failure to the next.
In other words, it is assumed that the system as designed and built functions properly and that it is only when equipment breaks or operators
make a mistake that an accident can occur. However, in a real system,
equipment may function as designed, but simply not be appropriate to the
task intended, such as a pump that activated as planned, but was of insufficient power to force water to where it is needed. A recent example of
such a problem came to light in October 2005 when it was discovered
that the Emergency Core Cooling Systems at Palo Verde Units 2 and 3
have a design defect that may prevent their proper functioning during
certain types of loss of coolant accidents. These reactors were shutdown,
and were to remain offline until this issue was resolved. Palo Verde
Units 2 and 3 were licensed in 1986 and 1987 respectively, and thus were
each operated for nearly two decades with a design defect that could
have potentially rendered inoperable their most important single emergency system.733
Adding further to these complications is the possibility that the equipment, as designed, might be appropriate to the task, but simply installed
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improperly or maintained poorly so that when activated it would not perform as expected. In the language of the PRA, these components would
have a failure probability of 100 percent under the specified conditions.
However, once it is known that components are inappropriately designed, fabricated, or installed, the pieces could be replaced or a workaround could be developed. Thus, as with the issue of general completeness, design problems are a question of trying to know what one does not
know.734
The risk assessments used by the nuclear industry typically deal with
these problems by assuming that there are no design or construction
problems sufficient to affect safety. This omission is made despite the
long and well documented history of their occurrence in nuclear power
plants and other high reliability systems. As summarized by the Lewis
Commission,
The history of failures of other complex and presumably safe
systems is heavy with instances of design defect and quality
assurance failures. (A spectacular case in point is the collapse
of the Tacoma Narrows Bridge.)735

These are not simply problems from long ago. In a review of 200 incidents that occurred at 10 different plants between November 1996 and
January 1998, it was found that 22 percent were attributable to design
errors. All of these plants were more than 10 years old when the design
defects were finally discovered.736 Between 1995 and 1997, an average
of 38 safety related incidents were reported to the NRC every month as
having been “caused by design, construction, installation, [or] fabrication
errors.”737 These flaws went undetected during the extensive process of
engineering review carried out on nuclear plant designs, in part, because
reviewers all tend to follow the same type of logic in approaching a problem, and can thus be more likely to overlook the same failing in the design.738
As summarized by Edward Hagen, a development specialist at Oak
Ridge National Laboratory and editor of the Control and Instrumentation
section of the journal Nuclear Safety,
Mistakes made in the past are not likely to be repeated, but in
each new design other mistakes will creep in. The need for
vigilance is eternal.
…
No reactor system has ever failed because of a deficiency that
could be seen on a designer’s flow sheet or an analyst’s
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model. Such deficiencies have been revealed only via operating experiences.739

The issue of completeness is a particular concern for the claims made
regarding the safety of new reactor designs that so far exist only on paper
or which have only a limited amount of operating experience with full
scale systems. Many important unforeseen accident scenarios and design
flaws have been discovered during the nearly 3,000 reactor years of operating experience with current designs. Placing too much faith in theoretical estimates for the safety of new designs without a suitable consideration of the uncertainties could be a potentially serious mistake.
Section 4.3.3 – “Human Factors”
A second area that adds to the uncertainty of probabilistic risk assessments is the influence of so-called human error. Unlike the issues of
completeness and design defects, the issue in this case is primarily focused on how to accurately model the impact of human mistakes on
known failures modes. These mistakes may be initiating events that
cause a failure to occur or they may exacerbate an existing failure by responding to it incorrectly and thus making the accident more severe.
Such mistakes can take on very wide variety of forms from operator errors to improper maintenance or calibration of equipment to improper
design of procedures to the failure to enforce appropriate safety standards. One of the main uncertainties that is introduced by these mistakes
is that, as noted by researchers for the NRC, “[t]he percentage of hardware unavailability due to human error as opposed to random hardware
failures is not known.”740 As summarized by Edward Hagen from Oak
Ridge National Laboratory:
When dependencies and human factors are considered, there
are no analytical techniques presently available for treating
them.… There is not now and never will be a “typical” or “average” human being whose performance and reactions to any
operating condition, let alone an abnormal operating condition, can be cataloged, qualitatively defined, or quantitatively
determined. There are no human robots.741

The uncertainties introduced by the ways in which operator errors are
treated in the PRA methodology was recognized by the Lewis Commission to be “one of the major contributors to the general problem faced by
the RSS [Reactor Safety Study] in making quantitative risk estimates.”742
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This difficulty in integrating human error into PRAs is particularly important given the contribution of these mistakes to the overall failure rate
of many systems. In particular, this importance has been found in several reviews of operating events that have occurred at commercial nuclear plants in the U.S. For example, in a review of 200 safety related
incidents at 10 plants that took place between November 1996 and January 1998, it was found that 35 percent of these were attributable to
worker mistakes.743 In a separate review of 35 events that occurred between 1992 and 1997, the NRC found that more than 68 percent had
“human performance” as one of the significant contributory factors.744
These findings were supported by a third NRC review. This analysis
concluded that human errors contributed to 77 percent of the 48 safety
related events examined. Interestingly, this last review found that in incidents where human factors were found to be a contributing factor, there
was an average of four separate mistakes made, with many incidents involving between six and eight mistakes.745
There are a number of factors that can unpredictably affect human performance which add to the uncertainty in PRAs. The stress of accident
situations when the consequences are potentially so high is certainly one
such factor. However, even simple fatigue can have a dramatic impact
on human reliability. The National Transportation Safety Board has
found that 30 percent of all important errors in transportation accidents
are attributable to fatigue.746 There have already been incidents where
fatigue has affected both commercial and research reactors as well. For
25 minutes the 4.9 megawatt MIT research reactor located in the middle
of Cambridge, Massachusetts, was effectively un-staffed when one of the
operators was locked out while the other had fallen asleep. In addition,
the first (and only) time that the NRC has ordered an operating commercial power reactor to be shutdown due to safety concerns was on March
31, 1987, when it ordered the Peach Bottom nuclear power plant in
Pennsylvania to be shutdown following the discovery of operators sleeping in the control room.747 Finally, there is also the possibility for drug
or alcohol use to affect the performance of operators and maintenance
crews. This is known to be a potential problem in other high reliability
systems such as air travel. For example, between the mid-1970s and
1990 approximately 1,200 U.S. airline pilots were treated for alcoholism
under a special government program. Between 1984 and 1990, 61 pilots
lost their licenses to fly due to their having operated a plane under the
influence.748
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Overall, human errors can have a significant impact on the quantitative
results of risk assessments. For example, a February 2000 report from
the Idaho National Engineering and Environmental Laboratory concluded that
Most of the significant contributing human performance factors found in this analysis of operating events are missing
from the current generation of probabilistic risk assessments
(PRAs), including the individual plant examinations (IPEs).
…
In nearly all cases, plant risk more than doubled as a result of
the operating event – and in some cases increased by several
orders of magnitude over the baseline risk presented in the
PRA. This increase was due, in large part, to human performance.749

As summarized by the Presidential Commission appointed to investigate
the Three Mile Island accident
We are convinced that if the only problems were equipment problems, this Presidential Commission would
never have been created. The equipment was sufficiently good that, except for human failures, the major
accident at Three Mile Island would have been a minor
incident. But, wherever we looked, we found problems
with the human beings who operate the plant, with the
management that runs the key organization, and with the
agency that is charged with assuring the safety of nuclear
power plants.750
Nuclear power is unlike any other energy source in that it demands an
extremely high level of competence at all times from all levels of the organization -- from the regulators and managers all the way through to the
technical and maintenance crews. If the human element of the system
falters, then there is the possibility for a severe accident to occur. This
element of uncertainty in the risk assessments will remain as important
for the new plants as it is for the existing plants, since they all rely on
humans as an integral element of operation.
Section 4.3.4 – Computers and Digital Control Systems
The problems of completeness and of how to incorporate the impact of
human errors into the PRA methodology both date back to the time of
the Rasmussen Report. Since the late 1970s a new issue has emerged
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that relates to both of these limitations; namely the question of how to
incorporate the unique features of programmable devices into the risk
assessment methodology. While this concern would be more pronounced in new plants that make more extensive use of other digital systems for performing control, protection, and monitoring functions, it also
arises within the existing fleet of reactors due to the ongoing replacement
of older mechanical or analog systems with digital devices.
Already a number of problems with digital systems have been reported
by reactor operators. In one review of 79 license events reported to the
NRC between 1990 and 1993, 38 percent were found to have been
caused by software errors while an additional 32 percent were attributable to mistakes resulting from a failure of the operator-computer interface compared to just 11 percent attributable to random component failure. Similar results have been found in other countries as well. For example, a study from Canada's Atomic Energy Control Board of 459
events from 22 reactors over 13 years, found that software and operatorinterface failures contributed to 54 percent of the reported problems.751
During normal operation, the use of digital systems has many safety advantages due to their wider range of functionality, their lower rates of
component failure, and their ability to provide more detailed information
about plant conditions. However, experience has also shown that the use
of programmable devices can also introduce new types of failure modes
and can increase the likelihood of some previously existing failures occurring. In particular, the use of programmable devices can make operator errors more likely under certain conditions and can reduce the level of
redundancy provided by backup systems. For example, on March 3,
2006, an operator at the Civaux nuclear plant in France placed a notebook on his keyboard accidentally causing a group of control rods to
move out of the reactor. As a result, the reactor exceeded its maximum
rated power for one minute and twenty seconds before the operator recognized the problem and reinserted the control rods.752
The increased information made available to operators by digital systems
can both improve and degrade safety under different conditions. Unlike
analog control systems in which all available information was presented
to the operator at all times, computerized interfaces generally filter the
incoming data and are configured by the operator to display only the portion of the information desired at that time. Under normal operating
conditions, this is usually an advantage in that it allows the operator access to more detailed information and can arrange that information into a
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more comprehensible and less cluttered format than having to try and
keep track of a vast array of gauges, dials, readouts, and alarms.
However, during an accident this same feature of digital systems can become a drawback. The greater complexity of the computer interface has
the ability to confuse operators and to make it more difficult to see vital
information or to complete the needed tasks in the event of an accident.
When faced with having to act quickly during the early stages of an accident, an operator must either choose to go ahead with whatever information is available on their screens at the time even though it may not be
the best information available for diagnosing the problem or they can
choose to spend time reconfiguring their workstation to get access to better information at the expense of delaying their ability to take corrective
actions.753 Further, some computer systems are designed to limit access
to very detailed information about plant conditions and instead provide
the operator with only high-level information that may not be sufficient
during all types of accidents. While the risk of human error during normal operation may be somewhat reduced by the introduction of these
computer systems, how the individual operators will respond to these
trade-offs between information and action during an accident adds to the
uncertainties of quantitative risk assessments. In summary, the National
Research Council concluded that
At this time, there does not seem to be an agreed-upon, effective methodology for designers, owner-operators, maintainers,
and regulators to assess the overall impact of computer-based,
human-machine interfaces on human performance in nuclear
power plants.754

As with other types of design errors, the specific limitations of a software
interface are difficult to foresee during development, and it is only after
the system is implemented and the mistakes are made in the real world
that the limitations are revealed. In one review it was found that as
many as 92 percent of the accidental, computer-related deaths that have
occurred in such safety critical application like air travel and medical
treatment were caused by failures of the operator-computer interface.755
This is a particular concern for nuclear power because there is little room
for trial and error given that an important operator mistake can turn a
minor incident into a serious accident in a very short time.
In addition to the issues of human performance, the replacement of mechanical or analog systems with programmable devices has the potential
to reduce the functional diversity of control and safety systems making it
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more likely that a single failure will affect all of the related systems. At
its simplest level this effect can be seen in systems that rely on multiple
computers running the same code. Such systems assume that the software will always function correctly and that there only needs to be protection against the potential failure of the hardware in one of the computers. A particularly dramatic example of an accident caused by such a
system was the explosion of the European Space Agency’s Ariane 5
rocket on its maiden flight on June 4, 1996. Both flight computers onboard the rocket were running the same flight code which turned out to
contain an important programming error. Both systems failed within
0.05 seconds of each other due to this software bug, sending the rocket
dangerously off course and resulting in its destruction less than 40 seconds after liftoff.756
However, simply using different pieces of software that perform the
same task will not necessarily ensure independence, although it will
likely result in a significant improvement over the use of the same code.
This problem with software is unlike those encountered in mechanical
systems, because the failures of software are caused solely by design failures and not the random failure of equipment. This fact makes different
pieces of software that perform the same function more likely to share a
common failure mode. In its review of the use of digital systems in nuclear power plants, the National Research Council concluded that “there
is no way to verify or evaluate the diversity of two software versions or
to determine whether they will fail independently.”757 In fact, studies of
software that was developed independently by different programmers but
performed the same tasks have found that the number of correlated failures were too high to have occurred simply by chance. As a result of this
type of work the National Research Council concluded that
All evidence points to the fact that independently developed
software that uses different programmers, programming languages, and algorithms but computes the same function (satisfies the same functional requirements) cannot be assumed to
fail in an independent fashion.758

In addition to the question of determining the functional independence of
redundant software driven systems, Nancy Leveson, a professor in the
Aeronautics and Astronautics Department at the Massachusetts Institute
of Technology and leading authority on the use of software in highreliability systems, has pointed out that, like in mechanical systems, the
addition of redundancy in digital systems can increase complexity lead-
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ing to new types of accidents. In a review of five major aerospace accidents attributed to software problems she notes that
Throughout the accident reports, there is an emphasis on failures as the cause of accidents and redundancy as the solution.
Accidents involving software, however, are usually “system
accidents” that result from the dysfunctional interactions
among components, not from individual component failure.
All these accidents (as well as almost all the software-related
accidents known to the author) resulted from the software doing something wrong rather than the computer hardware or
software failing to operate at all of [sic] In fact, in most cases
the software or hardware components operated according to
their specifications, that is, they did not fail, but the combined
behavior of the components led to disastrous system behavior.759

Similar problems emerge from the addition of self-checks to the software
in an attempt to improve its reliability. Experiments have shown that
self-checks were able to prevent very few errors from occurring and, instead, were found to introduce more failures than they caught.760
Determining how to include software failures into PRAs poses a number
of problems that are similar to those encountered in dealing with design
inadequacies in general. The new feature is that, with the introduction of
software, important elements of control and safety systems are now vulnerable to purely design failures. Despite extensive testing and validation programs, problems in the design of software will likely continue to
slip through during development. As noted by Professor Leveson,
Most software-related-accidents [in high reliability systems]
have involved situations that were not considered during development or were assumed to be impossible and not handled
by the software.761

The National Research Council noted that there remains an ongoing
“controversy within the software engineering community as to whether
an accurate failure probability can be assessed for software or even
whether software fails randomly.”762
The increased reliance on software can have an important impact on the
completeness of PRAs as well. As summarized by the National Research
Council, “[a]nalog systems are believed to fail in more predictable and
obvious ways than do the more hidden and insidious failure mechanisms
in software.”763 The possibility for such hidden failure modes is increased in some plants by the much greater complexity of the software
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systems that have been developed. For example, Ontario Hydro was the
first utility in Canada to license a fully computerized plant shutdown system. This system consisted of roughly 6,000 lines of code and contained
only software directly related to the shutdown of the plant. On the other
hand, Britain’s first reactor shutdown system to make use of computer
controls consisted of a program with approximately 100,000 lines of
code that ran on several hundred microprocessors and was designed to
handle functions beyond those related to plant shutdown.764
In fact, to date, the inclusion of software failure modes in the PRAs for
nuclear plants have been very inconsistent. For example, General Electric’s new Advanced Boiling Water Reactor design did not include any
possibility of software failures in its risk assessment. In addition, the
guidelines for performing PRAs contained in the Electric Power Research Institute's Utility Requirements Document did not include any
discussion of how to incorporate software failures.765 Similar cases of
software being omitted entirely or “treated superficially at best” can be
found in the risk assessments carried out for other types of high reliability systems as well.766 On the other hand, Westinghouse did choose to
include subjective estimates for software unavailability in its analysis of
the AP600 pressurized water reactor's protection and monitoring system.767 While there remains important questions as to how to properly
include digital systems in the PRA methodology, the National Research
Council did recognize that “explicitly including software failures in a
PRA for a nuclear power plant is preferable to the alternative of ignoring
software failures.”768
Section 4.3.5 –Expert Judgment and Uncertainties of Methodology
The preceding sections have discussed in detail some of the most uncertainties surrounding the quantitative results of probabilistic risk assessments. A further source of uncertainty concerns the use of expert judgment to determine failure modes and failure rates in cases where insufficient experimental or historical information exists to make a determination. Examples of the failure of expert judgment abound in high reliability systems. For example, during the debate over the construction of the
Fermi Fast Breeder reactor near Detroit, Hans Bethe, the Nobel Prize
winning physicist, predicted that it was not possible for this type of reactor to suffer a melt down. Another expert was somewhat more cautious,
but still predicted that at most one fuel subassembly could melt under the
worst case accident conditions. In 1966, however, the Fermi reactor suf221

fered a core melt accident that damaged a total of four fuel subassemblies. Two of the subassemblies were found to have been so heavily
damaged that were actually partially melted together.769
Other examples of the failure of expert judgment can be found in the
Space Shuttle program. A DOE analysis of the safety of launching satellites containing plutonium-238 officially estimated the probability of a
shuttle failing during the launch phase to be just 1 in 100,000. This
would imply that NASA could launch a Space Shuttle every day for
nearly 274 years and expect only one disaster on average.770 Following
the destruction of the Challenger in 1986 shortly after lift off, NASA issued its own risk estimates putting the probability of failure during the
launch phase at 1 in 248, more than 400 times larger than the DOE’s estimate.771 Similar disagreements over the safety of Shuttle’s main engines were also apparent. Engineers at Rocketdyne, the engine’s manufacturer, estimated the failure probability as 1 in 10,000, while engineers
at the Marshall Space Center estimated a probability of 1 in 300, and an
independent engineering consultant hired by NASA thought 1 in 50 to 1
in 100 would be more reasonable.772
In addition to the use of expert judgment in estimating failure rates, there
are also a number of different ways in which the PRA methodology can
be set up and applied, and the choice between these can have an important impact on the results as well. In light of this, the Nuclear Regulatory
Commission noted in the early 1980s
Therefore, the NRC has had programs under way since 1975
to improve the PRA methodology. Progress is being made
and the program has provided useful insights on nuclear reactor safety. However, there remain significant uncertainties associated with the overall results of PRAs, and there exists a
wide spectrum of expert views on the ability of the PRA
methodology to provide reliable estimates of the risk associated with the operation of nuclear power plants. Furthermore,
the studies done thus far have not been performed using consistent methodology and assumptions.773

In testimony before Congress two years later, NRC Commissioner James
Asselstine acknowledged that
Moreover, there are enormous uncertainties in the estimated
core meltdown risks to the public. Scientifically accepted data
and methodology are not in hand today to substantially reduce
those uncertainties. Thus, I believe it is mandatory to consider
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forthrightly those uncertainties in reaching any conclusion on
the acceptability of the core meltdown risks.774

Despite ongoing efforts by the NRC, academics, and the nuclear industry, these issues of methodology have yet to be adequately resolved.
The plant specific safety assessments published by the NRC in 1996 estimated core damage frequencies for boiling water reactors that varied by
over roughly three orders of magnitude while the estimates for the operating pressurized water reactors varied by over two orders of magnitude.
This wide spread in estimated accident frequencies at the various facilities was attributed to “plant design differences”, “variability in modeling
assumptions”, and “differences in data values (including human error
probabilities) used in quantifying the models.”775 Of these three reasons,
only the first represents a real difference in safety among the plants,
while the second two are simply artifacts of the modeling technique.
These artifacts of the methodology can be seen in an even clearer way by
comparing the PRAs for very closely related plants. For example, Wolf
Creek in Kansas and Callaway in Missouri were built from identical
blueprints using the same materials and were brought online just eight
months apart. Despite these similarities, however, the PRA for Wolf
Creek estimated some accident probabilities that were 10 to 20 times less
than the estimates for those same accidents occurring at Callaway. A
similar example can be found in a comparison of the risk assessments for
the Sequoyah and Watts Bar plants in Tennessee. Both of these plants
share the same general design, and both are operated by the Tennessee
Valley Authority. Despite these similarities, however, the overall core
damage frequency predicted for Sequoyah was 1 in 26,525 per year
while the frequency for Watts Bar was just 1 in 3,030 per year (almost 9
times greater). After comparing these results, the TVA recalculated the
expected accident frequency for Watts Bar and reduced it to 1 in 12,500
per year. Despite this change, the estimated probability for an accident at
Watts Bar was still more than twice that for the Sequoyah plant.776
In light of the influence that may be exerted on the results of quantitative
risk assessments by the choice of methodology and the use of expert
judgment, William Ruckelshaus, the head of the U.S. Environmental
Protection Agency under both Presidents Nixon and Reagan summarized
the situation as follows
We should remember that risk assessment data can be like the
captured spy: if you torture it long enough, it will tell you anything you want to know.777
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Section 4.4 – Safety of an Expansion of Nuclear Power
In the preceding sections we examined both the potential consequences
of a major accident at a nuclear plant as well as some of the uncertainties
surrounding the estimates for the probability of such accidents occurring.
With this information we can finally turn to the central question of reactor safety; namely what would be the risk posed by the expansion of nuclear power under the global or steady-state growth scenarios and
whether that risk is likely to be acceptable.
Historical experience with nuclear plants in the United States imply that
the probability of a core melt accident is likely between 1.2 x 10-4 and
1.6 x 10-3 per year (1 in 8,440 per year to 1 in 633 per year).778 Typical
probabilistic risk assessments for the U.S. nuclear fleet predict a value of
1 in 10,000 per year, just below the lowest end of the historic range.779
Even assuming that the smaller accident rate predicted by the PRA
methodology is correct, the risks that would be posed by 1,000 to 2,500
light-water reactors operating around the world would be unacceptably
large. As noted by the authors of the MIT study
With regard to implementation of the global growth scenario during the period 2005-2055, both the historical and
the PRA [Probabilistic Risk Assessment] data show an unacceptable accident frequency. The expected number of core
damage accidents during the scenario with current technology
would be 4. We believe that the number of accidents expected
during this period should be 1 or less, which would be comparable with the safety of the current world LWR fleet. A larger
number poses potential significant public health risks and, as
already noted, would destroy public confidence.780

A particular concern with the expansion of nuclear power would accompany the envisioned increase in the number of plants located near large
population centers both in the U.S. as well as in densely populated countries like India and China.
The solution put forward by the authors of the MIT to this unacceptable
level of risk from the global growth scenario rests entirely upon their
belief in the industry’s claims that the new generation of nuclear plants
can be made significantly safer than current plants. In particular, the authors of the MIT study concluded that the reduction of the core damage
probability from 1 in 10,000 per year to 1 in 100,000 per year “is a desirable goal and is also possible, based on claims of advanced LWR designers, that we believe plausible.”781 With this reduction in the estimated
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accident probability, the risks from the global growth scenario could be
reduced to roughly the same level as the risks posed by the current U.S.
fleet. In other words, there would still be more than one chance in three
of a meltdown occurring somewhere in the world during the lifetime of
the reactor fleet. In the case of the steady-state growth scenario, with
2,500 reactors online in 2050, the probability of a meltdown would rise
to above 60 percent, even assuming that the claimed safety improvements were actually achieved.
Surprisingly, in discussing the basis for their conclusion regarding the
improved safety of new reactor designs, the authors of the MIT report
admit that
Our study has not been able to address each aspect of concern
as thoroughly as deserved. One example is safety of nuclear
operations. Accordingly, we report here views of our group
that we believe to be sound but that are not supported by
adequate analysis.782

This statement is rather shocking from a scientific point of view given
the importance of reactor safety to the future of nuclear power. The consequences of a major accident could be catastrophic and long lasting if
the reactor’s containment was breached. Even in the event of a meltdown that did not release significant quantities of radiation to the environment, the financial loss of the reactor and the impact on public confidence in nuclear power could have dramatic and far reaching impacts on
the viability of the industry. Given the numerous uncertainties outlined
in the last section concerning the estimates for the accident frequencies,
and the fact that the lesson to be learned from past experience is that a
priori engineering estimates based on paper drawings or prototype plants
often miss important failure modes and accident scenarios, it seems difficult to justify the recommendation of such a large expansion of nuclear
power based upon an inadequately supported belief of what safety improvements are “plausible.”
As discussed in Sections 4.2.1 and 4.2.2, the potential consequences of a
worst case nuclear accident are so severe that determining the risk posed
by nuclear power is extremely sensitive to the assumptions used in estimating the probability of such accidents occurring. This is sometimes
referred to as the “zero-infinity problem,” in which the product of low
probabilities and high consequences become poorly defined in discussions of risk in the same way that the product of zero and infinity is
poorly defined in a mathematical sense. In these situations it is most
prudent to pursue a precautionary approach and to carefully consider the
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range of uncertainties inherent in the overall risk estimates. As concluded by the GAO in 2004,
PRA estimates for nuclear power plants are subject to significant uncertainties associated with human errors and other
common causes of system component failures, and it is important that proper uncertainty analyses be performed for any
PRA study.783

Thus, rather than focusing upon a single number and basing conclusions
on that estimate alone, it is necessary to consider a range of reasonable
accident probabilities associated with a range of reasonable consequences.
The need to focus more attention on uncertainties is not a new idea. For
example, in his testimony before Congress in the mid-1980s, NRC
Commissioner James Asselstine commented that
The Commission has yet to formulate a coherent approach to
addressing the uncertainties. Until this is done, I believe there
is no justifiable technical basis for concluding that the core
meltdown risks are acceptable for the long term.784

Commissioner Asselstine further testified that he felt it was reasonable to
assume there was at least a factor of ten in the uncertainty of core damage estimates generated by PRAs.785 This level of uncertainty is supported by the results of the plant specific risk assessments carried out in
the mid-1990s which estimated core damage frequencies for the U.S.
fleet of reactors that varied by two to three orders of magnitude (see Section 4.3.5). This uncertainty is also consistent with the range of accident
frequencies that can be estimated from historical experience as noted
above. The uncertainty in risk assessments conducted for reactor designs
that have yet to be built or have only limited operating experience would
be expected to be at least as large as the uncertainties for existing plants,
and would likely be larger. This is particularly true for designs that make
greater use of programmable logic devices and other digital systems than
today’s reactors.
Given the uncertainties inherent in the PRA methodology, and the lack of
significant real-world experience with most of the advanced or evolutionary reactor designs that would be likely candidates for the global or
steady-state growth scenarios, we will instead use the experience gained
from the existing fleet of light-water reactors to examine the expected
accident rates. This is consistent with the caution noted by the authors of
the MIT study as well:
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Although safety technology has improved greatly with experience, remaining uncertainties in PRA methods and data bases
make it prudent to keep actual historical risk experience in
mind when making judgments about safety.786

Thus, retaining the assumption from the MIT report that new reactor designs will be about 10 times less likely to suffer a meltdown than the existing fleet, we estimate that new nuclear plants would have an accident
probability of between 1.2 x 10-5 and 1.6 x 10-4 per year. From this range
of probabilities, we can then estimate the likelihood of at least one meltdown occurring somewhere in the world over then next few decades if
the global or steady-state growth scenarios were pursued (see Table 4.6).
Table 4.6: Cumulative probability of at least one accident occurring somewhere
in the world by the given date under the global or steady state growth scenarios.
The range of accident probabilities for the reactors is taken to be 1.2 x 10-5 to 1.6
-4
x 10 per year which is ten times lower than the estimates derived from historical
experience with the existing fleet of U.S. reactors.

