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ABSTRACT

Nuclear power plants are a poor choice for addressing energy
challenges in a carbon-constrained, post-Kyoto world. Nuclear generators
are prone to insolvable infrastructural, economic, social, and environ-
mental problems. They face immense capital costs, rising uranium fuel
prices, significant lifecycle greenhouse gas emissions, and irresolvable
problems with reactor safety, waste storage, weapons proliferation, and
vulnerability to attack. Renewable power generators, in contrast, reduce
dependence on foreign sources of uranium and decentralize electricity
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supply so that an accidental or intentional outage would have a more
limited impact than the outage of larger nuclear facilities. Most signifi-
cantly, renewable power technologies have environmental benefits because
they create power without relying on the extraction of uranium and its
associated digging, drilling, mining, transporting, enrichment, and stor-
age. As a result, renewable energy technologies provide a much greater
potential for substantial carbon emissions reductions than significant
investments in new nuclear power generation.

I think that nuclear power should be in the mix when it

comes to energy.

–Senator Barack Obama, June 20081

It is time we recommit to advancing our use of nuclear

power.

–Senator John McCain, June 20082

INTRODUCTION

Almost everywhere one looks today, politicians, pundits and prog-
nosticators all declare nuclear power as a safe and carbon-free source of
electricity, a viable response to global climate change in a carbon-con-
strained world. Jacques Foos, Director of the Nuclear Science Laboratory
and a professor at the Conservatoire des Arts et Metier in France, writes
“No More Nuclear Energy? A Lost Fight Before It Even Starts!”3 “Daniel
Gross states in Newsweek that ‘nuclear power plants are the obvious fix
for global warming and U.S. oil dependence.’”4 Echoing such faith, the
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Economist proclaimed in 2005 that if oil and gas prices continue to rise,
nuclear power plants are “[t]he shape of things to come.”5 Pulitzer Prize
winning historian Richard Rhodes has recently written that “[n]uclear
power is environmentally safe, practical, and affordable. It is not the
problem—it is one of the best solutions.”6

Opponents of nuclear power have responded in kind. Physicist and
efficiency guru Amory Lovins declared nuclear power was not the climate
change panacea for a laundry list of reasons: electricity generation is only
responsible for forty percent of global greenhouse gas emissions; nuclear
plants must run steadily rather than with widely varying loads as other
power plants do; nuclear units are too big for many small countries or
rural users; and nuclear power has higher costs than competitors per unit
of net carbon dioxide (“CO2”) displaced, meaning that every dollar in-
vested in nuclear expansion buys less carbon reduction than if the dollar
were spent on other readily-available solutions.7 One study, for example,
found that each dollar invested in energy efficiency displaces nearly seven
times as much CO2 as a dollar invested in nuclear power.

8 The Oxford
Research Group projects that because higher grades of uranium fuel will
soon be depleted, assuming the current level of world nuclear output, by
2050 nuclear power will generate as much carbon dioxide per kWh as
comparable gas-fired power stations.9

Which side is right? What if the emerging nuclear renaissance is,
in fact, just a clever ruse to subsidize an industry with insurmountable
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logistical problems and little hope of addressing global climate change?
What if the industry’s strategy of relying on the next generation of nuclear
reactor designs depends on improbable technical breakthroughs and bil-
lions of dollars of additional research?

Drawing from examples mostly in the United States, this article
argues that nuclear power plants are a poor choice for addressing energy
challenges in a carbon-constrained, post-Kyoto world. Nuclear generators
are prone to insolvable infrastructural, economic, social, and environmental
problems. They face immense capital costs, rising uranium fuel prices, sig-
nificant amounts of lifecycle greenhouse gas emissions, and irresolvable
problems with reactor safety, waste storage, weapons proliferation, and
vulnerability to attack. Renewable power generators, in contrast, reduce
dependence on foreign sources of uranium and decentralize electricity sup-
ply so that an accidental or intentional outage would have a more limited
impact than the outage of larger nuclear facilities. Most significantly, re-
newable power technologies have environmental benefits because they
create power without relying on the extraction of uranium and its associ-
ated digging, drilling, mining, transporting, enrichment, and storage. As
a result, renewable energy technologies provide a much greater potential
for substantial carbon emissions reductions than significant investments
in new nuclear power generation.

To make the case against nuclear power and for renewable energy,
Part I of the article begins by explaining the resurgence of interest in
nuclear power plants. It briefly describes the nuclear fuel cycle and out-
lines current approaches to nuclear research and development (“R&D”),
with a special emphasis on Generation IV nuclear reactors. It notes that
rapidly rising demand for electricity, dire warnings about climate change,
and a desire to keep electricity prices low have motivated growth in the
nuclear industry, and the section outlines the contours of a possible
global expansion of nuclear power plants.