Year
2020
2030
2040
2050

Global Growth Scenario
(1,000 GW in 2050)
6.6 to 60%
12 to 82%
19 to 94%
27 to 98%

Steady-State Growth Scenario
(2,500 GW in 2050)
7.2 to 63%
15 to 88%
26 to 98%
42 to 99.9%

From Table 4.6 we find that, by 2030 there would be better than one
chance in ten at best of at least one TMI level accident occurring under
the global growth scenario. At the upper end of this range there would
be more than an 80 percent chance of at least one such accident having
occurred. Importantly, these estimates have already taken into account a
significant, and as yet unproven, increase in the safety of new reactor
designs compared to those in operation today. To illustrate these accident rates another way, Figures 4.1 and 4.2 show the cumulative probability for one or more meltdowns occurring somewhere in the world
prior to 2050. These figures use the median accident rate projected from
historical experience and include the same ten-fold increase in safety
assumed by the authors of the MIT report.787 The overall likelihood of
such an accident occurring would, of course, continue to rise beyond
2050 while the reactors continued to operate until each had reached the
end of its 40 year operational lifetime.
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Figure 4.1: Cumulative probability of accidents occurring somewhere in the world
between 2005 and 2050 assuming that 1,000 reactors are online at mid-century.
The accident probability is taken to be 5.6 x 10-5 per year (i.e. 1 in 17,880 per
year) which is ten times lower than the median estimate for the accident rate
derived from historical experience with the existing fleet of U.S. reactors.
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Figure 4.2: Cumulative probability of accidents occurring somewhere in the world
between 2005 and 2050 assuming that 2,500 reactors are online at mid-century.
The accident probability is taken to be 5.6 x 10-5 per year (i.e. 1 in 17,880 per
year) which is ten times lower than the median estimate for the accident rate
derived from historical experience with the existing fleet of U.S. reactors.
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Luckily, the probability that a accident would occur in which the reactor’s containment dome was also breach, would be less than the core
damage frequencies shown in Figures 4.1 and 4.2. Despite this fact,
however, it is very unlikely that the level of risk would be low enough
under the global or steady-state growth scenarios to be considered acceptable by the public. The inclusion of potential terrorist attacks on the
scale of those on September 11, 2001 adds even further to the already
significant uncertainties inherent in predicting the safety of a large scale
expansion of nuclear power. The history of public opposition to nuclear
power reveals quite clearly the importance of reactor safety to the acceptability of this technology. In light of the high probabilities of at least
one serious accident occurring by mid-century, the possibility that public
option could turn sharply against the widespread use of nuclear power
following a meltdown is a significant vulnerability in plans that envision
a heavy reliance on this energy source.

Section 4.5 - Conclusions
Like the potential for nuclear weapons proliferation, the potential for
catastrophic reactor accidents or well coordinated terrorist attacks to release large amounts of radiation make nuclear power a uniquely dangerous source of electricity. Such releases would have severe consequences
for human health and the environment, would require expensive cleanup
and decontamination efforts, and would leave buildings and land contaminated for generations. The last systematic analysis of accident consequences released by the government was completed nearly a quarter of
a century ago. The study, entitled Calculation of Reactor Accident Consequences for U.S. Nuclear Power Plants (CRAC-2), found that a worst
case accident at many power plants could result in tens of thousands of
deaths from prompt radiation effects and long-term fatal cancers and
cause hundred of billions of dollars in damage.
Since CRAC-2 was completed, the population in the U.S. has both grown
in size and has grown increasingly concentrated. In addition, the scientific understanding of radiation risks has advanced significantly since the
early 1980s. In light of these changes, the Nuclear Regulatory Commission should update the CRAC-2 study to provide the public with a clearer
understanding of the risks of nuclear power. The updated study should
include the potential impacts from large-scale, well coordinated terrorist
attacks which may have consequences that differ from normal accidents.
In addition, given the potentially large impacts of such releases, the up229

date should also consider the risks from fires that may occur in the reactor’s cooling pools. While the precise details of the accident and attack
scenarios are likely to remain classified on security grounds, the full distribution of impacts should be released to the public to facilitate a more
informed and democratic debate on the future of nuclear power.
In addition, even if the reactor’s secondary containment is not breached,
and there are not large offsite releases of radiation, a serious accident at a
nuclear plant that damages the core would still cost the utility a very significant amount of money due both to the loss of the reactor and the need
to buy replacement power. As summarized by Peter Bradford, a former
commissioner of the NRC,
The abiding lesson that Three Mile Island taught Wall Street
was that a group of N.R.C.-licensed reactor operators, as good
as any others, could turn a $2 billion asset into a $1 billion
cleanup job in about 90 minutes.788

To date, there have been at least seven reactor accidents that have resulted in the release of radiation. These accidents have occurred at both
military and civilian research and power reactors that employed a variety
of different design features. The worst of these accidents was the April
26, 1986 steam explosion at the graphite moderated, water-cooled Chernobyl nuclear power plant. An estimated 220,000 people were eventually forced to relocate following the accident and large areas of agricultural land had to be abandoned. Several thousand people across Europe
and the former Soviet Union are expected to ultimately die as a result of
this disaster. So far, the one accident to have occurred at a commercial
light-water reactor (i.e. the March 1979 partial meltdown at Three Mile
Island) is not officially believed to have resulted in the release of large
quantities of non-noble gas radionuclides to the environment. However,
as Richard Feynman famously noted in relation to the O-ring failures that
led to the destruction of the Space Shuttle Challenger, “[w]hen playing
Russian roulette, the fact that the first shot got off safely is of little comfort for the next.”789
Estimates for the likelihood of such accidents occurring have significant
uncertainties that greatly complicate projections about the safety of an
expanded use of nuclear power. In fact, the authors of the MIT report
admit that
Our study has not been able to address each aspect of concern
as thoroughly as deserved. One example is safety of nuclear
operations. Accordingly, we report here views of our group
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that we believe to be sound but that are not supported by
adequate analysis.790

This statement is rather shocking given the importance of reactor safety
to the viability of any nuclear revival.
The Probabilistic Risk Assessments which try to quantify the likelihood
of accidents in high reliability systems have numerous methodological
weaknesses that limit their reliability. The issues of completeness and
how to handle design defects are particularly difficult to handle within
the PRA methodology in that they essentially require the analyst to know
what they don’t know about what could go wrong. If important accident
scenarios can be foreseen they would already be included in the analysis,
and if design defects were identified they could be fixed. As summarized by Edward Hagen, a development specialist at Oak Ridge National
Laboratory and editor of the Control and Instrumentation section of the
journal Nuclear Safety,
No reactor system has ever failed because of a deficiency that
could be seen on a designer’s flow sheet or an analyst’s
model. Such deficiencies have been revealed only via operating experiences.791

This is a particular concern for the safety of new reactor designs that so
far exist only on paper or which have only a limited amount of operating
experience. Many important unforeseen accident scenarios and design
flaws have been discovered during the nearly 3,000 reactor years of operating experience with current reactor designs. Placing too much faith
in theoretical estimates for the safety of new designs without a suitable
consideration of the many inherent uncertainties involved could be a potentially serious mistake.
Additional concerns arise due to the fact that nuclear power demands an
extremely high level of competence at all times from all levels of the organization -- from the regulators and managers all the way through to the
technical and maintenance crews. If the human element of the system
falters, then there is the possibility for a severe accident to occur. This
element of uncertainty in the risk assessments will remain as important
for new plants as it is for existing plants, since they all rely on humans as
an integral element of operation. Finally, the increased use of computers
and other digital systems for performing control, protection, and monitoring functions create important safety tradeoffs with improvements
during normal operation, but the potential for unexpected problems to
arise during accidents.
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In light of the uncertainties inherent in quantitative risk assessments and
the influence that may be exerted by the persons conducting the analysis,
William Ruckelshaus, the head of the U.S. Environmental Protection
Agency under both Presidents Nixon and Reagan cautioned that
We should remember that risk assessment data can be like the
captured spy: if you torture it long enough, it will tell you anything you want to know.792

Using historical experience with light-water reactors in the United States
as a more reliable starting point for considering the risks of nuclear
power, we find an unacceptably high risk of accidents under either the
global or steady-state growth scenarios. Using the median accident rate
from U.S. experience, and retaining the assumption from the MIT report
that future plants will be ten times safer than those in operation today, we
find that the probability of at least one TMI level accident occurring
somewhere in the world by 2030 would be roughly 45 percent under the
global growth scenario and more than 50 percent under the steady-state
growth scenario. By 2050, the probability of at least one accident having
occurred would be greater than 75 percent under the MIT scenario and
over 90 percent under the steady-state growth scenario. In fact, with the
construction of 2,500 reactors, there would be nearly a 50-50 chance that
three or more accidents will have occurred by mid-century.
In addition to the extremely large economic, human, and environmental
impacts that could accompany a serious reactor accident or successful
large-scale terrorist attack, the history of public opposition to nuclear
power clearly demonstrates the importance of reactor safety to the acceptability of this technology. In light of the high probability that at least
one accident like Three Mile Island would occur somewhere in the world
between now and 2050, the possibility that public opinion could turn
sharply against the widespread use of nuclear power following a meltdown is a significant vulnerability with plans that envision a heavy reliance on this energy source. If a rapid expansion of nuclear power was
the only way to avoid the looming threat of climate change, then these
risks from reactor accidents would have to be looked at differently given
the potentially catastrophic impacts of global climate disruption. However, nuclear power is not the only available option for economically
reducing emissions as discussed in Chapter Two. Therefore, to trade one
uncertain, but potentially serious health and environmental risk for another is not a sound basis for an energy policy.
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Chapter Five: The Legacy of Nuclear Waste
A worldwide deployment of one thousand 1000 megawatt LWRs [light water reactors] operating on the
once-through fuel-cycle with today's fuel management characteristics would generate roughly three
times as much spent fuel annually as does today's nuclear power plant fleet. If this fuel was disposed of
directly, new repository storage capacity equal to the
currently planned capacity of the Yucca Mountain facility would have to be created somewhere in the
world roughly every three or four years.793
- The Future of Nuclear Power (2003)
As I reflect on my own involvement in the waste
problem, I have these regrets. Most importantly,
during my years at ORNL [Oak Ridge National Laboratory] I paid too little attention to the waste problem. Designing and building reactors, not nuclear
waste, was what turned me on.… Indeed, as I think
about what I would do differently had I to do it over
again, it would be to elevate waste disposal to the
very top of ORNL’s agenda.794
- Alvin Weinberg, Director of Oak Ridge National Laboratory from 1955 to 1973 (1994)

Along with the potential for facilitating nuclear weapons proliferation
and concerns over reactor safety, the challenge of managing the radioactive wastes generated by the nuclear fuel cycle is a long standing vulnerability accompanying the use of nuclear power. In addition to its high
radiotoxicity, the existence of large quantities of weapons usable plutonium in the spent fuel from commercial power plants complicates the
waste management problem by raising concerns over nuclear weapons
proliferation as discussed in Chapter Three.795 This link between nuclear
waste and nuclear weapons makes reprocessing technologies highly undesirable, even if those waste management technologies could somehow
be made economical and could overcome their other significant environmental problems. Finally, it is important to recognize that the im233

pacts of nuclear waste have so far fallen disproportionately on Indigenous Peoples in the United States and around the world raising concerns
about environmental justice. This disproportionate impact is true both
for wastes from uranium mining and milling as well as for the management of spent nuclear fuel and high-level waste.796
It has been more than 60 years since the first spent fuel and high-level
reprocessing wastes were created as part of the Manhattan Project’s development of the atom bomb. Since then, more than 440 commercial
reactors have been brought online around the world generating well over
a hundred thousand metric tons of spent fuel as well as large quantities of
liquid high-level waste. The current scientific consensus, which is
shared by IEER, is that placement of this waste in a deep geologic repository is the least worst option available for the long-term management
of the spent fuel that is already in existence.797 However, to date no
country has yet successfully disposed of a single ton of this waste and all
repository programs have encountered unexpected problems.
Through 2050, the proposed expansion of nuclear power under the global
growth scenario would lead to roughly a doubling of the average rate at
which spent fuel is currently being generated. The characterization and
siting of repositories rapidly enough to handle this volume of waste
would be a very serious challenge, and one unlikely to be overcome by
the development of new technologies or disposal options. The site of the
Yucca Mountain repository has been studied for more than two decades
and it has been the sole focus of the U.S. Department of Energy since
1987. Despite this effort, as yet no license application has been filed and
a key element of the regulations governing the site has been struck down
by the courts and re-issued in draft form. It is one of the central failures
of nuclear power’s expansion to date that those responsible simply had
faith that the waste problem was tractable and that as technology advanced it would eventually prove a relatively straightforward task to
manage spent fuel safely. The densely packed spent fuel pools spread
around the U.S. today and a highly contentious and long-delayed repository program are the result of that faith.
In this chapter we will briefly address “low-level” waste disposal, and
then consider in detail the problems surrounding geologic disposal of
spent fuel in a mined repository. While different issues will arise among
the various international repository programs, we will focus on the proposed Yucca Mountain repository given that it is one of the largest and
also one of the farthest along in development. We will then discuss the
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safety of spent fuel transportation which relates both to permanent disposal in a repository as well as to proposals for reprocessing or for consolidation of the waste at a centralized long-term retrievable storage facility. Finally, we will consider some of the alternative strategies for the
management of spent fuel that have been proposed and discuss why it is
unlikely that any of them would be able to ease the waste disposal problem associated with a large expansion of nuclear power.

Section 5.1 –Disposal of “Low-Level” Nuclear Waste
In the United States, radioactive waste is not classified according to the
level of hazard it represents, but is instead classified by its origin. Spent
nuclear fuel and liquid wastes generated by reprocessing are classified as
high-level waste. Materials contaminated above a certain threshold with
long-lived alpha emitting transuranic isotopes such as plutonium, neptunium, or americium are classified as transuranic (TRU) waste.798 Both
high-level waste and TRU waste in the U.S. are required to be disposed
of in deep geologic repositories.799 The mill tailings and other wastes
from uranium mining are classified as 11.e.(2) byproduct waste. All
other radioactive wastes fall under the general category of “low-level”
waste (LLW) even if those materials actually have a higher activity or
are more radiotoxic than some transuranic wastes. The depleted uranium
created during the enrichment of nuclear fuel is an example of a “lowlevel” waste that poses long-term disposal problems that are comparable
to those of some TRU wastes in terms of radiation risk.800
While the vast majority of the radioactivity in nuclear waste is in spent
fuel and reprocessing wastes, the vast majority of the volume is in uranium mill tailings and low-level wastes. For example, at the end of
1994, the estimated volume of mill tailings was more than 300 times the
volume of high-level waste and spent fuel combined while the volume of
low-level waste was nearly 12 times larger. On the other hand, the radioactivity in the mill tailings and low-level waste together was more
than 1,100 times less than the radioactivity in high-level waste and spent
fuel.801 Given its radiological properties, the disposal of most kinds of
LLW (with the exception of wastes such as depleted uranium) is typically a far less complicated problem than the management of transuranic
or high-level waste. However, despite this fact, the disposal of LLW has
also encountered difficulties that should not be overlooked in the context
of proposals for the expansion of nuclear power.
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The 1980 Low-level Radioactive Waste Policy Act made the disposal of
LLW the responsibility of individual states, in contrast to the management of high-level waste which is a federal responsibility. In order to
deal with these wastes, the states formed compacts that agreed to cooperate in developing regional disposal facilities.802 An amendment to the
law in 1985 allowed the three then existing commercial disposal sites to
stop accepting waste from outside their compacts after the end of 1992.
Since then, the commercial facility at Beatty, Nevada, has closed, the
facility at Hanford has stopped accepting commercial waste from outside
the Northwest and Rocky Mountain compacts, and the disposal site at
Barnwell, South Carolina, has announced that it will stop accepting
waste from outside the Atlantic compact by the end of 2008. The only
other commercial facility in operation today is the Envirocare site at
Clive, Utah, which accepts waste from all across the United States. This
facility, however, is only licensed to dispose of the lowest class of lowlevel waste. In February 2005, the new owners of Envirocare announced
that they would no longer seek a license amendment to allow the acceptance of higher activity wastes.803 This announcement was made just
days before the Utah House and Senate passed legislation permanently
banning the import of such higher activity wastes to the state.
The development of new low-level waste disposal sites has run into a
number of difficulties. A disposal facility approved in 1993 for construction in California was stopped when the Department of the Interior refused to transfer ownership of the federal land to the state as expected.
Disposal sites in Ohio and Nebraska have been abandoned by the Midwest and Central compacts respectively. In November 2004, the voters
in Washington State approved Initiative 297 by more than a 2 to 1 margin. This initiative called for an end to the disposal of waste in unlined
trenches at the Hanford reservation as well as for the DOE to not leave
behind high-level waste from plutonium production in the tank farms,
and for the DOE to ensure that the land and groundwater at Hanford are
cleaned up before any additional waste is brought to the site. Currently,
the only new disposal facility that is undergoing an advanced state of
active development is the Waste Control Specialists (WCS) site in Andrews County, Texas. WCS filed a license application in August 2004 to
build two low-level waste disposal units, one for waste from the Texas
Compact and a second facility for the disposal of federal low-level waste.
The application is currently pending and the facility is not expected to
open until 2007 at the earliest.804 A previous attempt to license a disposal
facility in Texas at the Sierra Blanca site failed due to concerns raised by
the State, environmental groups, and members of the local communities.
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The difficulties encountered in licensing new LLW disposal facilities
have the potential to impact, among other things, the cost of decommissioning nuclear reactors and fuel cycle facilities. In addition, the enrichment of uranium to supply the fuel for 1,000 GW of capacity would
generate more than 184,300 metric tons of depleted uranium per year
plus a proportionately large amount of mill tailings.805 For comparison
this would mean that, under the global growth scenario, as much depleted uranium would be created every two years as was created at all
three DOE facilities for all civilian and military programs in the nearly
half a century from 1944 through mid-1993.806 In the case of the steadystate growth scenario, the amount of DU generated would be increased
by two and a half times over the global growth scenario. No country has
yet developed a long-term disposal facility for the more than one million
two-hundred thousand metric tons of depleted uranium already in existence around the world.807 A recent analysis by IEER estimates that the
ultimate cost of managing the depleted uranium tails in the United States
would likely range from $20 to $30 per kilogram of DU.808 Assuming
this cost was passed on by the enrichment corporation as part of the annual fuel price, this would add an estimated $3.7 to $5.5 million per year
to the fuel costs of each nuclear plant.
The management and disposal of low-level waste will continue to pose
challenges in the future (particularly those issues regarding depleted uranium), however, by far the largest concerns regarding waste management
relate to the handling of spent fuel given that it contains both the vast
majority of the radioactivity and weapons usable plutonium that can be
chemically separated by reprocessing.

Section 5.2 – Geologic Disposal of Spent Nuclear Fuel and HighLevel Waste
The amount of spent fuel discharged annually from a commercial reactor
depends upon both the reactor’s capacity factor and the total burnup of
the fuel. The higher the capacity factor, the more energy the reactor generates in a year. Thus, higher capacity factors mean more fuel is undergoing fission, which increases the amount of spent fuel that is generated
over time. On the other hand, by increasing the total burnup of the fuel,
the operator can extract more energy from a given amount of uranium,
thus reducing the mass of spent fuel that is generated. In the future, a
typical 1,000 MW reactor is expected to generate approximately 20 tons
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of spent fuel per year.809 This value is generally consistent with the recent experience at operating reactors in the United States. Between the
end of 1998 and the end of 2002, U.S. reactors discharged an average of
22.1 metric tons per GW per year.810
The EIA reports that, as of the end of 2002, U.S. reactors had discharged
a cumulative total of 47,023 metric tons of spent fuel. This commercial
waste is currently stored at 76 sites in 33 states according to the DOE.
(A number of these sites have multiple reactors and multiple fuel storage
facilities located within the same general complex.) Nearly 90 percent of
the spent fuel was stored in cooling pools, while the remainder was
stored in independent spent fuel storage installations (ISFSIs), mostly in
dry casks located at reactor sites. Assuming a continuation of the recent
rate of waste generation, by the end of 2005 there was an estimated
53,100 metric tons of spent fuel stored around the United States. By
2012, which is the earliest date that the Yucca Mountain repository could
possibly be opened, the amount of spent fuel discharged from the currently operating reactors would amount to approximately 67,500 MT.811
Thus, even without any new nuclear construction, by 2012 the inventory
of spent fuel in the U.S. would already exceed the statutory limit of the
planned Yucca Mountain repository (i.e. 63,000 MT of commercial spent
fuel capacity and 7,000 MT of capacity for military high-level waste
from plutonium production).
Developing ways to manage spent fuel and reprocessing wastes in such a
way that will protect both current and future generations is greatly complicated by the time-scales over which some of the important radionuclides will remain dangerous. For example, the half-life of plutonium239 is 24,000 years, and thus even after 160,000 years there would still
be more than four and a half metric tons of plutonium-239 remaining in
the waste.812 For comparison, this amount of plutonium would be
enough to make nearly 570 nuclear bombs if it was recovered. Other
radionuclides of concern have even longer half-lives. For example, technetium-99 has a half-life of 212,000 years, cesium-135 has a half-life of
2.3 million years, and iodine-129 has a half-life of 15.7 million years.
Due to their long half-lives and other radiological and chemical properties, these radionuclides have been found to be significant contributors to
the long-term risks posed by repository disposal. Because harmful radionuclides like these will remain dangerous for such long periods of
time, the peak dose from the high-level waste disposed of at Yucca
Mountain is not expected to occur for more than a hundred thousand
years, assuming that the engineered barriers function as intended.
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To put some of these timescales into perspective, we note that they are
comparable to the entire amount of time that modern humans are believed to have existed on Earth.813 Another way to appreciate the magnitude of these timescales is to note that the first evidence of domesticated
plants and animals dates back only roughly 10,000 to 12,000 years while
the oldest known evidence of human writing goes back at most 5,300 to
5,500 years.814 In light of such considerations, the National Research
Council concluded that there was no scientific or technical basis to support claims for the long-term reliability of such things as markers,
monuments, or other written records at preventing future humans from
inadvertently intruding upon a repository.815 In other words, the management of nuclear waste concerns a time scale that is more appropriate
to human evolution than human civilization.
Regardless of whether or not new nuclear plants are built in the coming
decades, the tens of thousands of metric tons of spent fuel already in existence as well as that which will continue to be generated before the current reactors could be shutdown, will require a significant effort to ensure
safe management. IEER agrees that the disposal of this waste in a mined
geologic repository is the least worst option available. However, the implementation of this generic concept is extremely complicated. The suitable characterization of a site and the development of engineered barriers
specially tailored to the particular features of the site geology will necessarily take a significant amount of time and money.816 In addition to the
technical issues surrounding site selection and repository design, there
are a number of societal issues that must be addressed, including the
need to receive the informed consent of all affected parties as well as the
need to seek an equitable distribution of the benefits and liabilities associated with the past use of nuclear power. The importance of this mixture of social and technical issues in repository development is widely
recognized. In its review of spent-fuel management, the National Research Council concluded
At the present time, probably a relatively small segment of the
public and of political decision makers agrees on the definitions of acceptable risk and uncertainty developed by the
waste community in its professional and scientific practice. In
the opinion of the committee, these notions will require extensive discussion and debate among the various stakeholders
over the coming years before any broad consensus can be obtained.817
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The authors of the MIT study made a similar observation and noted that
No country has yet established an operating repository for
high-level waste, and all have encountered difficulties with
their programs. In many countries public and political opposition to proposed nuclear waste facilities and to the transportation of nuclear waste by road or rail has been intense, and public opinion polls reveal deep skepticism around the world
about the technical feasibility of safely storing nuclear waste
over the long periods for which it will remain hazardous.818

Given the difficulty of both the technical and political sides of repository
development, it seems reasonable to conclude that a successful program
will require several decades to complete.819
With the exception of the United States, no country currently plans to
have a repository in operation before 2020 at the earliest (see Table 5.1).
In the U.S., the opening date for the Yucca Mountain repository has been
pushed back by the DOE at least twice from the original deadline of
1998 to at least 2012. It is now certain that the license application will
be further delayed, which will again delay the program (see Section
5.2.2). Even if no further delays had occurred, the U.S. repository would
still have opened 14 years behind its originally scheduled completion
date and more than 25 years after Yucca Mountain was selected by Congress as the sole site for characterization in the United States.
Table 5.1: Estimates for the earliest anticipated dates at which geologic repositories for the disposal of spent fuel and high-level waste may open as summarized
by the authors of the MIT report.820

Country
United States
Finland
Sweden
Switzerland
France
Canada
Japan
United Kingdom
Germany

Earliest Anticipated Date of Repository Opening
2012(a)
2020
2020
2020 or later
2020 or later
2025 or later
2030
later than 2040
date not yet determined

(a) In February 2006, Secretary of Energy Samuel Bodman stated that the Department of
Energy can no longer make an official estimate for when the Yucca Mountain repository
821
might open due to ongoing difficulties faced by the project.
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An additional point to note is that only the United States and Finland
have officially selected sites for characterization with the expressed intent of actually building their repositories at those sites. In the U.S., the
Yucca Mountain site was selected as the sole site for characterization in
1987, and in 2002 the President and U.S. Congress formally approved it
as the proposed location for the first repository in the United States. In
2001, the Finnish parliament approved the construction of a test facility
at Olkiluoto, in southwestern Finland, which, assuming the site proves
suitable, will become the location for that country’s permanent repository. In addition to the U.S. and Finnish programs, the French parliament authorized the construction of an underground laboratory at a site
in Bure, Meuse in the province of Lorraine in 1999. An alternative site
was also supposed to be evaluated, but no laboratory has yet been built in
France. The French government is expected to begin debate on the future of their repository program in 2006. On the other hand, Sweden,
Switzerland, and Japan are still evaluating potential sites, while Germany
and the U.K. have both decided to postpone any additional work on their
repository programs for the time being.822 Given the history in the U.S.,
and the public concerns over radioactive waste in Japan and Western
Europe, it is reasonable to conclude that at least some, and likely many,
of these other country’s programs will also be pushed back in time.
The rate of construction required to meet the global growth scenario
would already be very challenging. Assuming that construction began
next year, the global growth scenario would require one plant coming
online somewhere in the world every 15 days between 2010 and 2050.
To meet the more aggressive steady-state growth scenario, this rate
would have to fall to one reactor coming online every six days. Thus, it
is likely that the decision to begin the revival of nuclear power, as well as
the actual construction of reactors, would need to occur years before a
single repository would be opened anywhere in the world. This is not a
reasonable situation given the history of nuclear waste management programs to date, and one that is likely to seriously exacerbate a problem
that has plagued nuclear power for a half a century. The difficulties encountered in the development of a U.S. repository should serve to caution against the creation of any additional waste from new reactors.
Section 5.2.1 – General Uncertainties Regarding Geologic Disposal
The evaluation of repository performance is highly dependent upon the
local geology and other site specific considerations. Thus, the particular
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uncertainties that are most important will also be highly site dependent.
There are, however, three types of uncertainties that will be general to all
repository programs. The first relates to the completeness of the models
used to simulate the behavior of the engineered barriers and radionuclide
transport through the geologic medium. The second relates to the longterm climate variability at the repository site due both to natural and anthropogenic influences. And the third relates to the changes in human
behavior and consumption patterns as well as the continued evolution of
our species over the very long times to be considered in evaluating repository performance. We will discuss aspects of each of these areas
below and then highlight specific examples as they relate to the Yucca
Mountain repository in later sections.
Similar to the issue of completeness discussed in the context of probabilistic risk assessments (see Section 4.3.2), the completeness of the conceptual models used to simulate the behavior of the repository presents a
particular challenge in that it requires the designer to know what they
don’t know about the geologic and chemical processes that will be important at a given site. Adding to this difficulty is the fact that due to the
very long times being considered, a conceptual model can never be
proven correct, but can only be disproved by experimental work. As the
National Research Council concluded in its 2001 evaluation of the U.S.
repository program
Radionuclide transport out of the waste form and repository
(the near-field environment) through the more distant geological host medium (often called the far-field or the geosphere) to
that part of the environment accessible by humans (the accessible environment) is probably the most uncertain area of
modeling.823

Some of these uncertainties, particularly those associated with the engineered barriers, can be reduced by using only naturally occurring and
thermodynamically stable materials for the waste packages and by
choosing a site with a chemistry likely to retard radionuclide transport.
The U.S. has done the opposite, however, and chosen to use novel, human-made alloys whose long-term behavior is not as well understood
experimentally, and a site with a chemical environment favorable to accelerated transport of important radionuclides.
Uncertainties in the geologic behavior of the site and in the mechanisms
of radionuclide transport are, in many ways, more complicated to address
than those of the engineered barriers, and are largely not under the control of repository designers beyond selection of the site. For example,
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experiments in permeable media have shown that the results of radionuclide migration experiments are scale dependent and, therefore, that parameters measured on the laboratory scale may not always be appropriate
for use at the repository scale.824 In addition, if important mechanisms
for radionuclide transport to the biosphere have been overlooked then the
model results may not adequately reflect the true behavior of the repository. As summarized by the National Research Council,
Simply stated, a transport model is only as good as the conceptualizations of the properties and processes that govern radionuclide transport on which it is based. If the model does
not properly account for the physical, hydrogeochemical, and
when appropriate, biological processes and system properties
that actually control radionuclide migration in both the nearand far-fields of the repository system, then model-derived estimates of radionuclide transport are very likely to have very
large -- even orders of magnitude -- systematic errors.825

Unfortunately, the history of DOE’s past use of models to support decision making reveal a number of examples that demonstrate the dangers
inherent in relying on incomplete physical models for decision making.
When many of the sites within the U.S. nuclear weapons complex were
originally founded, it was believed that their arid climate and thick unsaturated zones would protect the groundwater for hundreds to thousands
of years from any contaminants buried in shallow unlined trenches.
Measurements over time, however, have revealed these early assumptions to be in substantial error. For example, the travel time estimated by
the DOE for radionuclides to reach the Snake River aquifer under the
Idaho National Engineering and Environmental Laboratory (INEEL) in
Idaho has fallen from tens of thousands of years in their models from the
mid-1960s to just a few tens of years today. This thousand fold increase
in the estimated migration rate was prompted by the discovery that plutonium had already reached the groundwater 200 meters beneath the Radioactive Waste Management Complex at INEEL.826
A second example is the fact that tritium, a radioactive form of hydrogen, has been found 48 meters below the waste disposal facility at
Beatty, Nevada, despite the fact that it was originally predicted that no
tritium would migrate from the site at all over this timescale. A third
example of this kind of failure was the DOE prediction that the low rain
fall and 90 meter thick unsaturated zone below the waste disposal sites at
the Hanford reservation in Washington State would prevent any contamination from reaching the groundwater. Unfortunately, however, fis243

sion products and other radionuclides from leaking high-level waste
tanks have already been found to have reached the water table below
Hanford, in some areas, after just 60 years.827
Finally, a fourth example of the failure of conceptual models can be
found in the DOE’s analysis of plutonium migration from the underground nuclear weapons tests conducted at the Nevada Test Site (NTS).
Originally, the DOE claimed that the heat from the nuclear explosions as
well as the chemical interactions of plutonium with the soil would result
in its being fixed in the rock and, therefore, that it would not be transported any significant distance through the environment. However, this
analysis failed to recognize the importance of colloids (small particles
suspended in water that are typically less than 0.001 millimeters in diameter) in mediating the movement of plutonium and other actinides.
Measurements from NTS have found that plutonium from at least one
test has already migrated as much as 1.3 km in just 30 years.828 The researchers who made this initial discovery, concluded that “[m]odels that
either predict limited transport or do not allow for colloid-facilitated
transport may thus significantly underestimate the extent of radionuclide
migration.”829 In all four of these examples, the conceptual models relied
upon for decision making failed to accurately predict contaminant transport, and it was only after observations of contamination spreading into
the environment were made that they were revised.
The second general uncertainty in of repository performance relates to
changes in the climate that will occur over the very long times involved.
The climate conditions that will prevail at a site such as temperature and
annual rain fall are closely related to the issue of radionuclide transport.
Over the next few hundred thousand years, the Earth’s climate will go
through a number of natural variations that can be roughly inferred from
past climate events. The further into the future one looks, however, the
larger the associated uncertainties will generally become regarding the
timing and intensity and duration of these natural changes. The impact
of these uncertainties on repository performance are likely to be more
significant if a “dry” site such as Yucca Mountain is selected where
keeping water away from the waste is of the highest priority. Other types
of climate changes will potentially be important for repositories located
in parts of Canada or northern Europe. Most important among these climate effects would be the impact of potential future glaciation.
Additional uncertainties are introduced by the impact of anthropogenic
climate change caused by the build up of greenhouse gases. Global
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warming may influence both the timing and intensity of natural climate
changes as well as cause new types of climate states to arise in certain
areas. As such, global warming may alter the local meteorological and
hydrological conditions in the region of the repository and to affect future human usage of the surrounding area. Despite their potential importance, the U.S. does not currently consider the impacts of anthropogenic
climate change in its evaluation of Yucca Mountain. Like the previous
failures of some of the DOE’s other conceptual models discussed above,
this omission may prove to be an important one as more is learned about
the extent of the anthropogenic changes that may occur.
Finally, over the very long times involved with nuclear waste, significant
changes will occur in human consumption patterns and lifestyles. To
understand the importance of this uncertainty, one has only to recall that
less than 600 years ago no Europeans were living in permanent colonies
on the American continents, that as little as 12,000 years ago no society
practiced wide spread agriculture or kept herds of domesticated animals
for food, and that 30,000 years ago Neanderthals could still be found living in isolated pockets across Europe and western Asia. In order to try
and address these unknowns, it is necessary to set strict standards for repository performance and to focus on conservative scenarios for future
human activities. In addition, it is helpful to place a particularly strong
focus on robust exposure pathways such as drinking water which are
unlikely to change significantly even over very long times.
Demonstrating that these general areas of uncertainties have adequately
been taken into account is a very complex task and one that will require a
significant amount of time. As noted above, there are a number of
choices that can be made in site selection and in the selection of engineered barriers that can help to reduce both the number of unknowns as
well as the importance of those unknowns that will remain. While these
factors are obviously not the only considerations, they should be an important part of any decision made on the design and siting of a repository. We will see in the next section, however, that politics, more than
sound scientific considerations, has influenced the most important
choices in the U.S. repository program to date.
Section 5.2.2 – The History of Geologic Disposal in the United States
The U.S. National Academy of Sciences published its first examination
of the nuclear waste problem in 1957, the same year that the first com245

mercial reactor in the U.S. came online at Shippingport.830 At that time,
the NAS identified a number of possible disposal strategies, but concluded that geologic disposal of high level waste in deep salt beds was
likely to be the most promising option. Little was done initially to pursue these findings, however, as the AEC chose instead to focus on nuclear weapons production and the civilian nuclear complex focused on
expanding the number of reactors in operation. Meaningful experiments
on the suitability of salt formations for the disposal of spent fuel did not
begin until 1965, nearly a decade after the first NAS report was published. The site chosen for characterization was an abandoned salt mine
in Lyons, Kansas. This site, however, was soon rejected due both to local and state opposition as well as to important questions that were raised
regarding the movement of water through the surrounding geology. Another decade later, in 1975, the Energy Research and Development Administration (the successor to the Atomic Energy Commission and
predecessor of the Department of Energy) began an investigation of various geologic formations located in 36 different states for their potential
suitability as disposal sites. The decision by the Ford and Carter administrations in 1975-76 to move away from commercial reprocessing in the
U.S. due to proliferation concerns (see Section 3.2) gave new importance
to the search for a permanent disposal site for the spent fuel that was
building up at reactors sites around the U.S. By 1980, the DOE had chosen to limit the search to nine sites in six states: Louisiana, Mississippi,
Nevada, Texas, Utah, and Washington State.
The 1982 passage of the Nuclear Waste Policy Act (NWPA) was the watershed event in the government’s attempt to deal with problem of spent
nuclear fuel. The NWPA specified that commercial spent fuel and highlevel nuclear waste from military plutonium production were to be disposed of in mined repositories to be built and operated by the Department of Energy. There would be two such repositories built with one in
the western United States (limited to a capacity of 70,000 metric tons
which would be made up of 63,000 MT of spent fuel and 7,000 MT of
military high-level waste) and a second repository in the east which
would accept the remainder of the waste discharged by existing reactors.
This division of the waste was imposed in order to ensure an equitable
geographic distribution of disposal sites given that the eastern states generate far more nuclear electricity than western states.831 The construction
of the repository was to be paid for, in part, by a fee of 0.1 cents per kWh
of electricity generated by nuclear plants. Additional funding for the
repositories would be provided by the taxpayers through spending by the
DOE. The law also mandated that the Department of Energy would have
246

to meet health and environmental standards set by the Environmental
Protection Agency and that the Nuclear Regulatory Commission would
be responsible for licensing the repositories and ensuring that the EPA
standards were properly enforced. Finally, the 1982 NWPA set a firm,
legally binding, timetable for repository development which required the
DOE to enter into contracts with utilities requiring the agency to begin
accepting spent nuclear fuel for disposal by no later than January 31,
1998.
In response to the passage of the Nuclear Waste Policy Act, the DOE
narrowed its list of possible sites to just three: the Hanford reservation in
Washington State, the Nevada Test Site, and a location in Deaf Smith
County, Texas. The final choice of which site to focus on was not based
upon a careful scientific comparison of the relative advantages and disadvantages of the three sites, much less a determination that any of the
three were actually suitable for disposal of the waste. Instead the decision was made by politicians in Congress when they amended the
NWPA in 1987 to limit the DOE to characterizing only a single site:
Yucca Mountain, a volcanic ridge on the Nevada Test Site approximately
160 km (100 miles) to the north and west of Las Vegas. The choice to
focus on Yucca Mountain alone was made despite the fact that a report
by the National Research Council in 1983 had concluded that the peak
doses to the maximally exposed individual from a repository at Yucca
Mountain would likely be very high. The Congressional decision makes
more sense when it is noted that, at the time the amendment to the
NWPA was enacted, Nevada was a politically weak state with a far
smaller population than Washington State or Texas, and that it had only
two relatively new Senators in Congress. In addition to imposing a decision on the location for the western repository, the 1987 amendment also
indefinitely put off any work on a second repository in the east until
Yucca Mountain was licensed.
By selecting a single site for the DOE to characterize and simultaneously
requiring the department to open a repository on a fixed deadline, Congress, in effect, turned the scientific process on its head in the U.S. repository program. Instead of being able to easily approach the site with
an open mind and try to determine if it is suitable for disposing of spent
fuel, the 1987 amendment essentially sent the DOE out with the mandate
to try and prove that Yucca Mountain was a suitable site. The pressure
on DOE to open a repository was heightened by the fact that laws in
California and elsewhere had effectively imposed a moratorium on new
nuclear construction in those states until a strategy for the long-term
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management of the waste had been formally approved by the federal
government. This linking of the nuclear waste problem to the development of new reactors put political pressure on the DOE from the nuclear
power industry, and created internal pressure as well given DOE’s explicit and active role as a promoter of nuclear power. Adding to this, on
November 14, 1997, the U.S. Court of Appeals for the District of Columbia ruled that the DOE would be financially liable for damages if it
missed the mandated deadline to begin accepting spent fuel. This ruling
from the District Appeals Court came shortly after the March 1997 decision by the DOE to delay applying for a repository license application
until at least March 2002. As of March 2006, the application had yet to
be filed, and the date when it might finally be filed remains uncertain.832
In a review of the repository program, the General Accounting Office
concluded that
On the basis of the information we reviewed, DOE is unlikely
to achieve its goal of opening a repository at Yucca Mountain
by 2010 and currently does not have a reliable estimate of
when, and at what cost, such a repository can be opened.833

The GAO found that the NRC had requested 293 additional pieces of
technical work from the DOE that needed to be completed before the
DOE’s could support its license application for the repository. By November 2001, however, the DOE had only completed work on about onefifth of these 293 areas and the NRC had been provided with the information for review on just three-fourths of those that had been completed.
As a result of this large amount of outstanding work, Bechtel, the site
contractor responsible for constructing the repository, concluded that the
earliest the DOE would likely be ready to submit a license application
would be January 2006. At that time the DOE rejected Bechtel’s conclusion and continued to plan for submitting a license in March 2002.
However, the date for filing the application has now been pushed back
by the DOE past the end of fiscal year 2007. Based on its analysis, the
GAO concluded that the repository was not likely to be opened before
2015, taking into account existing delays and an extended period of review by the NRC. The GAO went on to concluded, that while it was
“within his discretion, it may be premature for the Secretary of Energy to
make a site recommendation in the near future.”834
In their January 24, 2002 report, the Nuclear Waste Technical Review
Board, a scientific advisory body created as part of the 1987 amendment
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to the NWPA, whose members are nominated by the National Academy
of Sciences and appointed by the President, concluded that
In evaluating the DOE’s technical and scientific work related
to individual natural and engineered components of the proposed repository system, the Board finds varying degrees of
strength and weakness. Such variability is not surprising,
given that the Yucca Mountain project is in many respects a
first-of-a-kind, complex undertaking. When the DOE’s technical and scientific work is taken as a whole, the Board’s
view is that the technical basis for the DOE’s repository performance estimates is weak to moderate at this time.835

In their review of models used by the DOE to evaluate the long-term performance of the repository (called a Total System Performance Assessment), the NWTRB went on to conclude that
Performance assessment is a useful tool because it assesses
how well the repository system as a whole, not just the site or
the engineered components, might perform. However, gaps in
data and basic understanding cause important uncertainties in
the concepts and assumptions on which the DOE’s performance estimates are now based. Because of these uncertainties,
the Board has limited confidence in current performance estimates generated by the DOE’s performance assessment
model.836

Similar concerns with the DOE performance assessment have been
raised by other scientists as well (see Section 5.2.5).
Despite the concerns over the suitability of the site and the completeness
and strength of the DOE’s technical work that had been raised by that
time, President Bush recommended Yucca Mountain to Congress on
February 15, 2002, following the advice of Energy Secretary Spencer
Abraham. Note that this was less than three months after the GAO report
cited above was published and less than one month after the NWTRB
report was submitted. The Governor of Nevada subsequently exercised
his right of “veto” under the Nuclear Waste Policy Act which sent the
matter back to Congress. The House voted to override the Governor’s
veto on May 8, 2002, and the Senate followed suit on July 9, 2002.
President Bush signed these decisions into law on July 23, 2002, formally selecting the Yucca Mountain site as the location for the United
States’ first repository.837
By law, the DOE had 90 days from the date of President Bush’s signature to submit a license application for Yucca Mountain to the NRC. The
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NRC would then have three years to review the application with the possibility of extending their review by at most one year if they went before
Congress and the Secretary of Energy to explain their reasons for the
delay.838 However, the DOE had not submitted a license application as
of May 2006, and the application is likely to be been even further delayed. It has been more than three and a half years since the formal selection of the site or nearly 15 times longer than the time limit allowed
by law. It seems clear that the GAO’s conclusion was substantially correct, and that the recommendation of the site in 2002 by the DOE and
President Bush was, in fact, quite premature.
As a result of its failure to meet the January 31, 1998 deadline for beginning to accept the spent fuel and to the continually slipping date for the
opening of the repository, the DOE has been sued by a number of utilities to recover costs associated with the continued storage of waste onsite. The courts have so far found the DOE specifically liable for fuel
storage costs at three permanently closed reactors. The total amount of
this liability, however, has yet to be agreed upon. This delay in setting
the total amount of the financial penalty is due, in part, to the fact that the
date when the fuel might finally be accepted by the DOE remains speculative. The utilities involved in the current lawsuits are already claiming
as much as $2.4 billion in damages. In a separate lawsuit, Exelon
reached an agreement with the government on August 10, 2004 regarding its own claims for reimbursement of ongoing fuel storage costs. In
the settlement, Exelon would be paid $300 million from the Federal
Judgment Fund if the DOE begins accepting the waste by 2010 and up to
$600 million if the DOE does not begin accepting waste until 2015.
Claims by approximately 20 other nuclear utilities are currently pending.839 These lawsuits have led to renewed proposals from some within
the government for the construction of centralized interim storage facilities at existing DOE sites and to the resumption of reprocessing commercial fuel (see Section 3.2).
Section 5.2.3 – Ready, Fire, Aim… The DOE Strategy at Yucca
Mountain
The DOE strategy at Yucca Mountain has been referred to as the D.A.D.
method of decision making: that is Decide, Announce, Defend. This
mindset is due, in large part, to the peculiar history of the high-level
waste disposal program in the U.S., outlined in the previous section, in
which Yucca Mountain was selected by politicians as the only site for
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characterization despite previous scientific analysis showing that peak
doses from site were likely to be quite high. In addition, this mindset
grows out of the history of the Department of Energy (and before it the
Atomic Energy Commission and the Energy Research and Development
Agency) as a self regulating body with a strong culture of secrecy, resulting from its primary focus on the manufacture and maintenance of nuclear weapons. The widespread environmental contamination that occurred across the nuclear weapons complex is, in part, a result of this
institutional culture.
At Yucca Mountain, the decision to seek a license has already been made
and announced by the DOE. The Department is now seeking to defend
its selection of the site to the NRC and more generally to the public.
While a complete review of the issues and uncertainties relevant to the
Yucca Mountain site is beyond the scope of this report and could fill
volumes, we will briefly touch upon some of the more important areas to
give a sense of the problems that have been encountered to date. The
extent of these uncertainties and their impact on the potential performance of the repository is obviously important to consider. However, the
financial liability and political pressures faced by the DOE against further delaying the repository are significant. The negative impact of this
type of pressure was noted by the National Research Council when they
concluded that
There is a danger that a legalistic, prescriptive regulatory environment or a project forced to meet deadlines can induce scientists charged with developing a performance assessment to
assume that they have no uncertainty in their conceptual models.840

Before proceeding, we must first review the characteristics of the proposed disposal site. The repository is to be located in the unsaturated
zone of Yucca Mountain which is composed of porous volcanic tuff.
The mountain’s rock was deposited as hot ash and cracked as it cooled
resulting in a highly fractured geology. Over time, the rock was built up
in beds which range from a few meters to a few hundred meters in thickness. The footprint of the planned repository (assuming a capacity of
70,000 MT of waste) will be approximately 1,170 acres or an area
equivalent to a square roughly 2.2 km on a side. Under current climate
conditions, the area over the repository gets approximately 17 centimeters (6.7 inches) of rain per year, while higher elevations nearby get
nearly two-thirds more precipitation.841
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The spent fuel and high-level waste would be placed into five meter long
casks with an outer shell made from a nickel based alloy. Each cask will
hold 20 to 40 fuel assemblies and titanium drip shields will be erected
over the canisters after placement. These casks would be located in tunnels, called drifts, that are 600 meters long and 5.5 meters in diameter.
Neighboring tunnels would be separated by 81 meters between their centers.842 The amount of empty space that would surround each waste cask
is determined by the maximum temperature that the designers ultimately
choose to allow in the repository. Because the waste will continue to
give off substantial amounts of heat for some time after placement due to
radioactive decay of the fission products and transuranic elements, the
more densely packed the repository is, the higher the peak temperature
will be. For higher burnup fuel, the casks would need to be spaced further apart in the tunnels to maintain a given peak temperature, thus limiting the savings achieved in the required repository volume.
Between FY85 and FY05, the expenditures on developing Yucca Mountain by the Office of Civilian Radioactive Waste Management totaled
$8.77 billion. Of the nearly nine billion dollars that have been spent so
far, approximately 30 percent has come from funds allocated for the disposal of high-level waste generated during the manufacture of plutonium
for nuclear weapons. This division of funding is surprising considering
the fact that the military high-level waste is currently allocated just 10
percent of the 70,000 MT statutory capacity of Yucca Mountain, and that
the military waste is expected to make up just 5 percent of the radioactivity to be disposed of in the repository. The FY06 budget requests an
additional $651.4 million for Yucca Mountain, with 54 percent coming
from appropriations for military waste.843
The latest official estimate for the total life-cycle cost of the repository is
$57.5 billion, but that estimate was made before the most recent delays in
the program occurred and when only a small number of reactors had received 20 year license extensions.844 As of the end of November 2005,
however, 37 reactors had received license extensions, 12 applications
were under review by the NRC, and a number of other operators had notified the NRC of their intent to seek additional license renewals over the
coming years.845 The DOE now estimates that as much as 105,000 metric tons of spent fuel and high-level waste will require disposal by 2035,
which is roughly 25 percent more than the spent fuel inventory used in
deriving the official estimate for the total life-cycle cost of Yucca Mountain in 2001, and 50 percent more than the current statutory limit of the
repository.846
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With respect to the suitability of the Yucca Mountain site, the first concern is not technical, but political. The land upon which the Nevada Test
Site and Yucca Mountain are located is claimed by the Western Shoshone Nation which opposes the placement of the repository. In 1863,
the Treaty of Ruby Valley between the Western Shoshone and United
States government legally affirmed the boundaries of the Western Shoshone land and gave approval for access to that land for only a limited
number of specified purposes. Although the treaty was never formally
superseded, the U.S. government has argued that the Western Shoshone
lost their rights as far back as 1872 as a result of the encroachment of
settlers. However, in 2001, the United Nations Committee on the Elimination of Racial Discrimination, part of the U.N. Commission on Human
Rights, expressed their “concern with regard to information on plans for
expanding mining and nuclear waste storage on Western Shoshone ancestral land.”847 As previously noted, the impacts of uranium mining and
milling have fallen disproportionately upon Native Americans and other
Indigenous Peoples around the world. The lack of informed consent
from those with a deep cultural and historical connection to the land
should alone be sufficient to prevent any further consideration of the
Yucca Mountain site. As the rest of this section will demonstrate, however, there are a number of important technical reasons to oppose the
choice of Yucca Mountain as well.
In 2003, the International Atomic Energy Agency (IAEA) published its
Scientific and Technical Basis for the Geologic Disposal of Radioactive
Wastes which included its recommendations for the geologic characteristics most suitable for repository development. One of these properties
was that the site should have “[l]ong term (millions of years) geological
stability, in terms of major earth movements and deformation, faulting,
seismicity and heat flow.”848 Yucca Mountain, however, is located in a
tectonically active area both seismically and with respect to volcanism.
A recent earthquake in the area occurred on June 29, 1992, with an epicenter just 20 km (12 miles) from Yucca Mountain and measured 5.6 on
the Richter scale. In the past million years, eight volcanic eruptions are
known to have occurred within 50 km (31 miles) of the repository site.
In addition, the volcanism in the Yucca Mountain area is not yet fully
understood making it more difficult to evaluate the accuracy and completeness of the models used to predict the impact of future eruptions on
repository performance over the very long times involved.849
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A second geologic property recommended by the IAEA in choosing a
repository site was that it should have a “[s]table geochemical or hydrochemical conditions at depth, mainly described by a reducing environment and a composition controlled by equilibrium between water and
rock forming minerals.”850 The importance of maintaining a reducing
chemical environment in the repository was summarized by the authors
of the MIT report as follows:
In siting a repository, it is important to select a geochemical
and hydrological environment that will ensure the lowest possible solubility and mobility of the waste radionuclides. The
geochemical conditions in the repository host rock and surrounding environment strongly affect radionuclide transport
behavior. For example, several long-lived radionuclides that
are potentially important contributors to long-term dose, including technetium-99 and neptunium-237, are orders of magnitude less soluble in groundwater in reducing environments
than under oxidizing conditions.851

In addition, the behavior of the uranium oxide fuel itself is strongly influenced by repository chemistry. Despite their dominance of the radioactivity at the time of emplacement, the fission products only make up
about three to four percent of the mass of the spent fuel while the transuranics make up about one percent. The remaining mass of the spent
fuel is unfissioned uranium dioxide (UO2).852 The uranium dioxide fuel
is thermodynamically unstable in an oxidizing environment where moisture is present and will corrode over time. On the other hand, UO2 is
orders of magnitude more stable in a reducing environment and would
thus corrode much less quickly.853
These reinforcing considerations (increased UO2 stability and decreased
radionuclide mobility) have led every country except the United States to
pursue a repository located in a saturated, reducing environment. Yucca
Mountain is the only proposed repository site that will be located in unsaturated rock above the water table in which the presence of both air
and moisture will maintain an oxidizing environment around the
waste.854 This choice greatly increases both the number and importance
of the uncertainties remaining with the proposed U.S. repository design.
Most importantly, the choice to locate the repository in an oxidizing environment creates the need to keep the waste as dry as possible to limit
corrosion and subsequent migration of the radionuclides. This requirement places a great burden on the accuracy of the models used to predict
the flow of water through the host rock as well as on the models for the
254

performance of the engineered barriers. The earliest estimates for the
rate of water infiltration at the Yucca Mountain site were based on expert
opinion rather than detailed site characterizations. For example, estimates from 1984 assumed that there would be little flow of water
through the fractures in the rocks until they were nearly saturated. Under
this assumption, the geology of the Yucca Mountain site would limit water infiltration at the surface to 0.0045 meters per year and to just 0.0002
meters per year through the rocks found at the repository depth (approximately 250 to 300 meters below ground). For these early estimates
of the infiltration rate, it was believed that it would take between 500 and
20,000 years for water to migrate from the surface into the mountain and
reach the repository depth. On the basis of these assumptions the DOE’s
1986 site assessment concluded that there would be no release of radionuclides from Yucca Mountain to the biosphere within the first
10,000 years even without the use of engineered barriers.855 In other
words, it was assumed that the arid environment and natural geology
alone would combine to ensure effective waste isolation.
As with the previous examples of DOE reliance on an arid climate and
thick unsaturated zone to protect the ground water discussed in Section
5.2.1, experiments at Yucca Mountain conducted in the late 1990s began
to show indications that the conceptual models was incomplete. Chlorine-36 is a naturally occurring and anthropogenic radionuclide that was
distributed around the globe in large amounts as a result of above ground
nuclear tests conducted in the Pacific Ocean. The vast majority of this
radionuclide found in the environment today is known to have been generated in 1950s and 1960s. In direct contradiction to the expected results
based on the estimated rate of water infiltration, Cl-36 from fallout was
found in some of the water samples collected at the repository depth
from experimental tunnels at Yucca Mountain. This finding implied that
there may be “fast” water pathways which had allowed water to migrate
from the surface down to the level of the repository in as little as 40 to 50
years rather than the hundreds to thousands of years previously assumed.
Subsequent investigations at Yucca Mountain and related sites have provided strong additional evidence for the existence of fast water pathways
through the rock.856 Thus, what was supposed to be a “dry” repository,
was now found to be potentially far wetter than expected.
These fast pathways are likely to be related to faults and connected fissures which provide highly conductive channels that allow water to move
quickly through the rock. In addition, faults that come near the surface
are more likely to erode and create local depressions in the rock that can
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collect surface water and increase the rate of infiltration. These considerations connect to uncertainties relating to the seismicity of the site
since earthquakes can lead to the formation of new fissures in the rock as
well as enlarging and connecting existing cracks. To date there is no
single conceptual model that has been proposed which is capable of
completely explaining all of the data that has been collected on the nature
of fluid flow through the unsaturated zone at Yucca Mountain.857 In November 2003, the Nuclear Waste Technical Review Board concluded that
The active fracture model may be a reasonable approach to
this very challenging problem [of simulating flow through the
unsaturated zone], but it has never been tested adequately, and
the key controlling active fracture geometric parameter is not
measurable using any presently known technique.858