Part II lays out the financial, social, political, and environmental
challenges facing nuclear power. It notes that the costs for plant
construction, fuel, reprocessing, storage, decommissioning, and further
research are, and will continue to be, immense. It documents that even
modern nuclear reactors are prone to catastrophic accidents and failures,
that shortages of high quality uranium ore are imminent, and that the
thermoelectric fuel cycle of nuclear plants consumes and degrades vast
quantities of water. It argues that the greenhouse gas emissions associ-
ated with the nuclear lifecycle are notable, that reactors and waste
storage sites invariably degrade land and the natural environment, and
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that nuclear plants are at the ever-present risk of attack and sabotage
and contribute to the proliferation of weapons of mass destruction.

Part III describes a much better alternative: renewable power
sources such as wind, solar, hydroelectric, geothermal, and biomass that
have immense advantages over nuclear plants. These smaller and more
environmentally friendly generators cost less to construct, produce power
in smaller increments, and need not rely on continuous government sub-
sidies. They generate little to no waste, have less greenhouse gas emissions
per unit of electricity produced, and do not substantially contribute to the
risk of accidents and weapons proliferation.

I. A BIG BANG—THE RAPID RENAISSANCE OF NUCLEAR POWER

Ever since the first experimental nuclear reactor produced elec-
tricity in 1951 in Idaho,10 the first commercial nuclear facility went online
in 1956 at Calder Hall in the United Kingdom,11 the first demonstration
plant in the U.S. was completed at Shippingport in 1957,12 and the first
American commercial nuclear plant was built in 1963,13 nuclear energy
has been touted as the modern solution to the world’s growing demand for
energy. See Figure 1.

As of 2008, thirty-one countries14 operated 441 nuclear power
plants15 representing about 372 gigawatts (“GW”) of total installed ca-
pacity.16 Together, the world’s fleet of nuclear power plants represents
roughly 12,600 reactor years of experience.17 Moreover, “[fifty-six] countries
operate . . . 284 research reactors and a further 220 reactors are used to
power ships and submarines,” bringing the world total to 943 nuclear reac-
tors.18 In 2005, nuclear plants supplied 15 percent of the world’s power,
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generating a total of 2768 terawatt-hours (“TWh”) of electricity.19 In the
U.S. alone, which has 29.2 percent of the world’s reactors, nuclear facilities
accounted for just 19 percent of the national electricity generation.20 In
France, however, 79 percent of electricity comes from nuclear sources, and
nuclear energy contributes to more than 20 percent of national power
production in Germany, Japan, South Korea, Sweden, Ukraine, and the
United Kingdom.21

Figure 1: The 60 MW Nuclear Power Plant at Shippingport,
Pennsylvania, The First Commercial Demonstration Plant in the U.S.,
Completed December 2, 195722

A. The Nuclear Fuel Cycle

The nuclear fuel cycle is dirty, long, complex and dangerous. Engi-
neers generally classify nuclear fuel cycles into two types: “once-through”
and “closed-loop” cycles. Conventional reactors operate on a “once-through”
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mode that discharges spent fuel directly into disposal.23 Reactors with re-
processing in a “closed” fuel cycle separate waste products from unused
fissionable material so that they can be recycled as fuel.24 Reactors oper-
ating on closed cycles extend fuel supplies and have clear advantages to
conventional nuclear facilities in terms of waste storage and disposal, but
have disadvantages in terms of cost, short-term reprocessing issues, pro-
liferation risks, and safety—issues explored in detail below.25

Despite these differences, both once-through and
closed[-loop nuclear] fuel cycles involve at least five inter-
connected stages that constitute the nuclear lifecycle:
[1.] The “frontend” of the cycle, where uranium fuel is

mined, milled, converted, enriched, and fabricated;
[2.] The construction of the plant itself;
[3.] The operation and maintenance of the facility;
[4.] The “backend” of the cycle where spent fuel is con-

ditioned, (re)processed, and stored;
[5.] The final stage where plants are decommissioned