The DOE’s current reliance on engineered barriers rather than the site
geology for containment is due, in large part, to the questions that have
been raised by these findings of fast water pathways.
In addition to its shift to a focus on engineered barriers, the DOE has also
claimed that two natural compensatory features will work to keep the
water that is migrating through the mountain from coming into contact
with the waste. These are the so-called vaporization and capillary barriers. The current design of the repository calls for the waste to be placed
such that the decay heat will keep the temperature in the repository above
the boiling point of water for approximately 1,000 years, reaching a high
temperature of 160 to 180 oC (320 to 356 oF) several decades after closure. This initial period is referred to as the thermal pulse.859 It is believed by the DOE that during the thermal pulse, most of the water approaching the drifts would be vaporized and driven back into the rock
preventing its penetration into the tunnels around the waste. However,
the Nuclear Waste Technical Review Board has highlighted a number of
uncertainties remaining in the DOE’s analysis of the vaporization barrier.
Recent field data and laboratory analyses all point to a lower average
value for the thermal conductivity of the rocks surrounding the repository
than is currently used by the DOE. A lower value for the conductivity
means that less heat is conducted away by the rocks resulting in a higher
temperature in the tunnels. In addition, the drifts are likely to degrade
over time, resulting in rocks landing on some of the waste packages.
These rocks would act to insulate the waste packages, leading to higher
local temperatures and other disturbances in the distribution of heat in
the tunnel. Finally, the influence of natural ventilation and air circulation
following the closure of the repository is not currently taken into ac256

count, which could result in a cooler overall repository temperature. Because these physical processes operate in different directions, no conclusion could be made as to how the combination might ultimately affect the
DOE’s projected temperatures. The NWTRB did, however, conclude
that “the DOE has not demonstrated that the conditions required for a
pervasive vaporization barrier to form will occur everywhere” and that
“[t]he DOE’s view is based on an insufficient analysis.”860
The other natural barrier to water infiltration claimed by the DOE is the
so-called capillary barrier. The DOE claims that water migrating towards the drifts will be diverted around the tunnel by capillary forces in
the rock. However, the Nuclear Waste Technical Review Board concluded that the irregular profiles of the tunnel walls combined with drift
degradation over time and the natural voids present in the rock, would
act to limit the extent of this barrier and could allow more water into the
tunnel than DOE currently assumes. As with the vaporization barrier,
the NWTRB concluded that “the DOE has not demonstrated that the
conditions required for a capillary barrier to form are satisfied throughout
the drifts” and that “[t]he DOE’s view is based on insufficient data and
modeling.”861
Further uncertainties are introduced by the impacts of climate change.
Over the next several hundred thousand years, the climate of Nevada will
pass through a number of natural changes in climate in addition to experiencing the impacts of anthropogenic climate change. Currently the
impacts of global warming are considered too uncertain by the DOE to
be amenable to long-term prediction, and therefore anthropogenic
changes are largely left out of the most recent performance assessments.
Of the four naturally occurring climate states that have been identified
for the Yucca Mountain area, the modern climate has the least effective
moisture. The dominant climate states have been both wetter and colder
than present, resulting in more water on the ground and lower evaporation rates.862 Thus, all of the other climate periods likely to be experienced at Yucca Mountain will have an increased amount of water infiltration into the repository. As summarized by Jane Long of the University of Nevada, Reno and Rodney Ewing of the University of Michigan
If climate change were to produce a larger influx of water,
saturation in the mountain could increase. Permeability under
any proposed model increases nonlinearly with saturation.
Small increases in percolation flux could significantly increase
fluid flow through the repository horizon. This nonlinear re-
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sponse is one of the greatest challenges in predicting the behavior of hydrologic systems over long periods.863

Finally, there is also the potential for larger amounts of water to infiltrate
into the mountain during the severe storm events that occur in the area
every few thousand years. The frequency and intensity of these storms
would be influenced heavily by the prevailing climate state and could be
affected by anthropogenic climate changes as well.864
Because of their potential impact on water infiltration and other elements
of repository performance, predicting the onset and duration of different
climate states introduces important uncertainties into the assessment of
long-term repository performance. Different methods of interpreting the
past climate record result in starting dates that differ by more than 1,500
years even for climate shifts that are predicted to occur within the next
10,000 years. Predictions for the start date and duration of later climate
changes vary by even larger amounts the further into the future one goes.
The discrepancies between the results from different methodologies can
approach ten thousand years over the timescales of interest for repository
performance.865
Given that the amount of water infiltration is sufficient over the very
long-term to corrode the waste packages and release the radionuclides
from the fuel, the accuracy of the models governing their transport
through the rock to the biosphere is obviously of significant importance.
Experiments conducted since the late 1990s have found that the mobility
of plutonium and other transuranics under certain conditions could be
much higher than earlier models would have predicted, and that these
radionuclides could be transported over long distances from the repository via adsorption to colloids.866 The models used by the DOE in their
performance assessment of Yucca Mountain do include some consideration of colloid mediated transport. However, despite the fact that multiple colloidal phases have been found in the groundwater at the Nevada
Test Site, including some that are known to have a particularly high capacity for incorporating actinides, the DOE considers only two types of
colloids in their analyses.867
The importance of these uncertainties is exacerbated by the very long
times involved. Initially this problem was dealt with by simply limiting
consideration of the impacts of Yucca Mountain to the next 10,000 years.
While this timescale is far better than the much shorter times being considered in current discussions regarding the potential overall impacts of
anthropogenic climate change, it is not sufficient to capture the true dan258

gers of the very long-lived radionuclides present in high-level nuclear
waste. In its 1995 assessment of the Yucca Mountain standards, the National Research Council concluded that
The current EPA standard contains a time limit of 10,000
years for the purpose of assessing compliance. We find that
there is no scientific basis for limiting the time period of an
individual-risk standard in this way. We believe that compliance assessment is feasible for most physical and geologic aspects of repository performance on the time scale of the longterm stability of the fundamental geologic regime — a time
scale that is on the order of 106 years at Yucca Mountain —
and that at least some potentially important exposures might
not occur until after several hundred thousand years. For these
reasons, we recommend that compliance assessment be conducted for the time when the greatest risk occurs, within the
limits imposed by long-term stability of the geologic environment.868

Both the EPA and NRC initially rejected this conclusion due to their belief the uncertainties would grow too large if the time of peak dose was
considered. In 2004, the U.S. Court of Appeals struck down the time
limit within the EPA’s guidelines, and required the agency to draft new
regulations that are consistent with the 1995 recommendations of the
National Research Council cited above.869
Continuing the NRC and DOE tradition of changing regulations that
might prevent further development of the Yucca Mountain, the EPA issued a draft of its new Yucca Mountain standard in August 2005. Surprisingly, this proposed rule would be the least protective by far of any
repository regulation anywhere in the world.870 The draft rule seeks to
create a two tiered regulation for the peak dose with different standards
in effect at different times. Within the first 10,000 years, the EPA retained its previous dose limit of 15 millirem per year with a 4 millirem
per year sub-limit for the drinking water pathway. Between 10,000 and
one million years, however, the dose limit jumps to 350 millirem per
year without any further restrictions on the dose from drinking water.871
This later dose limit is three and a half times the current dose limit for
the general population from all anthropogenic radiation sources, except
medical exposures.872 For comparison, the French repository program
has a limit of just 25 millirem per year at the time of peak dose.873 To
put the proposed Yucca Mountain dose limit into perspective another
way, if a person is exposed to 350 mrem per year for 70 years, the excess
risk of developing a cancer according to the BEIR VII Committee esti259

mates would be approximately 1 in 45 for men and 1 in 30 for women.
The risk of developing a fatal cancer would be about half that.874 This is
a completely unprecedented level of risk for the EPA to put forth as acceptable.
The disparity between the pre and post 10,000 year dose limits proposed
for Yucca Mountain (already a factor of more than 23) is made even
more significant by the fact that they refer to different statistical quantities. In its license application to the NRC, the DOE will rely on the results of an integrated computer model for repository performance. The
model, known as Total System Performance Assessment (TSPA), discussed in more detail in Section 5.2.5, attempts to incorporate uncertainty in repository performance by generating a distribution of possible
doses and assigning each dose estimate a probability of occurring. Over
the first 10,000 year, the 15 millirem per year dose limit applies to the
average of all doses estimated by the TSPA. Between 10,000 and one
million years, however, the 350 millirem dose limit is compared against
the median dose (i.e. the dose for which half of the estimates fall above it
and half below).875 For the distributions of projected doses generated by
DOE, the peak mean dose is always higher than the peak median dose.
This is because the average gives a greater weight to very high estimates
of the potential dose than the median does which simply counts the number of estimates above or below a certain value irrespective of how far
above or below that value they are. It is telling to note that the version of
the DOE models published in the Yucca Mountain Environmental Impact Statement predict a median dose after 10,000 years that would be in
compliance with the new 350 millirem standard proposed by the EPA,
but that the mean dose over that time would not be able to meet the
stricter 100 millirem per year dose limit proposed by the nuclear industry.876
Using the DOE’s estimates, we find the peak mean dose after 10,000
years is about a factor of three to four times higher than the peak median
dose.877 Taking this into account, the actual dose limit proposed by the
EPA for times after 10,000 years is between 70 and 90 times larger than
the 15 millirem per year dose limit in effect before 10,000 years. The
DOE estimates that the 95th percentile peak dose (i.e. the dose for which
only 5 percent of the estimates were higher) is approximately a factor of
four higher than the mean dose.878 Thus, a repository design that could
be shown to be in compliance with the EPA’s proposed standard could,
in fact, have an average peak dose of more than one rem per year and a
95th percentile peak dose on the order of four to five rem per year. These
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upper level doses are comparable to the current worker dose limit, and
would be extremely dangerous to the population. For example, if a person was exposed to four rem per year for 70 years, the risk of dying from
cancer would be 1 in 6 for men, and nearly than 1 in 4 for women.879 In
such a case, living near the repository would be about like playing Russian Roulette for the most highly exposed individuals.
In addition to the creation of a very unprotective two tiered dose limit,
the proposed EPA rule also concluded that, in performing the assessment
beyond 10,000 years,
The DOE should not project changes in society, the biosphere
(other than climate), human biology, or increases or decreases
of human knowledge or technology.880

The dramatic changes in lifestyle and global population distributions
over the last 10,000 years make clear the significant uncertainties inherent in such restrictions. In addition, with respect to natural changes in
the climate, the EPA concluded that
The DOE must assess the effects of climate change. The climate change analysis may be limited to the effects of increased water flow through the repository as a result of climate change, and the resulting transport and release of radionuclides to the accessible environment. The nature and
degree of climate change may be represented by constant
climate conditions. The analysis may commence at 10,000
years after disposal and shall extend to the period of geologic
stability [approximately one million years].881

In other words, the only effect of climate change that the DOE needs to
consider is the net influx of water, and even this parameter is to be held
constant beyond 10,000 years. Thus, in response to the court’s requirement that the EPA follow the National Research Council’s recommendations and set limits for the time of peak dose, the agency has chosen to
propose a rule that will allow the DOE to leave its models for climate
and human behavior fixed and to successfully license a repository that
their own models could show as having a peak mean dose in excess of
one rem per year. While clearly unacceptable as a scientifically defensible standard, the proposed EPA rule is consistent with the history of
Yucca Mountain in that any regulatory obstacle to the repository’s development has been recast in such a way that the DOE would be able to
move forward with the project.
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As a general rule, with increasing complexity in the geology of a repository site comes increasing uncertainty in the predictions of its long-term
performance. While far from an exhaustive treatment, the above discussion serves to highlight the fact that Yucca Mountain is a highly complex
site which is geologically unique in many important ways from any other
sites being considered by any other repository programs anywhere else in
the world. While universal acceptance of a particular location is not
likely, for a repository program to gain the informed consent of the
communities it will affect, the site should be chosen such that scientists
and non-scientists can reach a strong consensus on its appropriateness.
This is unlikely ever to be the case with Yucca Mountain. Its overall
complexity and the associated uncertainties make it likely that scientists
will continue to disagree over the suitability of the site. In fact, Yucca
Mountain cannot meet even the most basic requirement of a repository;
namely that it maintain the peak dose to an acceptably low level. The
proposal put forth by the EPA for regulating the repository beyond
10,000 years is totally unacceptable in its treatment of the long-term impacts of natural and anthropogenic climate change as well as the potentially dangerously high radiation dose limit it contains. In light of these
considerations, it is IEER’s conclusion that Yucca Mountain cannot be
regarded as an appropriate site for repository development, and that the
search for an alternative location with a more appropriate geology should
be begun as soon as possible (see Section 5.5).
Section 5.2.4 – Engineered Barriers at Yucca Mountain, the Changing Focus
As noted above, the discoveries concerning water infiltration and accelerated radionuclide transport have led the DOE to shift its focus from
relying on Yucca Mountain’s geology as the primary barrier to contaminant release to relying instead on engineered barriers. This change was
facilitated by the NRC in 1996 when the Commission proposed changes
to its regulations governing spent fuel disposal. The new NRC rule
placed its focus entirely on the results of a single integrated model of
repository performance in order to determine compliance with the EPA
guidelines. In enacting these changes the NRC deleted the previously
existing siting criteria that could have potentially eliminated Yucca
Mountain from consideration. The NRC had, in fact, already changed
these rules once before. The NRC had originally directed the DOE to
select a repository located in the saturated zone beneath the water table,
but they modified this criteria once the Yucca Mountain site in the un262

saturated zone above the water table was identified. Following the
NRC’s rule changes, the DOE modified its own guidelines in 2001 to
also eliminate the previous siting criteria and to allow it to rely solely on
the results of computer models to support its license application.882
The importance of the engineered barriers to DOE’s claims for the performance of a repository at Yucca Mountain is clearly illustrated by the
following. Without the inclusion of engineered barriers, the DOE’s system model estimates that the peak dose to people living near the site
could rise to as much as 500 millirem in just 2000 years. This is more
than 30 times the EPA’s proposed limit of 15 millirem allowed for the
maximally exposed individual during this time. When the engineered
barriers were added back into the system model, the estimated peak dose
actually went up to as much as 800 millirem, but it was not predicted to
occur for approximately 200,000 years. In fact, the DOE found that the
performance of the waste packages are the single most important uncertainty in their existing models. Uncertainties in the long-term properties
of the engineered barriers have a larger impact on the projected magnitude and timing of the peak dose than either the rate of water infiltration
or the rate of contaminant migration through the rock.883 As summarized
by Dr. Allison Macfarlane, co-founder of the Yucca Mountain Project at
the Massachusetts Institute of Technology,
On siting a repository at Yucca Mountain, the DOE has
painted itself into a corner that will be difficult to leave. After
touting the natural geologic features of the site to retain radioactive waste, the DOE has abandoned the geology for engineering design. It is now making its case for the site based not
on the site itself – the natural geologic features of Yucca
Mountain – but on the features that the DOE itself will build.
The site, as such, no longer matters.884

The engineered barriers proposed for the U.S. repository fall into three
main categories. The first barrier is the fuel assembly itself. After enrichment, the uranium is converted into uranium dioxide oxide and fabricated into a ceramic that is then encased in a zirconium cladding before it
is placed into the reactor. In the repository, this waste form makes it
more difficult for the fission products and transuranic elements to migrate away from the drifts since the fuel has to corrode first. The second
barrier is the cask which will hold between 20 and 40 fuel assemblies.
These casks will have an inner shell of stainless steel that is 5 cm thick
and a 2 cm thick outer shell made from a nickel based alloy commonly
called Alloy-22 or C-22. This alloy is made up of 56 percent nickel, 22
263

percent chromium, 13 percent molybdenum, 3 percent iron, and smaller
amounts of several other elements. The waste packages will be set on
inverts that will act to further restrict the movement of the waste once it
breaches the cask. The third engineered barrier is a 1.5 centimeter thick
titanium canopy that will cover the waste packages. This canopy will
serve as a “drip shield” to inhibit water that enters the drift from falling
directly onto the casks.885
As discussed in the previous section, uranium dioxide fuel is thermodynamically unstable in the oxidizing conditions that will prevail at the
Yucca Mountain site and will corrode in the presence of moisture. Thus,
the effectiveness of this first engineered barrier will be greatly reduced at
Yucca Mountain compared to sites which would maintain a reducing
environment around the waste. This fact places a much greater burden
on the performance of the other two barriers and specifically on their
ability to keep the spent fuel dry for very long times. While a thorough
examination of the uncertainties surrounding the long-term performance
of the waste casks and the drip shield is beyond the scope of this analysis, we will highlight a few of the more important issues.
Because of the need for high corrosion resistance, the DOE has proposed
the use of specially made alloys for the outer skin of the casks and for the
drip shields. Neither pure titanium metal nor Alloy-22 exist in nature,
and both are thermodynamically unstable. Pure titanium metal was first
produced in 1910 and Alloy-22 has only been investigated for the last 15
to 25 years. While related nickel-chromium-molybdenum alloys similar
to Alloy-22 have been in existence for longer, the experience with all
types of stainless steel alloys only goes back at most about 100 years.
The complexity of these multi-component materials makes their longterm behavior difficult to project with high confidence. Even being generous by considering related but unique alloys to be suitable analogs, the
total length of human experience with these materials is quite short compared to experience with naturally occurring materials like copper, much
less to the thousands to tens of thousands of years the engineered barriers
will need to remain functional at Yucca Mountain. 886
Adding to these uncertainties is the fact that there is little experimental
evidence available regarding the behavior of Alloy-22 at high temperatures under realistic repository conditions. In fact, all multiyear corrosion studies completed through the end of 2003 had been conducted at
temperatures at or below the boiling point of water. In addition, the Nuclear Waste Technical Review Board has also raised concerns over the
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effect that the very high temperatures reached during the welding of
waste casks will have on the properties of Alloy-22. These concerns include such important properties as the alloy’s phase stability and its susceptibility to localized corrosion. The NWTRB concluded that the
measures proposed by the DOE to try and mitigate the welding damage
have limited industrial experience or, when experience does exist, that
the measures have not been tested on a prototype waste package to determine their effectiveness.887 In summary, while noting that it is likely
to be technically possible to fabricate materials with the necessary lifetimes, the National Research Council concluded in its 2001 review that
There is little experience, however, in modeling the behavior
of modern materials derived from new compositions and fabrication methods. Quantifying the uncertainty of extrapolations with these models from short-term experiments to tens or
hundreds or thousands of years is still a major challenge.888

An example of how significant some of these uncertainties could be can
be found in the concerns raised by the Nuclear Waste Technical Review
Board over the DOE’s conclusions regarding the corrosion of waste
packages. With respect to the general corrosion of Alloy-22, the
NWTRB noted that
Few data exist, however, at the higher temperatures of the
thermal pulse period. Moreover, the nature of the aqueous environments in contact with the waste packages (or drip
shields) is not very well known under such conditions. Concentration and nonequilibrium processes of various kinds may
lead to aggressive chemistries. Thus, the uncertainties surrounding general corrosion during the thermal pulse remain a
concern of the Board.889

The Board went on to conclude that
The DOE’s analyses of water chemistries and their corrosive
potential are extremely complex and suffer from empirical and
theoretical weaknesses. Thus, the Board does not have a high
degree of confidence in the DOE’s conclusion that any seepage water would be dilute or non-corrosive because the methods the DOE used have significant technical uncertainties.890

In addition to these issues regarding generalized corrosion, the NWTRB
also raised concerns regarding the possibility that severe localized corrosion might occur which would degrade areas of the waste packages much
faster than assumed by the DOE.
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As noted above, the NWTRB concluded that the DOE estimates for the
repository temperature during the thermal pulse are likely be flawed on a
number of accounts. The temperature in the drift is important for a variety of reasons, including the fact that it helps to control the relative humidity in the tunnels. In light of its observations regarding DOE’s temperature estimates, the NWTRB expressed concerns that the DOE’s estimates about the humidity in the drifts may be inaccurate as well. 891 Of
particular concern to the Board was the possibility for localized corrosion
to occur as a result of the absorption of atmospheric water vapor by the
mineral salts that might be present in the dust deposited on the drip
shields and waste packages. As a result, the NWTRB noted that
The Board is aware of data and inferences that waste packages
could be penetrated in less than 100 years under certain conditions that could occur at Yucca Mountain during the thermal
pulse. If localized corrosion is initiated, penetration of most of
the waste packages during and after the thermal pulse becomes
quite probable.892

They went on to conclude that
Although a precise statement about whether, or how much,
dose might be increased or the safety margin decreased cannot
be made given the existing uncertainties, the Board believes
that the implications of the Board’s conclusions for repository
system performance could be substantial. Therefore, it is incumbent on the DOE to demonstrate unambiguously the reliability and safety of any design concept for Yucca Mountain.893

Despite the potential importance of this degradation of the engineered
barriers, the NWTRB noted that, as of November 2003, it was “not
aware of any studies conducted by the DOE to determine the rate or extent of localized corrosion.”894
In response to the concerns raised by the Nuclear Waste Technical Review Board, the DOE conducted additional research on the conditions
expected in the repository. In later reports, the NWTRB was generally
satisfied with this new information, but remained concerned about the
DOE’s technical basis for eliminating this type of localized corrosion
from their overall performance assessment. In addition, the Board raised
concerns about other mechanisms for localized corrosion that might occur in the period after temperatures fall below the boiling point of water.895 The fact that such a potentially important effect as rapid localized
corrosion had not been adequately explored prior to late 2003, nearly a
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year and half after the site was officially recommended by the Bush Administration, highlights the risks inherent in relying on incomplete conceptual models. While this particular issue was resolved to the satisfaction of the NWTRB, it should stand as a warning that caution is needed
when dealing with projections for the performance of engineered barriers, particularly given their central importance to the DOE’s claims regarding the suitability of the Yucca Mountain site.
While much of the attention has rightly been placed on the long term performance of the waste packages themselves, additional concerns remain
about the performance of the drip shields as well. In response to the
DOE claim that the drip shields would successfully prevent water entering the drifts from contacting the casks for very long times, the NWTRB
concluded that
The Board believes that the DOE’s position is based mostly on
assumptions that could be unrealistic and overly optimistic.
First, no prototype drip shield has ever been built, and the
concept of a long-lasting drip shield in an underground application has never been applied elsewhere. Thus, the DOE’s
projections of how this structure will perform for thousands of
years are speculative.896

Beyond the degradation of the drip shields, the NWTRB raised additional concerns over their effectiveness. The Board noted that because
the drip shields would be cooler than the waste packages that condensation on their inner surface was possible which “could lead to dripping on
the waste packages rather than preventing it.”897
Finally, even if additional research could show that the materials chosen
were suitable for use in the repository and to have a theoretical durability
adequate for the long times necessary, there would remain important uncertainties due to the differences between theoretical systems and those
that can actually be built in the real world. This concern was explicitly
noted by the NWTRB in their discussion of the drip shield’s performance. Perhaps most importantly, each of the several thousand casks that
will be required must be manufactured correctly and properly welded
since the joints are particularly sensitive to corrosion. Finally, these
waste packages must then be successfully treated to offset the damage
caused by the heat of welding.
Assuring the reliability of each critical component in each of the engineered barriers is a daunting task. This is a particular concern in the case
of the U.S. repository program given the DOE’s history of poor quality
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control at Yucca Mountain and numerous other projects. The uncertainties surrounding the manufacture and emplacement of the engineered
barriers are aggravated by the fact that the DOE has yet to manufacture a
full scale prototype canister for testing in realistic repository conditions.
Experience in Sweden, where they have encountered ongoing difficulties
in trying to successfully weld their copper canisters, highlights the need
for such real world tests.898 The conclusion that additional in situ testing
of full scale waste casks and the drip shield is needed has been expressed
by both the International Atomic Energy Agency and by the authors of
the MIT report.899
In light of the serious challenges inherent in relying on novel humanmade alloys to ensure the suitability of a repository, other countries have
chosen to avoid these uncertainties and make use of materials that exist
in nature. This strategy has the advantage of allowing suitable geologic
analogs to be found and focuses on materials with which humans have
had longer engineering experience. For example, the Finnish government is planning to use copper for their waste packages since it is highly
stable over geologic timescales in a saturated, reducing environment.
Specifically, the waste packages proposed for the repository at Olkiluoto
will be iron with a 5 cm thick outer shell of copper. These casks will then
be surrounded by compacted clay which has low permeability to water
and has a pore size small enough to limit colloid mediated transport. The
clay liner will also help to maintain a reducing chemical environment
around the casks and uranium fuel.900 While important uncertainties remain in this program, their choice of a favorable chemical environment
and of engineered barriers tailored to reinforce the strong points of the
site geology reduce the unknowns in significant ways.
Section 5.2.5 – The “Technical” versus “Legal” Limit at Yucca
Mountain
So far we have retained the assumption that Yucca Mountain will be limited to accepting 63,000 MT of commercial spent fuel and 7,000 MT of
high level reprocessing waste. This is consistent with the current statutory limit as set forth in the 1982 Nuclear Waste Policy Act, and is typically referred to as the “legal limit” or “regulatory limit” of Yucca
Mountain. This limit was written into the law when there were plans for
a second repository to be developed in the eastern United States. However, the 1987 amendment to the NWPA halted further work on the second repository and the DOE’s latest cost estimate assumes that a total
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quantity of 83,800 MT will eventually be disposed of at Yucca Mountain.901 Proponents of nuclear power, often argue that Yucca Mountain
could technically hold far more waste than is currently allowed by law.
This larger capacity, typically estimated to be approximately 150,000
MT, is referred to as the “technical limit” or “physical limit” of Yucca
Mountain. Given that by the end of 2012, it is estimated that the existing
fleet of nuclear plants will have already discharged more than 67,500 MT
of spent fuel, the ability of Yucca Mountain to hold more than 63,000
MT of commercial spent fuel is a crucial one.
The claim that the capacity of Yucca Mountain could be expanded to
150,000 MT or more relies on two major changes to the repository design. The first is to increase the size of the facility by adding more drifts
while the second is to decrease the spacing between the waste casks
within the tunnels. The feasibility of these changes rests on the claimed
accuracy of the DOE’s integrated repository model called the Total System Performance Assessment. To date there have been two major versions of this model whose results have been presented by the DOE, the
TSPA-VA (Viability Assessment) and the TSPA-SR (Site Recommendation). The later version of this program “incorporates over 1,000 sources
of data, approximately 60 scientific models, and more than 400 computer
software codes to simulate the performance of the repository.”902
With respect to the size of the repository, the TSPA-VA concluded that,
with a substantial effort at further characterization of the site, it was possible that the footprint of the repository might be able to expand to just
under 2,000 acres. This would be an increase of 70 percent over the area
proposed for the current repository design. In addition to this increase in
size, it is claimed that the TSPA-SR could be used to support an increase
in the density of waste disposal from the current 60 metric tons per acre
to 75 metric tons per acre. Increases to as much as 90 metric tons per
acre have also been discussed for the types of spent fuel discharged from
currently operating reactors. If the entire 2,000 acres was developed and
packed at 75 MT per acre then up to 150,000 MT of waste could be
stored. Similarly, if all 2,000 acres was developed but the first 70,000
MT was disposed of at 60 MT per acre as currently planned while the
remaining area was filled to 90 MT per acre, than roughly 145,000 MT
of waste could be stored in the repository.903
If the amount of waste to be disposed of in the Yucca Mountain repository was more than doubled, then the uncertainties discussed in the previous sections would become even more important, and unexpected new
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problems would likely arise. Already the peak doses from a repository
with 70,000 metric tons of waste are well above the typical EPA dose
limit of 15 millirem per year and are therefore unacceptably high. Any
increase in the amount of waste would only serve to worsen this situation. In addition, there are long standing concerns over the DOE’s plan
to allow the temperature in the repository to reach above the boiling
point of water. Such high temperatures, while useful in some ways, such
as creating a temporary vaporization barrier along part of the drifts, also
lead to more complicated geologic behavior, by changing the properties
of the engineered materials, and by making it more difficult to find suitable natural analogs. In fact, the Nuclear Waste Technical Review Board
has recommended that the DOE consider redesigning the repository so as
to maintain peak temperatures below the boiling point of water as a way
to lesson these uncertainties.904 However, by increasing the packing density of the waste from 60 MT per acre to 75 or 90 MT per acre, the peak
temperature in the repository would also increase.905
All of the uncertainties in the performance of the geology and the engineer barriers are all then rolled together in the Total System Performance
Assessment. As summarized by the NRC’s Advisory Committee on Nuclear Waste in September 2001, just five months before President Bush
recommended the site to Congress, the Yucca Mountain TSPA-SR “relies on modeling assumptions that mask a realistic assessment of risk”
and that the “computations and analyses are assumption-based, not evidence-supported.”906 In particularly strong language, the NRC’s advisory committee concluded that
However, based on the Committee’s vertical slice review [a
focused review on the repository modeling system], the principal findings are that the TSPA-SR does not lead to a realistic
risk-informed result, and it does not inspire confidence in the
TSPA-SR process. In particular, the TSPA-SR reflects the input and results of models and assumptions that are not
founded on a realistic assessment of the evidence.907

and that
The Committee believes that the TSPA-SR is driven more by
an attempt to demonstrate compliance with the standards than
by the need to provide an assessment designed to answer the
questions: What is the risk?908

In addition to the problems with a lack of completeness and with the accuracy of the models used, additional concerns with the TSPAs have
been raised due to persistent problems with the Energy Department’s
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quality assurance program at Yucca Mountain. As far back as 1988, the
GAO identified significant lapses in the DOE’s QA program based on
issues originally raised by the NRC. The issue of QA problems resurfaced in 1998 when the DOE began to run its initial version of the performance assessment model, the TSPA-VA. Specifically, it was found
that (1) the DOE could not ensure that the original source of all critical
data could be identified, (2) the DOE had no standardized process to
govern the development of models to simulate important geologic processes, and (3) the DOE had no formal procedures in place to ensure that
the software developed to implement those models would actually work
as intended. Quality assurance issues again became a major focus in
2001 when the DOE began to conduct audits in support of its next version of the model, the TSPA-SR.909
Despite the fact that they had not reached any conclusion about their success in resolving these QA problems, and despite the fact that audits
conducted in April and September of 2003 had revealed both the continuation of known problems and the existence of previously unidentified
problems, the DOE officially closed its corrective action reports in
March 2004 for QA problems in both data and software.910 Shortly before this closure, however, the NRC staff concluded that
The team believes that, if DOE continues to use their existing
policies, procedures, methods, and practices at the same level
of implementation and rigor, the LA [license application] may
not contain information sufficient to support some technical
positions in the LA. This could result in a large volume of requests for additional information in some areas which could
extend the review process, and could prevent NRC from making a decision regarding issuing a construction authorization to
DOE within the time required by law.911

Following the publication of the NRC report, the GAO concluded that
Entering into the licensing phase of the project without resolving the recurring problems could impede the application process, which at a minimum could lead to time-consuming and
expensive delays while weaknesses are corrected and could ultimately prevent DOE from receiving authorization to construct a repository. Moreover, recurring problems could create
the risk of introducing unknown errors into the design and
construction of the repository that could lead to adverse health
and safety consequences. Because of its lack of evidence that
its actions have been successful, DOE is not yet in a position
to demonstrate to NRC that its quality assurance program can
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ensure the safe construction and long-term operation of the repository.912

New concerns over the quality assurance program at Yucca Mountain
have been raised since the GAO and NRC reviews were published. In
March 2005, emails between scientists working on the Yucca Mountain
project, at least some of whom were employees of the U.S. Geological
Survey, came to light indicating that these scientists were fabricating reports to satisfy quality assurance assessments. These alleged actions included withholding output files that could not be explained, fabricating
records of software control, and falsifying procedures for conducting
calculations.913 The studies in question relate to the transport of water
through the site, which is one of the central issues surrounding the suitability of the site. Nevada lawmakers are calling for an independent investigation into this potential falsification of information. A criminal
investigation by the Department of Energy, the Department of the Interior, and the FBI is ongoing. The DOE has reported that it will not consider submitting its license application to the NRC until the investigations into these allegations are complete.914
Section 5.2.6 – Additional Concerns Regarding Yucca Mountain
It is our conclusion that, based on the available scientific evidence,
Yucca Mountain is not a suitable site for the development of a repository. At its most basic level, the case against Yucca Mountain boils
down to the fact that it is being built on land still claimed by the Western
Shoshone people and that it will not be likely to keep peak doses to an
acceptably low level. In trying to overcome this second fact, the EPA
has relaxed the Safe Drinking Water Act standards at the site and has
proposed the most lax radiation protection standard ever considered by a
governmental body anywhere in the world. These actions have created a
dangerous precedent for the DOE nuclear weapons sites which are currently undergoing a multi-billion dollar cleanup program. Contamination
at three of these sites already pose a long-term threat to important regional waterways including the Columbia River, the Snake River, and
the Savannah River.
The EPA groundwater standard governing the Yucca Mountain site over
the first 10,000 years allows the DOE to take credit for a “controlled
area” around the repository in which compliance with the Safe Drinking
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Water Act is not required.915 Specifically, the discussion describing the
regulation states that
If fully employed by DOE, and based on current repository
design, the controlled area could extend approximately 18 km
in the direction of ground water flow (presently believed to be
in a southerly direction) and extend no more than 5 km from
the repository footprint in any other direction. Allowing for a
nominal repository footprint of a few square kilometers, this
results in a rectangle with approximate dimensions of 12 km
in an east-west direction and 25 km in a north-south direction,
or approximately 300 km2.916

Therefore, the EPA regulation creates what is effectively a leach-field
out of the repository by only evaluating the impact on ground water after
it has traveled 18 kilometers down gradient. While the Nevada Test Site
is a controlled area today, this is not a meaningful fact for exposures that
will occur tens to hundreds of thousands of years in the future. Typically
institutional control of a site is not assumed to be successful at preventing intrusion for more than a few hundred years at most. Therefore,
compliance with the EPA’s dose limits should be determined at the
boundary of the repository, rather than an arbitrary point 18 kilometers
away.
The Yucca Mountain site also has the unique problem of having to consider the possibility of additional ground water contamination in the area
caused by the hundreds of underground nuclear weapons and sub-critical
tests that have been conducted on the Nevada Test Site. In order to protect the health of future site inhabitants, it is necessary to ensure that the
annual drinking water dose limit is met for all radionuclides present, and
not just those from the waste in the repository. Despite the evidence for
rapid colloid-mediate migration of plutonium at the Nevada Test Site, the
impact from these additional sources of contamination is not currently
considered in the DOE’s evaluations of spent fuel disposal at Yucca
Mountain.
The focus on the drinking water pathway is particularly important at
Yucca Mountain because the arid climate means that there is little surface water, and that humans are therefore reliant on groundwater alone to
meet their primary needs. In fact, the aquifer under Yucca Mountain is
already being used for irrigation just 32 km (20 miles) from the site.
Thus, the pollution of this aquifer would likely result in extensive exposures of any future populations living in the area. In addition, as we have
noted previously, drinking water is one of the most probable pathways
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for future human exposures over the very long times involved, and so it
should be the subject of particularly strict guidelines rather than being
weakened by the inclusion of a “controlled area” for the first 10,000
years and being effectively eliminated after that.

Section 5.3 – Transportation of Spent Fuel
The government and the nuclear industry have been transporting nuclear
materials, including a modest amount of commercial spent nuclear fuel,
for decades without a major incident. Despite this history, however, one
of the most widely publicized concern regarding the development of a
geologic repository or centralized storage or reprocessing facility is the
risk associated with transporting the spent fuel from the 76 sites in 33
states at which it is currently located to a single location. In the case of
Yucca Mountain, or the proposed interim storage facility near Salt Lake
City, Utah (see Section 5.4.1), these transportation risks are heightened
by the long distances over which the waste must be shipped from the reactors in the East to the proposed destinations in the West.
The risks associated with spent fuel transportation have been examined
extensively, and a number of full-scale tests of transportation packages
have been conducted or are currently planned.917 However, despite
these efforts there remain a number of important ways in which the risks
from transporting spent fuel could be further reduced by the inclusion of
more realistic maximum credible accident conditions into NRC regulations. In addition, it is necessary for the terrorist threat to be more seriously addressed as part of the spent fuel transport program. The requirement of hundreds to thousands of shipments of spent fuel over a
number of decades, the attractiveness of radiation as a weapon of terror,
and the inherent unpredictability of terrorist acts all add to the uncertainty of spent fuel transport. We will begin with a discussion of the
NRC’s technical analysis of spent fuel transportation from the year 2000,
and then touch upon the need to consider more realistic acts of terrorism
as part of an overall risk assessment.918
First, the Sandia National Laboratories analysis as presented by the NRC
in its Reexamination of Spent Fuel Shipment Risk Estimates did not consider specific transportation routes from the existing nuclear plants to the
Yucca Mountain site. Instead, the report considered transporting the
waste to “3 hypothetical geologic repositories and 6 hypothetical interim
storage facilities.”919 Six of the nine sites were in the eastern or central
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parts of the United States which reduced the average distance the waste
casks had to travel in comparison to transport to Nevada or Utah.920 In
addition, the NRC analysis assumed the same distribution of accident
velocities as used in the 1987 Modal Study.921 The data in the Modal
Study was based on information gathered between 1958 and 1967. Since
that time, many states have increased the speed limits on their highways
and the number of cars and trucks on the road have also increased. Even
relatively modest changes in the speed limit significantly alter the distribution of accident velocities. For example, a study conducted by the Insurance Institute for Highway Safety found that in New Mexico the percentage of vehicles exceeding 70 miles per hour went from 5 percent to
36 percent after the speed limit was raised from 55 to 65 mph. Since
kinetic energy scales as the square of the velocity, increases in speed
have a proportionally larger impact on the severity of accidents.922
For a side impact of a waste cask, a 1987 study by Lawrence Livermore
National Laboratory found that much lower decelerations were necessary
to cause the fuel rods to rupture than those considered by the NRC.923
The average rupture point for all fuel assembly types in the LLNL study
was just below the value which the NRC analysis assumed would lead to
no fuel damage. In fact, the NRC expected little damage at decelerations
four times higher than the average rupture point in the Livermore
study.924 The difference in these estimates is important because the side
impact of a truck cask or monolithic rail cask at 30 miles per hour could
lead to decelerations above the average rupture point in the Livermore
analysis.925 This could occur, for example, with the collision of a truck
and a bridge abutment or concrete building. Another example of an accident that could lead to such rapid decelerations occurred on May 26,
2002. On that date, a barge collided with the support structures of a
bridge on Interstate 40 in Oklahoma causing nearly one-third of the
bridge to fall 60 feet into the Arkansas River. Parts of the concrete
bridge remained atop the barge providing a hard surface on which some
of the falling cars and semi-trucks impacted.926 A final example occurred
on April 25, 2005 when a Japanese commuter train derailed and collided
with the corner of a nearby concrete apartment building.927
If the fuel ruptures it would release radioactivity into the interior of the
transportation cask. If the cask was also damaged in the collision, that
radioactivity could then be released into the environment. Current NRC
regulations require that spent fuel transportation casks are designed to
withstand “a free drop test” in which the cask is dropped from a height of
nine meters (29.5 feet) onto a flat and unyielding surface as well as a
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“puncture test” in which the cask is dropped from a height of one meter
(3.3 feet) onto a steel rod approximately 15 centimeters in diameter.928
As noted, however, there have been accidents in the U.S. and abroad that
would have resulted in the waste casks being exposed to more intense
impacts that those included in the regulations. The height of the drop test
should be increased to more accurately reflect the maximum likely height
of bridges over which the waste may travel. The height of the puncture
test should also be increased to cover the potential of higher speed impacts.
In addition to violent collisions, accidents involving fires are another
area that poses a potential risk to spent fuel casks. In their analysis of
transit fires, the NRC only considered the impact of a fire on fuel from
pressurized water reactors despite the fact that casks for boiling water
reactor fuel can carry more waste, and thus have a greater amount of internal decay heat. In addition, the Lawrence Livermore analysis concluded that, under certain accident conditions, the temperature of the central most fuel rods could be more than two and a quarter times higher
than that assumed by the NRC. Further, the NRC study only considered
undamaged fuel in its analysis of transportation fires. If the spent fuel
rods were damaged by a collision and then engulfed in a fire, the release
rates would be adversely affected. Finally, the studies upon which the
NRC analysis was based did not consider the impact of fires on higher
burnup fuels such as that being discharged by some reactors today. The
higher burnup fuel has thinner cladding which makes it more likely to
rupture in a violent impact or severe fire.929
The NRC’s regulations require that casks be able to withstand a temperature of 800 oC (1,470 oF) for thirty minutes. The casks are also tested at
a temperature of 1,000 oC (1,830 oF) to simulate the effects of a diesel
fuel fire. There are, however, many commonly transported materials that
burn much, hotter such as methyl alcohol, propane, vinyl chloride, and
gasoline.930 The duration and intensity of this regulatory fire is thus less
than those that could occur in some types of major accidents. The current NRC testing program should be improved to take into account more
realistic conditions that could be reached in credible types of transportation accidents involving fires in combination with collisions.
The most well known transportation fire to have occurred in recent years
is the CSX Railroad Tunnel Fire that began in Baltimore, Maryland, on
July 18, 2001. The Howard Street Tunnel is the longest underground
train route on the East Coast and carries up to 40 freight trains per day.
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At 3:07 PM a CSX Transportation train derailed in the tunnel and subsequently sparked a serious fire that sent black smoke out both ends of the
tunnel and out manholes along nearby streets. The exact cause of the fire
is not known, but the train was carrying flammable liquids such as
tripropylene and numerous cars of wood pulp and paper products. Firefighters entering the tunnel lost all vision within about 90 meters, and it
was not until nearly seven hours after the fire had begun that they successfully reached the burning cars.931 A simulation of this fire found that
during the first three hours, the peak temperature in the tunnel reached
1000 oC in the area surrounding the flames and 500 oC when averaged
over the length of the surrounding three to four rail cars. The peak temperature of the tunnel walls was estimated to have reached 800 oC with
an average of 400 oC.932 The accident, however, could have been much
worse.
As it turned out, the fire caused the rupture of a 40 inch water main running through the ground above the tunnel, damaging several city streets
and knocking out electricity to more than a thousand customers. The
broken water main also flooded the tunnel and was found to have had a
positive effect in cooling the fire after the first three hours.933 The possibility of accidents in more remote areas of the U.S. raise concerns over
the availability of properly equipped firefighting and hazmat teams. Approximately 60 million gallons of water was necessary to battle the CSX
tunnel fire.934 In more remote areas the transportation of this much water
could pose a potential barrier to fighting such a serious fire.
The study of this accident by the Federal Emergency Management
Agency concluded that the tunnel fire created conditions that “surpassed
the NRC's design criteria for containers that would hold atomic
waste.”935 Instead of immediately recognizing this accident as a warning
and a reason to reevaluate their generic requirements for accidents involving shipping casks, however, the NRC conducted a simulation of the
conditions in the CSX train fire and concluded that it would not likely
have posed a serious risk to the public had a spent fuel cask been involved.936 The fact that the baseline regulatory requirements were exceeded on a well traveled rail line in a densely populated city in the middle of a weekday afternoon with a major sports stadium nearby should
have triggered a through reexamination of the design criteria whether or
not this particular accident would have resulted in a breach of containment and the release of radiation.
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A number of other accidents and near misses involving serious truck
fires have also occurred. A series of accidents on the East Coast in 2004
serve to illustrate the point. On January 13, 2004, a truck carrying 8,900
gallons of fuel crashed through a barrier on Interstate 895 in Maryland
and fell 30 feet onto Interstate 95. A tractor trailer, a large truck, a
pickup truck, and a car all crashed into the gasoline tanker which subsequently exploded. The concussion from the primary blast and a series of
subsequent explosions was felt as far away as half a mile.937 Just two
months later, on March 25, a truck carrying 12,000 gallons of heating oil
hit a concrete barrier and burst into flames on a busy stretch of highway
near Bridgeport, Connecticut. The truck fire burned for two hours and
the bridge span sagged as the 30 inch steel beams softened and began to
melt in the 1,100 oC heat. In this accident, both the heat and the duration
of the fire exceeded the regulatory requirements for a spent fuel shipping
cask. Seventeen hours after the crash in Bridgeport, three tractor trailers
and a dump truck collided on a bridge connecting Staten Island, New
York to New Jersey. One of the drivers was killed, but a much more serious situation was averted because the liquid oxygen being carried by
one of the trucks did not contribute to an explosion.938
In their 2006 review of the safety of spent fuel transport, the National
Research Council acknowledged this concern and noted that “recently
published work suggests that extreme accident scenarios involving verylong-duration, fully engulfing fires might produce thermal loading conditions sufficient to compromise containment effectiveness.”939 As such
the Committee recommended that
The Nuclear Regulatory Commission should build on recent
progress in understanding package performance in very-longduration fires. To this end, the agency should undertake additional analyses of very-long-duration fire scenarios that bound
expected real-world accident conditions for a representative
set of package designs that are likely to be used in future
large-quantity shipping programs…. Strong consideration
should also be given to performing well instrumented tests for
improving and validating the computer models used out these
analyses, perhaps as part of the full-scale test planned by the
Nuclear Regulatory Commission for its package performance
study.940

Finally, the potential exists for a well coordinated terrorist attack to cause
far more extensive damage to the shipping casks than all but the most
extreme accidents. The Energy Policy Act of 2005 requires the NRC to
consider a realistic threat that includes “the potential for attacks on spent
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fuel shipments by multiple coordinated teams of a large number of individuals.”941 This analysis should include considerations of advanced
weapons such as shoulder fired missiles in combination with shaped
charges as well as lower tech attacks such as large truck bombs. The
bomb that killed Judge Giovanni Falcone near Palermo, Italy in May
1992 by blowing up a section of the road on which he was traveling
serves as stark example of what kind of damage can be inflicted upon
even rapidly moving targets.942 The widespread use of camouflaged
roadside bombs and other improvised explosive devices in Iraq and the
toll they have taken on U.S. and British military forces adds further support to these considerations.943 While there will always be a level of uncertainty surrounding the potential risk associated with terrorist attacks,
the importance of this uncertainty can be reduced by making the design
basis threat as robust as possible and by limiting the transport of spent
fuel and high-level waste near dense population centers or important
shipping routes.
The National Research Council also recognized the threat posed by terrorists and concluded that “[m]alevolent acts against spent fuel and highlevel waste shipments are a major technical and societal concern, especially following September 11, 2001 terrorist attacks upon the United
States.”944 As such the committee recommended that
An independent examination of the security of spent fuel and
high-level waste transportation should be carried out prior to
the commencement of large-quantity shipments to a federal
repository or to interim storage. This examination should provide an integrated evaluation of the threat environment, the response of packages to credible malevolent acts, and operational security requirements for protecting spent fuel and highlevel waste while in transport. This examination should be
carried out by a technically knowledgeable group that is
independent of the government and free from institutional
and financial conflicts of interest. This group should be
given full access to the necessary classified and Safeguards Information documents to carry out this task. The findings and
recommendations from this examination should be made
available to the public to the fullest extent possible.945

The need to release as much information to the public as possible, consistent with the requirements of security, is particularly important given
the need to receive the informed consent of the many communities
through which the spent fuel and high-level waste will have to travel.
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Improving the safety of spent fuel transportation is important not only to
protect public health and the environment during the large number of
shipments that will be needed, but also because an accident or attack that
released radiation could have a significant economic impact due to extended cleanup times and lingering public concerns over residual contamination. The bridge over Interstate 40 that collapsed when struck by
a barge is one of the main east-west shipping routes carrying an average
of 20,000 vehicles per day.946 The Howard Street Tunnel where the CSX
train fire occurred is one of the most important rail tunnels along the East
Coast.947 Interstate 95 where the two truck fires occurred is the main
north-south route along the East Coast carrying an average of 120,000 to
200,000 vehicles per day in the areas affected by the accidents.948 In the
western U.S., there are few alternate routes adding to the potential disruption despite the lower traffic density. In light of the potential impacts
to both human health and the economy, it is important to find ways to
further limit the risks of transportation by improving the realism of the
testing programs currently taking place and of the modeling and simulations of shipping cask durability by taking into account the more severe
accidents that have occurred to date and by considering appropriately
severe terrorist attacks.

Section 5.4 – Alternative Waste Management Strategies
In 2050, the global growth scenario would lead to a tripling of the current
nuclear capacity while the steady-state growth scenario would lead to an
increase of roughly seven fold. With this expansion would come a proportional increase in the generation of nuclear waste. While going to
higher burnup with the fuel would reduce the mass discharged, its higher
decay heat would require it to be spaced further apart in a repository, and
thus the savings in disposal volume would be less significant. As summarized by the authors of the MIT report,
A worldwide deployment of one thousand 1000 megawatt
LWRs operating on the once-through fuel-cycle with today’s
fuel management characteristics would generate roughly three
times as much spent fuel annually as does today’s nuclear
power plant fleet. If this fuel was disposed of directly, new
repository storage capacity equal to the currently planned
capacity of the Yucca Mountain facility would have to be
created somewhere in the world roughly every three or
four years. For the United States, a three-fold increase in nuclear generating capacity would create a requirement for a
Yucca Mountain equivalent of storage capacity roughly every
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12 years (or every 25 years if the physical rather than the legal
capacity limit of Yucca Mountain is assumed.)949

We have already discussed the issues surrounding the potential expansion of Yucca Mountain in Section 5.2.5, and will therefore continue to
focus on the current statutory limit of 70,000 MT.
Trying to characterize sites and then design, license, and construct repositories this quickly would be a virtual impossibility no matter what
level of effort was expended. Adding to this difficulty is the fact that
many of the repositories under consideration around the world (see Table
5.1) are smaller than Yucca Mountain due to the smaller volumes of
waste that have been generated in other countries. For example, the proposed Swedish repository is designed to hold approximately 7,800 MT of
waste which is just one-ninth the statutory capacity of Yucca Mountain.950 Thus, as long as the disposal of spent fuel is left to individual
countries, the actual number of repositories required under the global or
steady-state growth scenarios would have to be far larger.
To try to overcome the need for many countries to have to dispose of
relatively small amounts of waste, the establishment of international
spent fuel repositories have been proposed. These facilities would have
the added non-proliferation benefit of placing the plutonium in the waste
under international control, thereby reducing the risk of its being recovered through reprocessing.951 These plans, however, raise serious concerns that weaker, cash strapped countries or those with corrupt governments might end up the dumping grounds for richer more powerful countries in the Global North. It is not a just or sustainable option for one
group to receive all the benefits from an activity while another receives
the liabilities. Beyond these considerations, however, we have already
noted that a large, centralized repository the size of Yucca Mountain
would still need to come online every few years to meet the needs of the
global growth or steady-state growth scenarios.
Finally, there are new concerns raised by the revelations that U.S. utilities and the NRC have already begun to have trouble keeping track of the
spent fuel rods discharged from the existing reactors. These troubles
appear to have grown, in part, out of the fact that in 1988 the NRC ended
its routine inspection of licensee compliance with spent fuel accounting
and control regulations believing that it was unlikely that fuel assemblies
could be lost or stolen due to their high radioactivity.952 In November of
2000, however, during preparations at the Millstone plant in Connecticut
for moving their spent fuel to dry cask storage, it was discovered that two
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damaged fuel rods had been missing for as much as 20 years without being noticed. The spent fuel rods were never found despite an extensive
search of the plant and of its records. It is believed that the fuel was
most likely illegally shipped to the Barnwell low-level waste disposal
facility in South Carolina. The NRC fined the operators of the Millstone
plant $288,000 for failing to account for the two rods and for not reporting the loss sooner. As a result of this incident the NRC began a review
of spent fuel accounting at other operating facilities. In April 2004, it
was discovered that two spent fuel rod pieces were missing at the Vermont Yankee plant. These pieces were located approximately three
months later after several million dollars had been spent on the search
and on updating the plant’s materials control and accounting system.
Finally, in July 2004, three spent fuel rod pieces were found to be missing at the Humboldt Bay plant in California. These fuel rod pieces were
not definitively accounted for nearly a year later despite a thorough
search of the plant and its records. The NRC is also aware of a number
of previous instances of spent fuel that was either temporarily unaccounted for or lost at other nuclear installations, and the GAO has concluded that there is still the potential for discoveries of missing fuel at
other plants.953 The difficulties of accounting for spent fuel would obviously increase should a large number of new nuclear plants be built.
In light of the very large number of geologic repositories that would be
required to handle the waste from 1,000 to 2,500 nuclear plants, as well
as the difficulties that have been encountered with efforts to safely store
the waste at individual reactor sites over long times, a number of alternative waste management strategies have been proposed which we will discuss in the following sections.
Section 5.4.1 – Monitored Retrievable Storage (MRS)
While not by itself an option for the long-term management of spent fuel,
many alternative proposals envision interim storage of the waste at one
or more centralized facilities. On June 25, 1997, a license application for
the construction of a privately owned interim storage facility was filed
with the NRC. The proposed facility would be developed by a consortium of eight utilities. This company, called Private Fuel Storage (PFS),
would build the storage facility on land belonging to the Skull Valley
Band of Goshute Indians 110 kilometers (about 70 miles) southwest of
Salt Lake City. This facility would be able to store up to 40,000 metric
tons of spent fuel in 4,000 casks on 98 acres of land. The lease with the
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tribe would run for 25 years with a possible renewal for an additional 25
years. On February 24, 2005, the Atomic Safety and Licensing Board
recommended that the NRC grant a license for this facility in light of the
continued delays in the Yucca Mountain project. 954 On September 9,
2005, the full Commission authorized the NRC Staff to grant PFS a license once the Staff had completed its reviews.955 On February 21, 2006
the Commission granted a 20 year license to PFS, however, the consortium still required approval from “the Bureau of Land Management, the
Bureau of Indian Affairs, and the Surface Transportation Board” before
construction could begin.956
Despite the NRC rulings which cleared that way for the facility to go
ahead, two developments have cast serious doubts on the future of PFS.
First, the fiscal year 2006 National Defense Authorization Act, signed
into law on January 6, 2006, included a provision to turn an area around
the site into a protected wilderness area. While the waste could still be
brought in on trucks, the new law cut off the ability of the consortium to
build a rail spur that had been their preferred method for transporting the
spent fuel to the site.957 Second, in early December, Southern Company
announced that it was dropping out of the PFS consortium and both Xcel
Energy and Florida Power and Light announced that they would indefinitely suspend their support for the project. Together, these three companies held more than 56 percent of the PFS shares.958
Beyond the proposed Private Fuel Storage consortium, there have been
other proposals for the development of monitored retrievable storage facilities. For example, the authors of the MIT report support a combination of at reactor storage, and, where needed, centralized interim storage
facilities, as a means of addressing the short term concerns over spent
fuel safety and as a means to buy time to explore alternatives to geologic
disposal such as deep boreholes (see Section 5.4.3).959 On the other
hand, the U.S. House of Representatives Committee on Appropriations
has put forward a proposal for the development of interim storage facilities at Department of Energy sites as part of a broader effort to resume
reprocessing and the development of the MOX fuel cycle (see Section
3.2).960
While it is true that the continued storage of spent fuel in densely packed
cooling pools near large population centers presents a very real safety
risk as discussed in Section 4.2.3, no detailed quantitative analysis has
ever been presented on the relative implications of leaving the waste onsite until a final disposal site is ready compared to transporting it all to a
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single interim storage site and then again to a permanent repository.961
Adding to the complexity of this issue is that fact that, given the recent
proposals from the House of Representatives, such a comparative analysis would have to include the much more complicated problem of analyzing the added costs and risks of reprocessing and the use of MOX fuel.
Without such an analysis, the well known safety and proliferation risks
of reprocessing, combined with the risk that a temporary facility on Native American land could become an ad hoc permanent disposal site, argue strongly against the hasty movement of thousands of metric tons of
waste along the country’s roads and rail lines to any interim storage site.
Section 5.4.2 – Separation, Transmutation, and MOX Fuel
One of the oldest alternatives to the direct disposal of spent fuel is reprocessing. This technology could be linked either to plans for reusing
the plutonium in mixed-oxide (MOX) fuels or transmuting the long-lived
transuranics into shorter-lived isotopes in specially designed reactors or
linear accelerators. Countries such as France and Japan continue to actively pursue the MOX fuel cycle. There have also been proposals put
forward to separate the shorter-lived fission products such as cesium-137
(half-life 30 years) and strontium-90 (half-life 28 years) from the very
long-lived radionuclides. The longer-lived radionuclides would then be
put into a suitable waste form and disposed of in a geologic repository
while the shorter-lived elements would be placed into a disposal facility
that would rely more heavily on institutional controls. The advantage of
such a scheme would be to reduce the decay heat of the waste destined
for geologic disposal, allowing it to be packaged more densely in the repository while the design of the disposal facility that would handle the
higher activity fission products would be somewhat simplified by their
shorter half-lives.
The first, and most important, argument against all of these proposals is
that they require the reprocessing of the spent fuel which can result in the
separation of weapons usable plutonium. The potential for nuclear
weapons proliferation that would accompany the spread of reprocessing
technologies is unlikely to be overcome given that the current nuclear
weapons states plan to retain their weapons for the indefinite future and
to continue to rely on them as a central part of their military posture. The
proliferation dangers associated with reprocessing are discussed at
greater length in Sections 3.2 and 3.4.
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The second argument against these reprocessing schemes is their cost.
We have already discussed the high cost of MOX fuel in the introduction
to Chapter Two. According to the MIT report, the cost of MOX fuel is
roughly four and half times the cost of low-enriched uranium fuel. As
such, the authors of the MIT study concluded that “even the most economical partitioning and transmutation schemes are likely to add significantly to the cost of the once-through fuel cycle.”962 Similar results were
found by a study conducted at the Kennedy School of Government at
Harvard University as well. The authors of this study stated that the cost
of separations and transmutation schemes would “be substantially higher
than the cost of traditional reprocessing and recycling.”963 They found
that transmutation schemes would not be economical unless the cost of
repository disposal rose to more than seven and a half times the current
estimated costs.964 Given the already high cost of generating electricity
from nuclear power (see Chapter Two), adding to the cost is a serious
disadvantage for any waste management proposal.
Third, there are important safety and environmental concerns associated
with reprocessing as well. Some of the concerns over the use of MOX
fuel have already been discussed in Sections 3.2 and 4.2.3. As noted, the
reprocessing of spent fuel via the PUREX process generates large volumes of liquid high-level waste that must be carefully stored prior to vitrification. Table 5.2 shows the amount of high-level waste that is stored
at civilian and military reprocessing sites in the United States. Of the
four locations where this waste is stored, only West Valley reprocessed
commercial spent fuel.
Table 5.2: Amount of high-level waste in the U.S. from commercial and military
reprocessing as of FY1996. These estimates include both the waste that was
stored in the tanks and that which had been removed but was still stored on965
site.

Location
West Valley Demonstration Project
Idaho National
Laboratory
Hanford
Savannah River Site
Total

Total Volume
(thousands of cubic meters)

Total Radioactivity(a)
(millions of curies)

2.0

23.6

10.5

48.4

207.3
148.3
368.1

332.1
498.0
902.1

(a) The vast majority of the radioactivity in the high-level waste is attributable to cesium137, strontium-90, and their short-lived daughter products. Therefore the current amount of
radioactivity in the high-level waste would be about 20 percent less than these estimates
due to radioactive decay.
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To give a sense of scale for the volumes listed in Table 5.2, the highlevel waste stored at the Savannah River Site would cover a professional
football field to a depth of nearly 27 meters (90 feet) while the waste at
Hanford would reach nearly 38 meters high (more than 120 feet).966 In
France and Britain, a portion of the liquid high-level waste generated at
their reprocessing facilities has been discharged directly into the English
Channel and Irish sea respectively. These releases have caused the contamination of sea life in the area, and have led the governments of Ireland and Norway to seek an end to the discharges.967 The majority of the
liquid high-level waste generated by reprocessing is stored in tanks that
must be cooled and properly monitored in order to prevent a catastrophic
explosion. The 1957 explosion of a waste tank at the Chelyabinsk-65
military reprocessing plant near the town of Kyshtym in the former Soviet Union contaminated an area larger than the state of Connecticut and
led to the evacuation of more than 10,000 people.968 Similar explosions
in the high-level waste tanks at Hanford or the Savannah River Site are
possible if they were to lose cooling.969
Fourth, while reprocessing and the use of MOX fuel would simplify
somewhat the type of geologic repository needed, the volume of waste to
be disposed of would not be significantly reduced. When the waste
packages are included, the volume of vitrified high-level waste from reprocessing is between 50 and 100 percent of the volume of the spent fuel
from which it came. While the heat rate of the high-level waste is lower
than that of the initial spent fuel, the heat rate of the spent MOX fuel is
far greater than that of spent uranium fuel. Even if the MOX fuel is recycled in specially designed reactors the overall heat output of the highlevel waste will be larger than if the spent fuel had been disposed of directly.970 In addition, investigations at Yucca Mountain and at the site of
the Finnish repository have found that the long-lived fission products
technetium-99 and iodine-129 are important contributors to the long-term
risk from spent fuel disposal, and it is not yet clear whether these radionuclides would be effectively reduced under many of the partitioning
and transmutation schemes that have been proposed.971
Finally, roughly 94 percent of the mass of spent fuel is unfissioned uranium. After reprocessing this uranium is contaminated with plutonium,
fission products, and other transuranic elements. Due both to its own
radiological characteristics as well as the residual contamination, this
recycled uranium would eventually have to be disposed of in a repository
similar to the Waste Isolation Pilot Plant (WIPP) in New Mexico which
currently accepts transuranic waste.972 WIPP required several decades to
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explore and characterize. While the repository construction was completed in 1989, it was nearly a decade later before the first waste was accepted due to difficulties encountered in licensing the repository and
overcoming legal obstacles.973 In Europe, the uranium wastes from reprocessing are already recognized as requiring disposal in a geologic repository (although currently much of the recycled and depleted uranium
in Europe is being stored or sent to Russia).974 Finally, the amount of
plutonium bearing wastes generated during the decommissioning of a
reprocessing plant are expected to be quite large and “to increase significantly the estimates of volume of wastes generated per ton of fuel processed.”975
In light of these considerations, the authors of the MIT report concluded
that
The trade-off between reduced risk over very long time scales
and increased risk and cost in the short term is an issue on
which reasonable people can disagree.… Nevertheless, taking
all these factors into account, we do not believe that a convincing case can be made on the basis of waste management
considerations alone that the benefits of advanced fuel cycle
schemes featuring waste partitioning and transmutation will
outweigh the attendant risks and costs.976

Given the many serious drawbacks of reprocessing schemes,977 the authors of the MIT report proposed expanding the DOE’s research on spent
fuel management to consider other types of geologic disposal. The central focus of this proposed research program would be placed on deep
borehole disposal discussed in the following section.
Section 5.4.3 – Deep Boreholes
The rate of waste generation that would take place under the global
growth scenario would make it very unlikely that disposal sites for mined
geologic repositories like Yucca Mountain could be identified and developed rapidly enough. It has been nearly 50 years since the first commercial reactor was brought online, and more than 20 years since the DOE
began site investigations at Yucca Mountain, and to date there are no
operating repositories anywhere in the world. The possible alternative
approach proposed by the authors of the MIT report is to place the spent
fuel into deep boreholes.978 The authors describe this option as follows
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An alternative to building geologic repositories a few hundred
meters below the earth’s surface is to place waste canisters in
boreholes drilled into stable crystalline rock several kilometers
deep. Canisters containing spent fuel or high-level waste
would be lowered into the bottom section of the borehole, and
the upper section – several hundred meters or more in height –
would be filled with sealant materials such as clay, asphalt, or
concrete. At depths of several kilometers, vast areas of crystalline basement rock are known to be extremely stable, having
experienced no tectonic, volcanic or seismic activity for billions of years.979

An advantage of deep boreholes is that the waste would be in a saturated,
reducing environment far below the human accessible environment, and
the water present at that depth appears to be highly saline and remain
isolated from water systems closer to the surface over long timescales.980
A typical borehole as considered by the Swedish nuclear waste agency
would be 4 kilometers deep, 80 centimeters in diameter. The bottom half
of the hole would be filled with waste while the top half would be sealed.
Deeper bore holes such as a 5 kilometer deep borehole with the bottom 3
kilometers filled with waste has been considered in the MIT study.
While deeper holes are technically feasible, the Swedish analysis found
that holes less than 4 kilometers deep were less likely to “to be troublesome to drill” due to the fracturing and degradation of holes at greater
depths brought about by the internal stresses within the rock. The
amount of waste that could be placed into these boreholes would be between 220 and 420 metric tons per hole in the case of the Swedish design
and 300 metric tons per hole in the case of the MIT design. The range
for the proposed Swedish design is due to their consideration of both a
hotter borehole where the fuel rods would be densely packed in the canisters, and a cooler design with less densely packed waste.981 With these
characteristics a single borehole would be able to hold 11 to 21 years
worth of waste from a typical 1000 MW plant. Therefore, just two to
four holes would be enough to store the waste generated over the nominal 40 year lifetime of each plant.
The deep borehole concept remains speculative, however, since it has not
been intensely investigated given that the scientific consensus settled on
mined geologic repositories as the least worst option. As summarized by
the authors of the MIT report themselves
Implementing the deep borehole scheme would require the
development of a new set of standards and regulations, a time-
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consuming and costly process. A major consideration would
be the difficulty of retrieving waste from boreholes if a problem should develop.… Moreover, at the great depths involved, knowledge of in situ conditions (e.g., geochemistry,
stress distributions, fracturing, water flow, and the corrosion
behavior of different materials) will never be as comprehensive as in shallower mined repository environments. Recovery
from accidents occurring during waste emplacement – for example, stuck canisters, or a collapse of the borehole wall – is
also likely to be more difficult than for corresponding events
in mined repositories.982

The uncertainties in gathering data in very deep boreholes and the potential for fractures in the rock caused by the drilling to affect the migration
of the radionuclides were issues raised by the Swedish feasibility assessments as far back as 1989.983
One of the major concerns that arise with these proposals maintaining
reversibility. In its review of spent fuel management options, the National Research Council of the U.S. National Academy of Sciences concluded that
Maintaining a capability for reversibility of steps during the
long processes leading to a closed and sealed repository is a
major factor in enhancing public confidence.984

With respect to the specific question of boreholes versus mined repositories they concluded that “[r]etrievability and sealing the boreholes (because they may be numerous) are greater technical challenges than for
mined repositories.”985 Swedish studies of this issue have concluded that
it may be possible to drill the canister out and retrieve them from a borehole using similar techniques to those used in oil drilling to recover from
overshoots. These schemes, however, do not address the issue of what
would happen if the drill overshot during recovery and ruptured a waste
canister, nor do they address the possibility that the canisters might settle
over time and thus might not be oriented properly for the recovery
scheme to work.986
Finally, the time required to locate, drill, and place the waste in a borehole and the total cost could pose additional obstacles. Estimates for the
cost of drilling a 4 kilometer deep borehole based upon experience with
smaller diameter holes range from $4.66 million to $6.58 million (in
2004 dollars).987 Significant additional costs, however, would be encountered for such things as the initial site investigation, test drillings to
determine the properties of the rock at depth, obtaining a license, trans289

porting, packaging and placement of waste, and finally sealing the borehole and monitoring the site. In summarizing these costs, the National
Research Council concluded that “[f]or large amounts of waste, drilling
many deep boreholes from the surface is probably more expensive than a
single mined repository.”988
While it is possible that deep boreholes could eventually prove to be an
acceptable alternative to mined geologic repositories in some countries
which have a smaller amount of waste to dispose of, this cannot yet be
determined given today’s level of knowledge. As summarized by the
U.K. waste management agency Nirex in June 2004
It is important to emphasise that, although consideration has
been given to this disposal concept over a period of many
years, no practical demonstration of the application of this
concept has taken place. It is also likely that considerable
sums of money would be required before it could be brought
up to the same level of understanding that already exists for
the several different types of mined geological disposal concept that are currently proposed by waste disposal organisations world-wide.989

The proposal from the authors of the MIT study to move to interim storage while investigating deep boreholes and simultaneously committing to
a large increase in the rate of waste generation would repeat the central
error of past nuclear waste management programs. The concept for
mined repositories was laid out as likely to be technically feasible by the
U.S. National Academy of Sciences as far back as 1957. With this general idea, and the belief in commercial reprocessing and the plutonium
economy, hundreds of nuclear plants proliferated across the U.S. and
around the world. However, turning the idea of mined repositories into a
reality has proven exceptionally difficult and the solution to the waste
problem remains elusive as the discussion in this chapter has shown. It is
thus a very unsound policy to make the same mistake again with respect
to deep borehole disposal and a proposed revival of nuclear power.

Section 5.5 – Conclusions
The radioactive wastes generated by the nuclear fuel cycle span a wide
range of volumes and hazards. While the vast majority of the radioactivity is in spent fuel and reprocessing wastes, the vast majority of the volume is in uranium mill tailings and low-level wastes. Unlike the management of high-level waste, which is a federal responsibility, the dis290

posal of low-level waste is the responsibility of individual states. The
development of low-level waste disposal sites have encountered a number of problems and several facilities have either been denied a license or
have been otherwise abandoned. The management of low-level waste
will likely continue to pose a challenge in the future. Of particular concern is the need to dispose of the large volumes of depleted uranium that
is generated by enrichment plants. The disposal of depleted uranium
poses similar long-term radiological hazards to the disposal of some
types of transuranic wastes, and will likely require the development of a
repository comparable to the Waste Isolation Pilot Plant in New Mexico.
By far the largest concerns regarding radioactive waste management relate to the handling of spent fuel. Of particular concern are the very long
half-lives of some of the radionuclides present in this waste (for example
plutonium-239 – half-life of 24,000 years, technetium-99 – half-life of
212,000 years, cesium-135 – half-life of 2.3 million years, and iodine129 – half-life of 15.7 million years). In addition, the spent fuel presents
security risks due to the fact that it contains weapons useable plutonium
that can be chemically separated by reprocessing. By the end of 2005
there was already an estimated 53,100 metric tons of spent fuel stored
around the United States. By 2012, which is the very earliest date that
the Yucca Mountain repository could possibly be opened, the amount of
spent fuel discharged from the currently operating reactors would
amount to more than 67,500 MT. Thus, even without any new nuclear
construction, by 2012 the inventory of spent fuel in the U.S. would already exceed the 63,000 MT statutory limit for the amount of commercial fuel that can be sent to Yucca Mountain.
Between 2005 and 2050, on average, the proposed expansion of nuclear
power under the global growth scenario would lead to nearly a doubling
of the rate at which spent fuel is currently being generated with proportionally larger increases under the steady-state growth scenario. Assuming a constant rate of growth through mid-century for the global growth
scenario and that Yucca Mountain itself was built and operated, a new
repository with the capacity of Yucca Mountain would have to come
online every six years in order to handle the amount of waste that would
be generated. For the steady state growth scenario a Yucca Mountain
sized repository would need to be opened somewhere in the world every
three years on average.
The characterization and siting of repositories rapidly enough to handle
this volume of waste would be a very serious challenge, and one unlikely
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to be overcome by the development of new technologies or disposal options. The site of the Yucca Mountain repository has been studied for
more than two decades, and it has been the sole focus of the Department
of Energy since 1987, however, despite this effort and nearly $9 billion
in expenditures, as yet no license application has been filed and a key
element of the regulations governing the site has been struck down by the
courts and re-issued in draft form. As acknowledged in January 2006 by
Ernest Moniz and John Deutch, the two co-chairs of the MIT study, “it is
unclear whether Yucca Mountain will ever receive a license from the
Nuclear Regulatory Commission.”990 In fact, in February 2006, Secretary of Energy Samuel Bodman admitted that the Department of Energy
can no longer make an official estimate for when the Yucca Mountain
repository might open due to ongoing difficulties faced by the project.
No other country currently plans to have a repository in operation before
2020 at the very earliest, and all of these programs have encountered
some level of difficulty.
Even if the U.S. repository program had not been plagued by delays and
poor quality control and quality assurance practices, serious concerns
would remain over the U.S. approach to the management of spent fuel.
First, the land upon which the Nevada Test Site and Yucca Mountain are
located is claimed by the Western Shoshone Nation which opposes the
placement of the repository. The lack of informed consent from those
with a deep cultural and historical connection to the land should alone be
sufficient to prevent any further consideration of the Yucca Mountain
site. Second, as a general rule, the more complex the geology of a repository site, the greater the uncertainty there is in predictions for its
long-term performance. Yucca Mountain is a highly complex site which
is geologically unique in many important ways from any other sites that
are being considered around the world. Finally, and most importantly,
Yucca Mountain cannot meet even the most basic requirement of a repository; namely that it maintain the peak dose to an acceptably low
level. It is therefore IEER’s conclusion that Yucca Mountain cannot be
regarded as an appropriate site for repository development, and that the
search for an alternative location with a more appropriate geology should
begin as soon as possible.
Alternatives to geologic disposal in a mined repository are unlikely to
overcome the many challenges posed by the amount of waste that would
be generated under the global or steady-state growth scenarios. Proposals to reprocess the spent fuel and to use the resulting plutonium in MOX
would not only not solve the waste problem, but would greatly increase
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the vulnerabilities of a nuclear revival. Using existing technology, reprocessing schemes are expensive and create significant environmental
risks due to the generation of liquid high-level waste. Routine discharges
and accidents at commercial and military reprocessing facilities have
contaminated large areas in Russia, the English Channel, and the Irish
sea. In addition, reprocessing generates a large amount of waste that
would still require geologic disposal. Vitrified high-level waste and
spent MOX fuel, which is not generally reprocessed, would require a
repository similar to that required for unreprocessed spent fuel. As with
the depleted uranium, the unfissioned uranium separated by reprocessing
would eventually have to be disposed of in a repository similar to the
Waste Isolation Pilot Plant in New Mexico. The amounts of plutonium
bearing wastes generated during the decommissioning of the reprocessing plants is also expected to be quite large, and to add significantly to
the volume of waste destined for repository disposal. Most importantly,
reprocessing results in the separation of plutonium that can be used to
make nuclear weapons. While future reprocessing technologies like
UREX+ or pyroprocessing, if successfully developed and commercialized, could have some nonproliferation benefits compared to current reprocessing technologies, they would still pose a significant proliferation
risk if deployed on a large scale (see Section 3.2).
The authors of the MIT study acknowledge the high cost as well as the
health, environmental, and security risks of reprocessing and, as such,
advocate against its use. Instead they advocate for interim storage where
needed and for expanded research on deep borehole disposal as a potential alternative to mined repositories. While it is possible that deep boreholes might possibly prove to be an acceptable alternative in some countries which have a smaller amount of waste to manage, this cannot yet be
determined given today’s level of knowledge. Committing to a large
increase in the rate of waste generation based only on the plausibility of a
potential waste management option would be to repeat the central error
of past nuclear power programs. The concept for mined geologic repositories dates back to at least 1957, however, turning this idea into a reality
has proven quite difficult and a solution to the waste problem remains
elusive to this date.
Irrespective of future nuclear power development, there will need to be a
long-term effort to manage the waste that is already stored around the
world, and that which will continue to be generated by the existing fleet
of reactors. A solution to this problem cannot simply be to transfer of
the liability of spent fuel from the private utilities to the federal govern293

ment as a means of allowing new plants to be built. This does nothing to
resolve the risks to society posed by this very hazardous and long-lived
material. To manage this waste IEER proposes that the existing spent
fuel be removed from the cooling pools as soon as possible and placed
into Hardened On-Site Storage (HOSS).991 This would consist of first
placing the spent fuel into dry casks which include an outer shell of Alloy-22, the corrosion resistant alloy proposed for use in the U.S. repository. This strategy would allow greater experience to be gained with this
relatively new alloy, and to allow longer-term measurements of its properties under real world conditions to be made. All spent fuel older than
five year should be removed from the cooling pools and stored in these
types of dry casks. The dry casks should then be placed into hardened or
underground structures onsite that would reduce the chance of a terrorist
attack successfully damaging the casks and mitigate the impacts of any
release of radioactivity that could accompany such an attack. This strategy would substantially reduce the risks posed by the storage of spent
fuel in densely packed cooling pools, and allow sufficient time for a
more sound repository program to be developed.
Given that the timescales over which spent fuel must be managed are
more akin to human evolution than human civilization, even the best
geologic repositories will always have meaningful uncertainty in their
performance. In light of the many difficulties that arise in disposing of
high-level waste, the public must have a high level of confidence in the
agency that is overseeing the repository’s development. It is our conclusion that the Department of Energy has demonstrated by its performance
on Yucca Mountain and other projects that it is not the right agency for
the job. A new, highly transparent agency with strict public oversight
and no institutional conflict of interest concerning the promotion of new
reactors should be created to manage the repository program in the
United States.
While the risks of nuclear waste must be viewed in relation to the potentially catastrophic impacts of global climate change, greatly expanding
the production of highly radioactive, long-lived waste which also contains weapons useable plutonium at a time when not one spent fuel rod
has yet been permanently disposed of anywhere in the world, is not the
basis for a sound energy policy when a clear set of robust and economically viable alternatives are available. The future production of spent
fuel should thus be minimized to the maximum extent practicable, and
the existing waste should be managed as we have recommended above.
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Chapter Six: Looking Back, Moving Forward
By the end of the century, climate change and its impacts may be the dominant direct driver of biodiversity loss and changes in ecosystem services globally....
The balance of scientific evidence suggests that
there will be a significant net harmful impact on ecosystem services worldwide if global mean surface
temperature increases more than 2o Celsius above
preindustrial levels or at rates greater than 0.2o Celsius per decade (medium certainty).992
- United Nations Millennium Ecosystem Assessment (2005)
The potential impact on the public from safety or
waste management failure and the link to nuclear explosives technology are unique to nuclear energy
among energy supply options. These characteristics
and the fact that nuclear is more costly, make it impossible today to make a credible case for the immediate expanded use of nuclear power.993
- The Future of Nuclear Power (2003)

We began this work with the recognition that climate change is by far the
most serious vulnerability associated with the world’s current energy
system. Outside of full scale thermonuclear war, it is perhaps the largest
single environmental threat of any kind confronting humanity today.
While there are significant uncertainties surrounding the potential consequences of global warming, the possible outcomes are so varied and potentially so severe in their ecological and human impacts that immediate
precautionary action is called for in order to try and mitigate the damage
being done to the Earth's climate. Definitive proof will only come following a catastrophe, and by then it will be too late to effectively take
action. The potential impacts of global warming, combined with our rapidly evolving understanding of the climate system, provides a strong motivation to prioritize mitigation strategies that will have the largest likelihood of making significant contributions in the near to medium term
while not jeopardizing the future implementation of more equitable and
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sustainable long-term strategies. It is in this light that we have examined
the question of what strategies might play a role in combating the threat
of global climate disruption.
Compared to the other major energy sources used to generate base load
electricity such as coal, oil, and natural gas, nuclear power plants emit far
lower levels of greenhouse gases even when mining, enrichment, and
fuel fabrication are taken into consideration.994 As a result of this fact,
some have come to believe that nuclear power may be able to play an
important role in efforts to reduce emissions from the electricity sector.
However, we have found that the large number of reactors required for
nuclear power to play any meaningful role in reducing emissions would
greatly complicate the efforts required to deal with its unique vulnerabilities. These include the potential for the nuclear fuel cycle to enable nuclear weapons proliferation, the risks from catastrophic reactor accidents,
and the difficulties of managing long-lived and highly radiotoxic nuclear
waste. The rapid rate of construction required to meet the global or
steady-state growth scenarios would also put great pressures on the nuclear industry as well as on regulatory bodies and make it more difficult
to achieve or sustain the improvements in cost that have been envisioned
by nuclear proponents.
As more is learned about the functioning of the Earth’s climate, the more
likely it appears that reductions in greenhouse gas emissions on the order
of 60 to 80 percent will be required by 2050 in order to avoid the more
serious consequences of global warming. As such, it is likely that a
number of aggressive policies will be needed in the coming decades to
curb and then reverse the growth of CO2 emissions. Adding to the complexity of this already extremely difficult problem is the fact that these
reductions will have to occur at a time of increasing electricity demand
throughout the Global South. Of particular note is the projected increase
in electricity consumption in the world’s two most populous countries,
India and China.
Given that both time and resources are limited, a choice must necessarily
be made as to which alternatives should be pursued aggressively and
which should play only a small role or be put aside all together. Given
the immediacy of the problem, it will be necessary to consider both options that are available for immediate use as well as those that can confidently be brought online within then next five to fifteen years. The best
mix of alternatives will vary according to local, regional, and country
specific resources and needs. As such, the details of the future energy
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system cannot yet be completely foreseen in all cases.995 However, in
making a choice among the available alternatives, the following considerations should serve to guide the selection: (1) the options pursued must
be capable of making a significant contribution to a reduction in greenhouse gas emissions, with a preference given to options that achieve
more rapid reductions; (2) the options should be economically competitive to facilitate their rapid entry into the market; (3) the options should,
to the extent consistent with the goals of reducing the threat from climate
change, minimize other environmental and security impacts; and finally
(4) the options should, to the maximum extent possible, be compatible
with a longer term vision of creating an equitable and truly sustainable
global energy system. It is within this context that the future of nuclear
power must be judged. As such we carefully considered not only the
cost of electricity from new nuclear plants, but also the environmental,
health, and security implications of the global and steady-state growth
scenarios in order to determine how the nuclear option compares to other
available alternatives.
While concerns over catastrophic accidents and long-term waste management have received more public attention, the largest single vulnerability associated with an expansion of nuclear power is likely to be its
potential connection to the proliferation of nuclear weapons. In order to
fuel the number of nuclear plants envisioned under the global or steadystate growth scenarios, increases in the world’s uranium enrichment capacity of approximately two and half to six times would be required.996
Just one percent of the enrichment capacity required by the global
growth scenario alone would be enough to supply the highly-enriched
uranium for nearly 210 nuclear weapons every year.997 The risks from
such an increase in enrichment capacity are such that even the authors of
the MIT report concluded that “[n]uclear power should not expand unless
the risk of proliferation from operation of the commercial nuclear fuel
cycle is made acceptably small.”998
As discussed in Chapter Three, the proposals that have been put forth to
try and reduce the risks of nuclear weapons proliferation are very
unlikely to be successful in a world where the five acknowledged nuclear
weapons states seek to retain their arsenals indefinitely. The institutionalization of a system in which some states are allowed to possess nuclear
weapons while dictating intrusive inspections and restricting what activities other states may pursue is not likely to be sustainable. As summarized by Mohamed ElBaradei
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We must abandon the unworkable notion that it is morally reprehensible for some countries to pursue weapons of mass destruction yet morally acceptable for others to rely on them for
security -- indeed to continue to refine their capacities and
postulate plans for their use.999

Without a concrete, verifiable program to irreversibly eliminate the tens
of thousands of existing nuclear weapons, no nonproliferation strategy is
likely to be successful no matter how strong it would otherwise be. As
such, the link to nuclear weapons is likely to prove to be one of the most
difficult obstacles to overcome in any attempt to revive the nuclear
power industry.
In addition to its link to nuclear weapons proliferation, the potential for a
catastrophic reactor accident or well coordinated terrorist attack to release a large amount of radiation adds to the unique dangers of nuclear
power. Such a release could have extremely severe consequences for
human health and the environment, would require very expensive
cleanup and decontamination efforts, and would leave buildings and land
dangerously contaminated well into the future. The CRAC-2 study conducted by Sandia National Laboratories estimated that a worst case accident at some of the existing nuclear plants in the U.S. could result in tens
of thousands of prompt and long-term deaths and cause hundreds of billions of dollars in damages.1000 Even if a reactor’s secondary containment was not breached, however, and there were not dangerously large
offsite releases of radiation, a serious accident would still cost the utility
a great deal due both to the loss of the reactor and the need to buy replacement power. As summarized by Peter Bradford, a former commissioner of the Nuclear Regulatory Commission,
The abiding lesson that Three Mile Island taught Wall Street
was that a group of N.R.C.-licensed reactor operators, as good
as any others, could turn a $2 billion asset into a $1 billion
cleanup job in about 90 minutes.1001

The history of public opposition to nuclear power clearly demonstrates
the importance of reactor safety to the acceptability of this technology.
In light of the high probabilities that we found in Chapter Four for at
least one meltdown occurring somewhere in the world between now and
2050 under with the global or steady-state growth scenario, the possibility that public opinion could turn sharply against the widespread use of
nuclear power is a significant vulnerability with plans that envision a
heavy reliance on this energy source. If nuclear power is in the process
of being expanded, public pressure to shutdown existing plants following
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an accident would leave open few options (particularly in terms of reducing greenhouse emissions). On the other hand, if long-term plans to
phase out nuclear power were already being carried out when an accident
or attack occurred, there would be far more options available and those
options could be accelerated with less disruption to the overall economy.
Finally, the difficulty of managing the radioactive wastes generated by
the nuclear fuel cycle is one of a longest standing challenges accompanying the use of nuclear power. In addition to its high radiotoxicity, the
existence of large quantities of weapons usable plutonium in the spent
fuel complicates the waste management problem by raising concerns
over nuclear weapons proliferation.1002 While the management of lowlevel waste will continue to pose a challenge, by far the largest concern
regarding radioactive waste management is how to handle the spent nuclear fuel. Greatly complicating this task are the very long half-lives of
some of the radionuclides present in this waste (for example plutonium239 – half-life of 24,000 years, technetium-99 – half-life of 212,000
years, cesium-135 – half-life of 2.3 million years, and iodine-129 – halflife of 15.7 million years).
Through 2050, the expansion of nuclear power under the global growth
scenario would lead to nearly a doubling of the average rate at which
spent fuel is currently generated with proportionally larger increases under the steady-state growth scenario. Assuming a constant growth rate
for nuclear plant construction, and that Yucca Mountain itself was successfully licensed and built, a new repository with the capacity of Yucca
Mountain would have to come online somewhere in the world every six
years in order to handle the amount of waste that would be generated
under the global growth scenario. For the steady state growth scenario a
new Yucca Mountain sized repository would need to be opened every
three years on average just to keep up with the waste being generated.1003
The characterization and siting of repositories rapidly enough to handle
the volumes of waste that would be generated by a nuclear revival would
be a very serious challenge. The site of the Yucca Mountain repository
has been studied for more than two decades, and it has been the sole focus of the Department of Energy since 1987. However, despite this effort, and nearly $9 billion in expenditures, as yet no license application
has been filed and a key element of the regulations governing the site has
been struck down by the courts and re-issued in draft form. Adding to
the uncertainty about the repository’s future is the fact that the draft standard proposed by the EPA in August 2005 would be the least protective
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by far of any repository regulation anywhere in the world, and will therefore likely face future challenges.1004
As discussed in Chapter Five, alternatives to disposal in a mined repository are unlikely to overcome the many challenges posed by the amount
of waste that would be generated under either the global or steady-state
growth scenarios. Proposals to reprocess the spent fuel would not only
not solve the waste problem, but would greatly increase the vulnerabilities of a nuclear revival. Reprocessing schemes are expensive and create
a number of serious environmental risks. In addition, reprocessing results in the separation of weapons useable plutonium which adds significantly to the risks of proliferation. While future reprocessing technologies like UREX+ or pyroprocessing, if successfully developed and eventually commercialized, could have some nonproliferation benefits, they
would still pose a significant risk if deployed on a large scale.
The authors of the MIT study acknowledge the high cost as well as the
negative health, environmental, and security impacts of reprocessing and,
as such, advocate against its use. Instead they propose interim storage
and expanded research on deep borehole disposal. While it is possible
that deep boreholes might prove to be an acceptable alternative to mined
repositories in countries which have a smaller amount of waste to manage, this cannot yet be determined. Committing to a large increase in the
rate of waste generation based only on the potential plausibility of a future waste management option would be to repeat the central error of
nuclear power’s past. The concept for mined geologic repositories dates
back to at least 1957, however, turning this idea into a reality has proven
quite difficult, and a solution to the waste problem remains elusive to this
date. Significantly expanding the production of highly radioactive, longlived waste which also contains weapons useable plutonium at a time
when not one spent fuel rod has been permanently disposed of anywhere
in the world, is not a sound proposal.
Overall, our analysis has shown that nuclear power is a uniquely dangerous source of electricity that would create a number of serious risks if
employed on a large scale. In addition, we have also found that it is
likely to be an expensive source of electricity with costs in the range of
six to seven cents per kWh for new reactors. While a number of potential cost reductions have been considered we showed in Chapter Two that
it is unlikely that plants not heavily subsidized by the federal government
would be able to achieve any further improvements to the cost of nuclear
power.1005 This is particularly true given that any improvements would
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have to be maintained under the very demanding timetables set by the
global or steady-state growth scenario. In considering other options that
may be available to help reduce greenhouse gas emissions from the electricity sector, we found that there are a number of alternatives that are
either ready for immediate implementation or that could be commercialized within the next five to fifteen years. Most importantly, we found in
Chapter Two that, when projected over this same timeframe, the cost of
each of these options tended to fall roughly within or below the range of
six to seven cents per kWh.1006 Thus, the question of cost becomes less
important in choosing between the available alternatives, and the deciding factors instead hinge on the rapidity with which the options can be
brought online and on their relative environmental impacts.
Of the alternatives available in the near-term, the two most promising
options are efforts to increase the efficiency of electricity generation and
use and a large-scale expansion of wind power at favorable sites. Improvements in efficiency as well as a reduction in demand through conservation have the potential for significant benefits throughout the Global
North and to enable countries in the Global South to leapfrog over older,
dirtier technologies. Unlike programs focused on simply increasing supply, demand side options can result in low or negative cost reductions in
greenhouse gas emissions while simultaneously providing new jobs and
opening new avenues for economic growth. Combined with these efforts, the expanded use of renewable energy, particularly wind power,
offers the most economically attractive option for supplying the required
near-term incremental growth in generating capacity. At approximately
four to six cents per kWh, wind power at favorable sites is already competitive with natural gas or new nuclear power. With the proper priorities on investment in transmission and distribution infrastructure and
changes to the ways in which the electricity sector is regulated, wind
power could rapidly make a significant contribution. In fact, without any
major changes to the existing grid, wind power could expand in the near
term to make up 15 to 20 percent of the U.S. electricity supply as compared to less than one-half of one percent today. This expansion could
be achieved without having any negative impacts on the overall stability
or reliability of the transmission grid. Similar potential for these alternatives exist throughout the Global North. As summarized by the British
Department of Trade and Industry
Energy efficiency is likely to be the cheapest and safest way of
addressing all four objectives [i.e. a reduction of greenhouse
gas emissions, the maintenance of a reliable energy supply,
promotion of competitive markets, and an assurance of ade301

quate and affordable heat to every home]. Renewable energy
will also play an important part in reducing carbon emissions,
while also strengthening energy security and improving our
industrial competitiveness as we develop cleaner technologies,
products, and processes.1007

While it will require a significant effort to achieve the implementation of
new efficiency programs and to develop the necessary infrastructure to
support a large increase in the contribution of wind power, it is important
to compare those efforts to the difficulties that would be encountered in
restarting a nuclear power industry that last hasn’t had a new order
placed in the U.S. in more than 25 years and hasn’t opened a single new
plant built in the last ten years.1008 Including interest payments on debt,
each new nuclear plant is expected to cost nearly $2.6 billion to build
under the MIT base case assumptions, and dozens of such plants would
have to be started in the next five to fifteen years in order to remain on
track to meet the global or steady-state growth scenarios.1009 In addition,
we note that the current fossil fuel based energy system is also very expensive to maintain. For example, the International Energy Agency estimates that the amount of investment in oil and gas between 2001 and
2030 will total nearly $6.1 trillion, with 72 percent of that investment
going towards new exploration and development efforts.1010 Finally,
unlike the decision to build new nuclear power plants, it is important to
note that there is already strong and sustained public support for expanding energy efficiency efforts and for expanding the use of renewable resources which would help to facilitate their rapid implementation.
While many improvements can be made in the near term, a significant
potential will continue to exist for increasing energy efficiency throughout this half century. For example, as the current building stock turns
over, older, less efficient buildings can be replaced by buildings that incorporate advanced features such as passive solar systems for lighting
and water heating, greatly improved insulation, and high efficiency heating and cooling systems such as earth source heat pumps. In addition to
the replacement of buildings, the IPCC has identified what it calls “robust policies” for reducing greenhouse gas emissions over the longer
term that include “social efficiency improvements such as public transport introduction, dematerialization promoted by lifestyle changes and
the introduction of recycling systems.”1011 As recommended by Dr. Arjun Makhijani in 2001
Public transportation in urban areas should be regarded as a
utility, much like water, electricity or telephones. A diverse
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system of transport that includes cars, motorized and rail public transport, bicycle lanes and sidewalks would reduce vulnerabilities to terrorism by diversifying the modes by which
people could travel in cities. By making public transportation
safe, efficient, economical, frequent, and convenient, energy
use as well as time for commuting could be greatly reduced
with all the attendant social, economic, and environmental
benefits.1012

In addition, to continuing improvements in energy efficiency the utilization of wind power, thin-film solar cells, advanced hydropower, and
some types of sustainable biomass could allow renewables to make up an
increasingly significant proportion of the electricity supply over the medium-term. This expansion could be facilitated through the development
of a robust mix of technologies that have different types of intermittency
and variability, the development of strengthened regional grids to help
stabilize the contribution of wind and solar power through geographic
distribution, the use of pumped hydropower systems to store excess electricity during times of low demand, and the tighter integration of large
scale wind farms with natural gas fired capacity. Beyond its potential
contribution in the Global North, the development of cost effective solar
power could also have a profound impact on the development of electricity systems in the Global South where there is currently a lack of robust
transmission and distribution infrastructures in many areas.
The continued expansion of both efficiency efforts and renewable energy
have few negative environmental or security impacts compared to our
present energy system and, in fact, have many important advantages. As
a result, these options should be pursued to the maximum extent possible. However, in order to stabilize the climate by mid-century, it appears
likely that some transition technologies which have more significant
health and environmental tradeoffs will also be needed over the coming
decades. In much the same way that a cancer patient may choose to undergo chemotherapy despite its toxic side effects, we will have to make a
number of difficult choices now in order to avoid the potentially catastrophic consequences of not dramatically reducing carbon emissions by
mid-century.1013 In this vein, two of the more important transition strategies available are likely to be an increased reliance on the use of liquefied natural gas (LNG) and the use of integrated coal gasification plants
with sequestration of carbon in geologic formations.
Compared to pulverized coal plants, combined cycle natural gas plants
emits about 55 percent less CO2 for the same amount of generation.1014
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If efficiency improvements to the energy system as a whole and an expanded liquidification and regasification infrastructure can stabilize the
long-term price of natural gas at the cost of imported LNG, then the use
of combined cycle generating plants is likely to remain an economically
reasonable choice for replacing some of the highly inefficient coal fired
plants in operation today. For example, the levelized gas prices in the
moderate to high price scenarios from the MIT study ($4.42 to $6.72 per
million BTU) are consistent with the recent average import price of LNG
in the United States ($4.37 per MMBtu between 2000 and 2004), the average price for LNG imports to Japan and South Korea over the past decade (~$4 per MMBtu), and the expected price for future LNG imports to
India ($4.10 per MMBtu).1015
With respect to coal, the use of gasification technologies would greatly
reduce the emissions of mercury, particulates, and sulfur and nitrogen
oxides. In addition, the higher efficiency of IGCC plants compared to
pulverized coal plants would also reduce, somewhat, the carbon emissions from these newer plants. However, for coal to be considered as a
potential transition technology, it must be accompanied by carbon sequestration. Experience in the U.S. with carbon dioxide injection has
been gained since at least 1972. Overall, about 43 million tons per year
of carbon dioxide is currently being injected each year at 65 enhanced oil
recovery programs in the United States alone.1016 A related source of
experience has been gained through the sequestration of acid gas from
natural gas production in depleted gas fields and nearby saline aquifers.
The sequestration of carbon dioxide has also been demonstrated at the
Sleipner gas fields in the North Sea and at the In Salah natural gas fields
in Algeria.1017 While the costs of such strategies are more uncertain than
those of other mitigation options, our central estimates for the cost of
electricity from natural gas or gasified coal plants with carbon sequestration still fall within the range of six to seven cents we found for other
options.
Some of the most troubling aspects of these transition technologies, such
as mountain top removal mining for coal, would be mitigated by the reduction in demand that would be achieved through an increase in efficiency and the rapid expansion of alternative energy sources. In addition, it appears quite likely that coal gasification and carbon sequestration would be better suited to the Western United States where minemouth coal could be used given the greater access to oil and gas fields
which have already been explored and which offer the potential for
added economic benefits from enhanced oil and gas recovery. On the
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other hand, the Eastern U.S., mountain top removal mining is currently
practiced, would appear better suited for an expanded use of liquefied
natural gas as a transition strategy given the existing regasification capacity, the well developed gas distribution system, and the shorter transportation distances from the Caribbean, Venezuela, and Western Africa.
While the continued use of fossil fuels during the transition period will
have many serious drawbacks, these must be weighed against the potentially catastrophic damage that could result from global climate change
and against the uniquely serious risks that accompany the use of nuclear
power, such as the potential for nuclear weapons proliferation and the
risks of catastrophic reactor accidents, and the difficulties of safely managing long-lived radioactive waste. Proposals for a revival of nuclear
power and its widespread use over the coming decades, would take the
already deeply complicated problem of how to reduce global greenhouse
gas emissions while expanding access to electricity in the Global South
and make it even more difficult to deal with. As we have said throughout this work, trading one uncertain, but potentially catastrophic health,
environmental, and security threat for another is not a sensible basis for
an energy policy.
Just as the claim that nuclear power would one day be “too cheap to meter” was known to be a myth well before ground was broken on the first
civilian reactor in the United States, and the link between the nuclear fuel
cycle and the potential to manufacture nuclear weapons was widely acknowledged before President Eisenhower first voiced his vision for the
“Atoms-for-Peace” program, a careful examination today reveals that the
expense and unique vulnerabilities associated with nuclear power would
make it a very risky, unsustainable, and uncertain option for reducing
greenhouse gas emissions. As the authors of the MIT report themselves
conclude
The potential impact on the public from safety or waste management failure and the link to nuclear explosives technology
are unique to nuclear energy among energy supply options.
These characteristics and the fact that nuclear is more
costly, make it impossible today to make a credible case for
the immediate expanded use of nuclear power.1018

As we have shown in great detail throughout this work, it is very unlikely
that these problems can be successfully overcome given the large number
of reactors that would be required if nuclear power were to play a significant role in reducing greenhouse gas emissions. This is particularly
true given the urgent need to begin reducing emissions as soon as possi305

ble if we are to avoid the more serious consequences of global climate
change. It has now been more than 50 years since the birth of the civilian nuclear power industry and more than 25 years since the last reactor
order was placed in the United States. It is time for the global community to move on from a belief in the nuclear option and to begin focusing
its efforts on developing more rapid, more robust, and more sustainable
options for addressing the most pressing environmental concern of our
day. The alternatives are available if we have the will to make them a
reality. If not, it will be our children and our grandchildren who will
have to live with the consequences of our failure.
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Appendix A: Uranium Supply and Demand
From the earliest days of the nuclear enterprise, there have been concerns
raised over whether the available uranium supply is adequate to meet
projected demand. In the first four decades of nuclear power’s expansion, there was a widespread belief that uranium was a fairly rare commodity and that the supplies which could be mined at a reasonable cost
would be insufficient to provide fuel for the large number of reactors that
were then envisioned. The belief that supplies of reasonably priced uranium were limited was a major factor in the decision to aggressively pursue fast-breeder reactors that would burn plutonium in a closed fuel cycle. This belief was heightened when, following the first Arab oil embargo, the projected demand for nuclear power pushed uranium prices to
record highs. By 1977, the spot-market price for uranium had reached a
peak of $300 per kilogram (in 2003 dollars).1019 During this same time,
however, concerns over the spread of reprocessing technology and the
widespread separation of weapons usable plutonium were brought to the
foreground by the Indian nuclear test in 1974. The decisions by Presidents Ford and Carter to end commercial reprocessing in the U.S. in
1976-77, and the subsequent formation of the Nuclear Suppliers Group
to limit the spread of sensitive fuel cycle technologies were made largely
as a result of concerns over the proliferation of nuclear weapons.
Escalating costs of nuclear construction, the accidents at Three Mile Island in 1979 and Chernobyl in 1986, and a slower rate of growth in electricity demand as a result of policies coming in the wake of the first energy crisis, lead to a far smaller number of reactors coming online than
had been predicted earlier. This drove down expectations about future
fuel requirements and with it the price of uranium fell. The price for
uranium on the spot-market declined fairly steadily during the 1980s, and
has generally remained between $30 and $40 per kilogram since
1989.1020 With the fall of the Berlin Wall and the end of the Cold War,
substantial amounts of uranium previously held by governments (primarily the U.S. and Russia) were made available to the commercial market.
This so-called secondary uranium, has helped to hold down the price of
uranium despite the fact that production of primary uranium from operating mines has been insufficient to meet demand for many years.1021
In light of this history, it is important to address the question of uranium
supplies when projecting such large increases in nuclear capacity as are
envisioned under the global-growth or steady-state growth scenarios. If
the increased fuel requirements were to lead to renewed concerns over
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the adequacy of the affordably priced uranium, then the balance of support may shift to a greater focus on reprocessing spent commercial fuel
and the use of the MOX or fast-breeder reactor fuel cycles. This shift
would have serious repercussions regarding the potential for nuclear
weapons proliferation as discussed in Chapter Three. We will begin this
review by examining estimates that have been made for the magnitude of
remaining uranium resources as well as the difficulties that are likely to
be encountered in exploiting these resources within the next few decades.
We will then compare these estimates for production to the cumulative
demand of the global-growth and steady-state growth scenarios. Finally,
we will examine the other links between uranium supply and nuclear
weapons proliferation.

Section A.1 – Estimates of Uranium Resources
Estimates of conventionally recoverable uranium resources are divided
into broad four categories based on the level of knowledge about the deposits and the confidence in the accuracy of that information. As summarized by the IAEA, these four categories are:
Reasonably assured resources (RAR) refers to uranium that
occurs in known mineral deposits of delineated size, grade and
configuration such that the quantities which could be recovered within the given production cost ranges with currently
proven mining and processing technology can be specified.…
Estimated additional resources category I (EAR-I) refers to
uranium in addition to RAR that is inferred to occur, mostly
on the basis of direct geological evidence, in extensions of
well explored deposits, or in deposits in which geological continuity has been established but where specific data, including
measurements of the deposits and knowledge of the deposits’
characteristics, are considered to be inadequate to classify the
resource as RAR.…
Estimated additional resources category II (EAR-II) refers to
uranium in addition to EAR-I that is expected to occur in deposits for which the evidence is mainly indirect and which are
believed to exist in well defined geological trends or areas of
mineralization with known deposits.…
Speculative resources (SR) refers to uranium, in addition to
EAR-II, that is thought to exist, mostly on the basis of indirect
evidence and geological extrapolations, in deposits discoverable with existing exploration techniques. The location of de308

posits envisaged in this category could generally be specified
only as being somewhere within a given region or geological
trend.…1022

For convenience, these four categories are sometimes grouped into two
super-categories; “Known Conventional Resources,” which is the sum of
the Reasonably Assured Resources and Estimated Additional Resources
Category I, and “Reported Undiscovered Conventional Resources,”
which is the sum of the Estimated Additional Resources Category II and
Speculative Resources.
Like all other extractive resources, the amount of uranium that may be
recovered from a particular deposit depends on the price. The higher the
price, the larger the amount that can be economically extracted. A typical upper value used for estimating available resources is $130 per kilogram of uranium. This is well above the recent price of about $30 to $40
per kilogram, but it is not so high as to make it unreasonable to exploit if
demand was to rise sharply in the near to medium term. Three recent
estimates for the amount of uranium recoverable at less than $130 per
kilogram made by the OECD Nuclear Energy Agency and the International Atomic Energy Agency are summarized in Table A.1.
Table A.1: Comparison of three recent estimates for the amount of conventionally
recoverable uranium (in million of tons). The first two categories make up the socalled known conventional resources while the second two are the reported undiscovered conventional resources.1023

IAEA Estimate
(2001)
OECD/IAEA
Estimate (2002)
OECD/IAEA
Estimate (2004)

RAR

EAR-I

EAR-II

SR

Total

4.34

0.88

2.23

3.99

11.44

2.85

1.08

2.33

4.44

10.70

3.17

1.42

2.25

4.44

11.28

On top of these estimated resources there is 3.10 to 4.68 million tons of
additional speculative resources available at undetermined price as well
as substantial amounts of very low-grade resources. These very lowgrade resources include an estimated 22 million tons of uranium available in phosphate deposits (at concentrations of approximately 6 to 600
parts per million) and up to 4 to 4.5 billion tons of uranium in seawater
(at a concentration of approximately 3 parts per billion).1024 While the
very low-grade deposits are not likely to be exploited directly within the
coming decades under any scenario, co-recovery of uranium from phos309

phate as a byproduct of fertilizer production could yield an estimated
3,700 tons of uranium per year. This would be a fairly modest level of
annual production equal to just 5.4 percent of the global uranium requirement in 2003.1025
While the estimates summarized in Table A.1 are generally considered to
be the most authoritative estimates of current resources, there are factors
that tend to make the OECD/IAEA estimates closer to a lower bound
rather than an upper bound, even when the speculative resources are included. The first such factor is that many countries do not report estimates of their resources in the higher cost, lower confidence categories.
For example, Australia does not report any estimate for its speculative
resources because of its large known conventional resources.1026
Second, Table A.1 only includes the resources that have been estimated
as a result of past exploration efforts. The consistently low price of uranium since the early 1990s coupled with the low growth in nuclear capacity and ample secondary supplies of uranium have all weakened the
economic incentive for companies to spend money on new exploration.
If the price of uranium rises due to increasing demand, it is expected that
a significant amount of resources would be found that are not included in
the current estimates. As an indication of this effect we note that, despite
the modest level of recent investments in exploration, the 2003
OECD/IAEA estimate for conventional resources recoverable at below
$130 per kilogram increased by 5.4 percent over the equivalent estimate
from 2001. A similar increase in total estimated resources available at
any price (5.2 percent) was also seen between the 1999 and 2001
OECD/IAEA estimates.1027 A more striking example of the increase in
resources that can accompany an increase in exploration occurred at the
Canadian McArthur River mine. This deposit, initially discovered in
1988, has the highest known ore concentrations in the world at nearly 25
percent U3O8. Since its discovery, additional exploration has lead the
estimated amount of recoverable uranium at this site to increase by 35
percent in 1999, and then again by a further 50 percent in 2001.1028
The past experience with other extractive resources lends further support
to the conclusion that uranium resources will likely expand significantly
if prices increase. This is both because higher prices will lead to new
exploration and because new, more expensive technologies will increase
the efficiency with which lower grade ores can be exploited. For example, the U.S. Geological Survey reports that the composite mineral price
index for copper, gold, iron, lead, zinc and cement, clay, crushed stone,
310

lime, phosphate rock, salt, and sand/gravel actually decreased between
1900 and 2000 despite a significant increase in the demand for these resources.1029
A recent attempt to incorporate an estimate for the expansion of recoverable resources with increasing price into an estimate for future uranium
supplies was made by researchers at Harvard University. Starting from
the 2002 OECD/IAEA estimates for presently known uranium resources,
they developed a simple model for how the amount of recoverable uranium could be expected to increase based on geologic considerations.
The authors incorporated estimates for the elasticity of the uranium supply from different sources, including a high estimate from the uranium
industry (the Uranium Information Centre in Australia) and a low estimate from advocates of reprocessing (the DOE’s Generation IV Fuel
Cycle Crosscut Group). At prices up to $80 per kilogram, the Harvard
study estimated that the available resources might total between 11 and
21 million tons. At prices up to $130 per kilogram, the authors estimated
that uranium reserves might total between 34 and 105 million tons.
Other models that have been proposed for the relationship between price
and resource discovery would lead to somewhat lower estimates, but the
authors of the Harvard study considered their results to be reasonable
given the historical experience with other extractive industries.1030
Finally, both the MIT and Harvard analyses have advocated that extensive government support of uranium exploration efforts should be given
in the event of any decision to expand nuclear power.1031 Specifically,
the authors of the MIT study recommended that a total of $250 million
be spent by the U.S. government over the next 5 years to develop “a
global uranium resource evaluation program” which would “include geological exploration studies to determine with greater confidence the uranium resource base around the world.”1032 This subsidy would amount to
roughly 40 percent of the total spending by all public and private entities
in all countries on both domestic and international uranium exploration
in the five years between 1998 and 2002.1033 Such a large increase in the
funding of uranium exploration along with the renewed interest such a
large government investment would bring would add significantly to the
likelihood that new deposits would be found as demand increased. Thus,
it is reasonable to conclude that the conventional resources available at
less than $130 per kilogram would likely grow to at least several times
the current estimates by 2050 under any major expansion of nuclear
power.
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Section A.2 – Estimates of Uranium Production Capacity
The previous section discussed the amount of uranium in the ground
around the world, however, for that uranium to be useful as fuel for reactors the deposits must be found and adequately characterized and the
uranium must then be extracted, processed, enriched, and fabricated into
fuel rods. Thus, it is not the shear magnitude of available resources that
is important, but the magnitude of production that will determine
whether the once-through fuel cycle is sustainable through mid-century
or not. In 2001, existing and committed productions facilities had a
combined capacity of approximately 45,310 tons of uranium per year.
This was just 70 percent of the total uranium demand in that year. By
2005, the primary production capacity was expected to increase to between 48,319 and 56,074 tons of uranium per year, which is still well
below recent demand.1034 In fact, even at prices up to $80 per kilogram,
the OECD and IAEA estimate that the peak annual production between
now and 2020 from all existing, committed, planned, and prospective
facilities would not be sufficient to satisfy even today’s annual demand
for uranium.1035 This imbalance between primary production and enduse consumption has existed since the early 1990s, while the deficit has
been made up by the stockpiles of secondary uranium released at the end
of the Cold War.1036
In order to satisfy the demand for uranium that would accompany a large
increase in light-water reactors operating on the once-through fuel cycle,
a significant effort to explore and develop new deposits will be required.1037 There are two main issues with new exploration and development, however, that will have a direct bearing on the ability of industry to find and exploit the available uranium resources in a timely manner. The first is the long lead-times that are associated with uranium extraction projects. Estimates from the OECD International Energy
Agency, the OECD Nuclear Energy Agency, and the International
Atomic Energy Agency agree that it will likely require between 10 and
20 years to bring new uranium projects into operation. The reasons for
this long lead-time include the requirement for the completion of extensive environmental reviews before construction, the need to design and
construct the facility so as to comply with radiation health, safety, and
environmental regulations during operation in addition to the general
technical difficulties encountered during exploration and development.1038 As summarized by the IAEA, recent experience has shown that
“long lead times will be the rule rather than the exception.”1039

312

The health and environmental impacts of uranium production for nuclear
weapons has been extensively reviewed in Nuclear Wastelands: A
Global Guide to Nuclear Weapons Productions and Its Health and Environmental Effects edited by Arjun Makhijani, Howard Hu, and Katherine
Yih. In this review, it was found that the impacts from past uranium
production have fallen disproportionately upon indigenous populations
around the world.1040 The majority of uranium continues to be produced
in underground or open pit mines, but the percentage of open pit mining
has decreased since 1998 as the percentage of production from in situ
leaching has increased (see Table A.2). It is expected, however, that “the
use of conventional [mining] techniques is likely to increase in the future, particularly underground mining.”1041
Table A.2: Percentage of uranium produced by different mining methods between 1998 and 2003 showing the shift away from open pit mining to in situ
leaching and other techniques.1042

Technique
Underground
Mine
Open Pit Mine
In Situ
Leaching
Other

1998

1999

2000

2001

2002

2003
(estimated)

40

36

43

44.2

43.1

39.5

39

35

28

26.1

26.8

27.9

13

17

15

15.5

18.3

20.7

8

12

14

14.2

11.8

11.9

Given the importance of long lead-times at restricting the amount of uranium production, the IAEA identified resources that they believed were
at particular risk of delay due to environmental opposition. The found
that nearly 415,000 tons of uranium resources in the highest confidence
category associated with 31 different projects was “potentially subject to
such opposition.” This amount was nearly 15 percent of the total amount
of uranium in this category that they estimated to be recoverable by
2050. The two countries with the largest number of at risk projects were
the United States and Australia. These two countries accounted for more
than four-fifths of the total projects facing potential opposition on environmental grounds. Significantly, the IAEA also projected that these
same two countries would have to have the highest levels of production
at mid-century in order to meet the projected demand of a large increase
in nuclear power.1043
Another major issue affecting the ability of industry to exploit the available uranium resources in the given timeframe is the financial uncertain313

ties involved with making investments in countries that have political or
economic situations which put projects at greater risk of failure. This is
considered to be a particular concern for the exploitation of the large resources present in the countries of the former Soviet Union where the
arrangement of adequate financing could add to the lead-time of these
projects.1044 These delays could have a significant impact on the rate of
production given that, in 2001, roughly 15 percent of known and estimated conventional resources recoverable for less than $130 per kilogram were estimated to be in Kazakhstan while another 7.4 percent was
estimated to be in Russia.1045 The need to aggressively exploit resources
in new countries and expand operations in historically small producers is
evident in the projections of the IAEA shown in Figure A.1.
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Figure A.1: IAEA projections for the amount of uranium production by the U.S.,
Australia, and Canada through 2050 under a nuclear revival scenario similar to
the global growth scenario. Beyond 2020 there would need to be a very large
1046
increase in production outside these three countries.

The United States, Canada, and Australia accounted for about 55 percent
of production in 2000 and together accounted for approximately 40 percent of all historical production through that year. Under a nuclear
growth scenario with a similar uranium demand to the MIT global
growth scenario (see below), the IAEA projection shown in Figure A.1
has the contribution of these three countries falling to less than 25 per-
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cent of global production by 2040 and to less than 15 percent of total
production by 2050.1047
While the IAEA did not make any significant allowance for an increase
in the available resources that would likely accompany a rising uranium
price rise as discussed in Section A.1, they did attempt to account for
such factors as “cost, technical feasibility, and environmental and political risk” in making estimates for how what could be extracted by
2050.1048 Table A.3 summarizes their results.
Table A.3: IAEA estimates for the amount of uranium resources that could be
extracted and brought to market by 2050 in each of the three highest confidence
categories. Decreasing production capacity accompanies decreasing confidence, with a sharp drop between EAR-I resources which are estimated based
on direct geological evidence and EAR-II which is estimated from indirect evi1049
dence.

Available Resources
(IAEA 2001 Estimate)
Production Estimated Through 2050
Percentage of Available Resources Exploited

RAR

EAR-I

EAR-II

Total

4.34

0.88

2.23

7.45

3.85

0.74

0.71

5.30

88.7%

84.1%

31.8%

71.1%

As expected the ability to recover resources is highest in the highest confidence category where much of the exploration and characterization has
already been done and the percentage decreases sharply as lower confidence ores are considered. The IAEA did not include an explicit estimate for the amount of speculative resources that they believed could be
developed by 2050 given the uncertainty inherent in such projections, but
they did include an illustrative example in which 15 percent of the total
speculative resource would be available for production. This example is
consistent with the falling recovery rate for ores that require a greater
effort for exploration, characterization, and development.1050
Adding 15 percent of the estimated speculative resources to the IAEA’s
forecast would result in an estimate of 5.9 million tons of total production possible through 2050. This amount of uranium production would
be equal to just under 52 percent of the total currently known and unknown conventional resources. We can therefore use this percentage as a
rough guide in our calculations for how much of the uranium in the
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ground is likely to be recoverable within the next four and a half decades.
Taking the estimate of 34 to 105 million tons of uranium available at less
than $130 per kilogram derived by the researchers at Harvard, we estimate that, if a significant amount of effort was expended on exploration
and resource exploitation, perhaps as much as 17.5 to 54 million tons of
uranium could be delivered to the market through 2050 at this price.
While this estimated range has a significant level of uncertainty, it is
likely to be on the correct order of magnitude for comparison to the projected uranium demands of the global or steady-state growth scenario.

Section A.3 – Stretching Uranium Resources
Before attempting to estimate the uranium requirements of the globalgrowth or steady-state growth scenarios, however, it is necessary to first
examine the impact that choices made at the enrichment or reactor operations stage may have on uranium demand. The first such connection is
that, in light-water reactors, the level of enrichment of the fuel is linked
to the maximum burnup that can be achieved. For example, in pressurized water reactors (PWRs) a burnup of 33 gigawatt-days (GWd) per ton
requires an enrichment of about 3 percent U-235 while a burnup of 55
GWd per ton would require uranium enriched to about 5 percent U235.1051 Thus, despite the increased amount of energy generated per unit
of mass, increasing the burnup of the fuel by this amount will actually
slightly increase the requirement for natural uranium per kilowatt-hour
of generation given the higher level of enrichment necessary.
The second connection relates to the percentage of U-235 that is left in
the depleted uranium waste stream (known as the tails assay). When the
tails assay is lowered, less natural uranium feed material is needed since
more of the initial U-235 is being recovered, but this requires an increasing amount of enrichment services (see Table A.4).
Table A.4: Amount of natural uranium and enrichment services required to produce one kilogram of low-enriched uranium (4 percent U-235). As the percentage of U-235 left in the depleted uranium tails decreases the amount of feed material and the amount of enrichment required change in opposite directions.

Tails Assay (% U-235)
0.30
0.25
0.20
0.15
316

Natural Uranium Feed
(kg U)
9.00
8.13
7.44
6.86

Enrichment Services
(kg SWU)
5.28
5.83
6.54
7.51

From Table A.4 it is clear that, when uranium prices are low compared to
enrichment services (as they are today), than it is more economical to
have a higher tail assay, while the opposite would be true if uranium
prices were higher. Typical enrichment plants today produce depleted
uranium with tails around 0.3 percent U-235, however, levels as low as
0.15 percent were considered by the IAEA in their estimate of future
uranium needs. To date no country has yet disposed of the large amounts
of depleted uranium that has been generated by the existing enrichment
facilities. More than one million tons of DU had already accumulated
around the world by the end of 1995 and since then the stockpiles have
continued to grow.1052 A recent analysis by the Institute for Energy and
Environmental Research concluded that this DU waste will require deep
geologic disposal in a repository similar to that required for wastes contaminated with long-lived alpha emitting transuranic elements like plutonium. The cost of safely handling and disposing of this waste is likely to
total between $20 and $30 per kilogram of depleted uranium, and would
therefore add significantly to the economic incentive to lower the enrichment tails as a means of reducing the amount of waste created.1053
Table A.5 shows the break even point at which a given reduction in tail
assays would become economically justified with and without the estimated cost of depleted uranium disposal included.
Table A.5: Comparison of the price for natural uranium at which it becomes economically advantageous to reduce the amount of U-235 that is left in the depleted
uranium stream. The impact of including the IEER estimate for the cost of safely
disposing of the depleted uranium on this crossover point is also shown.

Reduction in Tail
Assay (percent U-235
in DU stream)

Uranium cost at
breakeven point
without DU
dispositioning costs(a)
($ per kg U)

0.30% to 0.25%
0.30% to 0.20%
0.30% to 0.15%

63 to 76
81 to 97
104 to 125

Uranium cost at
breakeven point with
IEER estimates
for DU dispositioning
costs(a)
($ per kg U)
33 to 56
51 to 77
74 to 105

(a) The price per SWU is variable, but the range of $100 to $120 per SWU used in this
table is reasonable for U.S. or European suppliers. The monthly spot price between 2002
and 2004 generally varied between $105 and $110 per SWU with a long-term price estimate of $107 per SWU as of October 2004. This long-term cost has remained fairly stable
1054
equaling $109 per SWU in April 2005.
Finally, both the MIT study and the report from
1055
Harvard University used an enrichment cost of $100 per SWU in their analyses.
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Even without taking the estimated cost for disposing of the depleted uranium into account, uranium prices in the range of those in Table A.5 are
projected to be reached well before 2050 by the IAEA under both of its
nuclear growth scenarios.1056 One important consequence of reducing
the tails assays, however, will be the associated increase in the number of
enrichment plants required. For LEU of 4% U-235, a decrease of the
tails from 0.30 percent to 0.25 percent under the global growth scenario
would require the construction of an additional four commercial scale
enrichment plants to satisfy the demand for reactor fuel.1057 For a decrease in the tails assays from 0.30 percent to 0.20 percent under the
more aggressive steady-state growth scenario, an additional 22 plants the
size of the proposed National Enrichment Facility would be required.
The need for more enrichment plants around the world would add to the
concerns over the spread of advanced centrifuge technology and the associated potential for nuclear weapons proliferation discussed in Chapter
Three.

Section A.4 – Estimates for Cumulative Uranium Demand
A number of estimates have been made for the uranium requirements of
a future expansion of nuclear power. The two most important complications in these estimates are the fact that different reactor designs have
different uranium requirements (i.e. light-water reactors, heavy-water
reactors, graphite moderated reactors, etc.) and the fact that countries like
France and Japan continue to envision the use of the MOX fuel cycle.
The base case of the IAEA projections of uranium demand through 2050
assumes that 80 percent of the future nuclear reactors will be light-water
reactors and that the usage of MOX fuel will continue at the maximum
rate supportable by the existing reprocessing facilities in Europe.1058
However, in 2003, light-water reactors accounted for 87 percent of the
global nuclear capacity and are projected to be the main choice for new
generation (see Chapter Two).1059 In addition, the large British commercial reprocessing plant at Sellafield (Throp) is scheduled to cease reprocessing operations in 2010 and begin cleanup activities due to a lack of
commercial interest in MOX fuel.1060 In light of these facts, and the serious proliferation concerns that are raised by the continued separation of
weapons usable plutonium through reprocessing, we have chosen to estimate the uranium demands of the global-growth and steady-state
growth scenarios assuming that all of the capacity would be light-water
reactors using the once-through fuel cycle (see Table A.6).
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Table A.6: Comparison of the cumulative uranium demands through 2050 and
through the lifetime of the reactors under the global and steady-state growth scenarios as well as the IAEA middle and high growth scenarios. The two scenarios
we have chosen to focus on have similar uranium demands to those of the IAEA
and, in fact, bound the agency’s projections.1061

Scenario
Global-Growth
Scenario(a) (IEER
estimate)
IAEA (middle
scenario)
IAEA (high
scenario)
Steady-State
Growth(a)
Scenario (IEER
estimate)

Base-Case (0.3% Tails)
Over LifeThrough
time of the
2050
Plants
(million
(million
tons U)
tons U)

Reduced Tails
Over LifeThrough
time of the
2050
Plants
(million
(million
tons U)
tons U)

5.04

8.80

4.55

7.95

5.39

---

4.81

---

7.58

---

6.44

---

8.76

18.17

7.24

15.01

(a) The IEER estimates for uranium requirements assume a constant rate of growth in installed nuclear capacity starting in 2010 reaching 1,000 or 2,500 GW by 2050. The lifetime of the plants is assumed to be 40 years for consistency with the assumptions made in
the economic analysis of Chapter Two. The reduced tails assays considered are 0.25 percent U-235 for the global-growth scenario and 0.2 percent for the steady-state growth scenario. Our estimated uranium needs also include an allowance for a total loss of 2 percent
of the uranium during the conversion, enrichment, and fuel fabrication stages which is con1062
sistent with the assumptions of the MIT analysis.

Despite the differences in assumptions, we find that our estimates for the
uranium requirements of the global-growth and steady-state growth scenarios are similar to those of the two growth scenarios considered by the
IAEA. It is important to note that, like the global-growth scenario of the
MIT report, the IAEA “middle” scenario is not a projection of a likely
growth, but is instead described by the IAEA as “being rather optimistic
and challenging.”1063 As a final check, we can compare our estimates to
those made by the authors of the MIT study. The MIT analysis of uranium demand assumes a total capacity of 1,500 GW online by 2050, a
plant life of 50 years, and a higher level of burnup with a correspondingly greater enrichment of the fuel. Adjusting their values to be consistent with our base case assumptions about plant life and fuel burnup, we
find they would estimate a lifetime uranium demand of 11.9 million tons
for 1,500 GW of capacity.1064 Using the same methodology employed in
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developing Table A.6, we would predict a lifetime demand of 12.0 million tons which is in excellent agreement with the MIT estimate.
Comparing Tables A.1, A.3, and A.6 we find that, even without the additional production from speculative resources or any allowance for an increase in the resource base over today’s estimates, that the level of production estimated by the IAEA for uranium prices below $130 per kilogram (5.30 million tons) is sufficient to supply the global-growth scenario with or without a reduction in tail assays (4.55 to 5.04 million
tons). In addition, the estimates for all known and unknown conventional resources presently available (11.44 million tons) are also more
than sufficient to fuel the full life-cycle needs of the reactors envisioned
under the proposed global-growth scenario (7.95 to 8.80 million tons).
The inclusion of an increasing resource base with increasing price would
add further to the likely cushion between supply and demand in this case.
For the steady-state growth scenario, however, the IAEA projections for
production through 2050 would fall well short of the demand even if a
significant reduction in tail assays was made (5.30 million tons of production versus 7.24 million tons of demand). A similar shortfall is found
between present estimates for conventional resources and total life-cycle
demand (11.44 million tons of reserves versus 15.01 million tons of total
demand). However, this apparent shortfall is likely to be more than
compensated for by the increase in recoverable resources and improvements in extraction technology as discussed in Section A.1. Our rough
estimate for the level of production that could be possible by 2050 at less
than $130 per kilogram was between 17.5 and 54 million tons of uranium. Even if the actual amount was just half of the lower estimate,
there would still be more than enough uranium to fuel the steady-state
growth scenario through 2050. Similarly, the estimates for the total
amount of uranium recoverable at $130 per kilogram ranged from 34 to
104 million tons, and thus less than half the lower estimate would again
be sufficient to supply the life-cycle needs of even the extremely aggressive steady-state growth scenario.
Thus, while the exploration and development of the available uranium
resources would require a very significant amount of money, time, and
effort and there are important uncertainties remaining with regards to the
available supply and the ability of it to be brought to market, it appears
reasonable to conclude that the once-through fuel cycle could be adequately sustained through mid-century and beyond at uranium prices below $130 per kilogram. While this is well above the recent price of $30
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to $40 per kilogram, such an increase would not add significantly to the
cost of generating nuclear power since, in general, the fuel costs are a
small percentage of the total generation costs and the uranium costs are a
small percentage of the fuel costs.1065

Section A.5 – Impacts of Uranium Supply and Demand on Proliferation
Because uranium can be used in both nuclear reactors and nuclear
bombs, the fuel-cycle choices made as part of an expansion of nuclear
power will have significant impacts on proliferation. As already noted,
the choice to lower the tail assays to conserve natural uranium supplies
would increase the need for enrichment plants adding to concerns over
the spread of advanced centrifuge technology. Connected to these concerns is the question of whether or not it would be possible to directly
safeguard uranium resources. Mohamed ElBaradei, the Director General
of the IAEA, has noted that
The technical barriers to mastering the essential steps of uranium enrichment – and to designing weapons – have eroded
over time, which inevitably leads to the conclusion that the
control of technology, in and of itself, is not an adequate barrier against further proliferation.”1066

This conclusion has lead to a renewed focus on the viability of directly
safeguarding uranium mines themselves as a way to mitigate the threat
posed by clandestine enrichment facilities. The Additional Protocol (see
Section 3.4.1) already added stronger reporting requirements regarding
uranium and thorium mines, including the requirement to report “the estimated annual production capacity of uranium mines and concentration
plants and thorium concentration plants, and the current annual production of such mines and concentration plants” and, upon request by the
IAEA, the countries must report “the current annual production of an
individual mine or concentration plant.” However, the Additional Protocol also states that “provision of this information does not require detailed nuclear material accountancy”.1067
While it is unclear if a system of extensive safeguards at the mines themselves would be of significant value even under today’s operational conditions, the very large expansion of uranium exploration and development and the spread of production centers around the world would likely
make such a system of safeguards prohibitively difficult, time consum321

ing, and expensive. In addition to the potential for diversion from known
uranium production centers, the large increase in extraction envisioned
under either the global-growth or steady-state growth scenarios would
also make it increasingly difficult to detect clandestine mines. To give a
sense of the level of accuracy needed in actually carrying out such safeguard efforts we note that just under five tons of natural uranium is required to make enough HEU for one nuclear weapon.1068 For comparison, this amount of uranium would be just 0.0050 percent of the average
annual demand for natural uranium to manufacture reactor fuel under the
global growth scenario.
The second, and most important, connection between proliferation and
uranium resources is the potential for a presumed scarcity of uranium to
increase pressures for reprocessing and the use of plutonium as a reactor
fuel. As noted, the concerns of some within the nuclear complex over
uranium’s availability were a major driving force behind the original
push for fast breeder reactors. While arguments about long-term waste
management are typically more prominent today, the conservation of
uranium resources remains a rationale noted by some for pursuing closed
fuel-cycle technologies.1069 Significantly, four of the six Generation IV
designs currently being pursued by the U.S. Department of Energy are
fast reactors with a closed fuel cycle based on reprocessing and a fifth
design is capable of using either a once-through or closed-fuel cycle.1070
However, as we have shown, it is likely that uranium resources recoverable at less than $130 per kilogram would be more than sufficient to
cover the needs of even the extremely aggressive steady-state growth
scenario. Even at this uranium price, reprocessing and the use of MOX
fuel would be likely to remain uneconomical. The MIT study estimated
that a uranium price of $560 per kilogram would be required before the
cost of MOX would breakeven with the cost of the once-through fuel
cycle.1071 Similar results were found by the authors of the Harvard study.
Using a range of estimates for the cost of various components of the fuel
cycles, the authors estimated that a uranium price of $220 to $450 per
kilogram would be required to make MOX economical. Their central
estimate was $370 per kilogram.1072 All of these estimates are well
above the $130 per kilogram we have considered in our analysis and, in
fact, the central estimates from the MIT and Harvard studies are actually
greater than some recent estimates for the cost of recovering uranium
from seawater. While there is a great deal of uncertainty in these costs
estimates, the OECD and IAEA have cited research indicating that uranium could potentially be recovered from seawater at approximately
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$300 per kilogram. The oceans are estimated to contain a total of 4 to
4.5 billion tons of uranium, and thus recovering even a tiny fraction of
this amount could potentially add significant quantities of uranium to the
market well before the MOX fuel cycle would become economical.1073
Finally, we note that there is the potential for improvements in nuclear
disarmament and non-proliferation efforts through expanded efforts to
down blend highly enriched uranium (HEU) and use it in existing reactors. Since 1993, the U.S. and Russia have agreed to declare 645 tons of
highly enriched uranium from their military stockpiles to be surplus (500
tons from Russia and 145 tons from the United States). This material
would be mixed with natural, depleted, or slightly enriched uranium to
produce material suitable for use as fuel in power reactors. The U.S. is
limited to accepting only the equivalent of 30 tons of HEU per year from
Russia. This amount of HEU, once down blended, can provide enough
LEU to fuel approximately 44 light-water reactors in the U.S. The current amount of declared surplus is only a fraction of the estimated HEU
produced by these two countries, and thus the amount available for
commercial use could be significantly increased. Specifically, the IAEA
base case estimate for future uranium demand is that an additional 305
tons (250 Russian and 55 U.S.) will be declared surplus in the coming
years. As a high case, the IAEA estimated that as much as 755 tons (500
Russian and 255 U.S.) could be freed up over the presently agreed upon
levels.1074
By June 2005, a total of 245 tons of HEU had already been downblended for commercial use amounting to 7,225 tons of LEU. The remaining surplus under the two IAEA projections (705 to 1,155 tons)
would be enough to yield approximately 20,800 to 34,100 tons LEU if it
was eventually down-blended. Assuming a continuation of the recent
levels of uranium demand, this would be enough low-enriched uranium
to fuel both the U.S. and Russian fleets for roughly 6.5 to 11 years.1075 If
a total of 1,100 tons (out of a possible 1,400 tons) was eventually declared surplus, this amount would be sufficient to fuel the entire U.S. and
Russian fleets for approximately eight years. If the down blending of
this HEU was stretched out over 20 years, it could supply approximately
40 percent of the annual demand. At this level, the surplus HEU would
replace the equivalent of 6,650 MTSWU of enrichment services. For
comparison, this would be greater than the level of enrichment services
that would be provided by both of the new centrifuge plants that are currently seeking licenses in the United States (the National Enrichment
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Facility in New Mexico and the American Centrifuge Commercial Plant
facility in Ohio).1076
The expanded use of down blended HEU would have two advantages
from a non-proliferation standpoint. The first is that it would provide a
significant amount of low enriched uranium without the need for additional enrichment services. Already Mohamed ElBaradei has called for a
temporary moratorium on new enrichment plants due to concerns over
the potential proliferation of nuclear weapons.1077 The available resource
from down blended HEU would reinforce the adequacy of existing enrichment capacity and lessen the incentive to build new enrichment
plants in the near term. The second advantage would be that the HEU
would be converted into a form that is no longer directly usable in nuclear weapons thereby greatly reducing the threat of theft, as well as
making the disarmament step represented by declaring this material to be
surplus significantly more irreversible. IEER continues to support the
expanded use of down blended HEU to augment the capacity of presently operating enrichment facilities in order to fuel the existing fleet of
reactors.
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How much will nuclear energy cost relative to other means of getting rid of carbon
dioxide emissions? What will be the risks of catastrophic accidents if we build reactors
at the rate of one a week or more, cookie-cutter style, around the world? What about
the risks of proliferation and terrorist attacks and nuclear waste?
This book provides a meticulously researched analysis of the risks of using nuclear
energy to combat global warming. Were there no alternative, the severity of the threat
facing humankind and other species from global climate change might warrant serious
consideration of the risks of nuclear energy. But as Insurmountable Risks convincingly
shows, there are far safer economical alternatives.
Before buying into the idea that nuclear energy is going to save us from global climate
change because of its theoretical potential for low carbon dioxide emissions, read this
book—and then work for the alternatives.
—Arjun Makhijani, President
Institute for Energy and Environmental Research
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