and abandoned mines returned to their original
state.26

1. The Frontend

Nuclear power plants run primarily on uranium. Uranium is
found in minute quantities in the earth’s crust and oceans, but rare
concentrations exist which constitute ore.27 Uranium is mined, and after
extraction “is crushed, ground into a fine slurry, and leeched in sulfuric
acid.”28 Liquid uranium is first converted into solid uranium
oxide—“yellow cake”—then transformed into uranium hexafluor-
ide—“hex”—and heated into a gaseous state.29 Hex vapors cool and
condense into a solid in cylinders.30 The uranium is then enriched
“through gaseous diffusion or [in a] gas centrifuge.”31
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Uranium mining is dangerous and extremely damaging to the
environment. Mines are either open pits up to 250 meters deep, or under-
ground caverns similar to conventional coal shafts.32 Another extraction
“technique involves subjecting natural uranium to in situ leaching where
hundreds of tons of sulfuric acid, nitric acid, and ammonia are injected
into the [uranium-rich rock deep in the earth’s] strata and then pumped
up again after three to twenty-five years, yielding uranium that has been
leached over time from treated rocks.”33 “Mined uranium must undergo a
series of metallurgical processes to crush, screen, and wash the ore” before
a series of chemical processes are conducted to remove remaining impuri-
ties.34 “After enrichment, about 85% . . . [is discarded] as waste in the form
of depleted hex, known as ‘enrichment tails.’”35 These toxic wastes must be
stored under specific conditions to prevent leaks into the natural environ-
ment.36 “Each year, . . . France [alone] creates 16,000 tons of enrichment
tails that are then exported to Russia or added to the existing 200,000 ton
[sic] of depleted uranium stored within the country.”37

2. Construction

“The construction phase of the nuclear lifecycle involves the fabri-
cation, transportation, and use of materials to build generators, turbines,
cooling towers, control rooms, and other [necessary] infrastructure” in a
nuclear power plant.38 It is not hyperbole to state that an average nuclear
power plant contains over a million separate parts, any one of which could
fail at any time. A typical nuclear plant, for example, usually contains ap-
proximately fifty miles of piping that has been welded at 25,000 different
points, and 900 miles of electrical cables.39 The electrical system has thou-
sands of necessary components.40 The cooling system is equally complex.41

The structural integrity of the plant must be maintained at the highest
level in order to allow for the safe storage of spent nuclear material as
well as the immediate and complete function of back up and safety systems
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in case of even the most minor nuclear accident.42 “Temperatures, pres-
sures, power levels, radiation levels, flow rates, cooling water chemistry,
and equipment performance must all be constantly monitored” by redun-
dant systems that vastly multiply the complexity of any nuclear facility
that hopes to operate safely.43

3. Operation & Maintenance

“The heart of the operating nuclear facility is the reactor, which
generates electricity through the fission, or splitting, of uranium and plu-
tonium isotopes.”44 Nuclear power plants and nuclear weapons explosions
differ only by degree. In a nuclear weapon detonation, all of the energy em-
bodied in the nuclear reaction is released in one awesome and terrifying
moment.45 In a nuclear power plant, this same energy is released slowly
over the lifetime of the plant.46 “Most nuclear reactors around the world
have an expected operating lifetime of [thirty to forty] years, but produce
electricity at full power for no more than [twenty-four] years.”47

4. The Backend

In this phase spent fuel must be processed, stored for an interim
period, and then permanently sequestered. “Spent fuel must be condi-
tioned for reactors operating on a once-through fuel cycle, and reprocessed
for those employing a closed fuel cycle.”48 For both cycles, once fuel rods
are spent, they must be stored and cooled at the reactor site for at least ten
years.49 After the interim storage period, the spent rods are transferred
into “large concrete casks that provide air-cooling, shielding, and physical
protection.”50 Once in the concrete casks, the final stage of the backend
cycle takes place: permanent storage of the radioactive waste. Permanent
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geological repositories serve as the final storage cites. These depositories
are chosen based on their ability to protect against “every plausible scenario
in which radionuclides might reach the biosphere or expose human popula-
tions to dangerous levels of radiation.”51 The main concern is “groundwater
seeping into the repository, corrosion of waste containers, leaching of
radionuclides” which could then enter the food and water supplies through
drinking water or for water used for agriculture.52

5. Decommissioning and Land Reclamation

“The last stage of the fuel cycle involves the decommissioning and
dismantling of the reactor, as well as reclamation of the uranium mine
site.”53

When the energy required for construction of a nuclear facility is
added to the energy consumed in decommissioning as well as the energy
required to mine, mill and enrich the uranium fuel, the nuclear fuel cycle
consumes nearly half of all the electricity that a typical reactor is expected
to produce during its lifetime, and this number does not include the energy
needed to store spent fuel for thousands of years.54 This consumption is im-
portant because an accurate account of both the per kilowatt hour (“kWh”)
cost of nuclear power as well as any estimates of total carbon output from
a nuclear facility must acknowledge that a majority of a nuclear reactor’s
generation is consumed by the nuclear lifecycle before a single kWh is
available for use by electricity consumers.
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B. Generation IV Nuclear R&D

Nuclear engineers describe four generations of nuclear plant design
since the technology was discovered in the early 1940s.55 The first genera-
tion refers to the experimental reactors designed in the 1940s and 1950s.56

These “rather small Atoms-for-Peace-era plants” are now almost all shut-
down.57 Only six Generation I units still operated in 2007, a series of small
250 MW gas-cooled nuclear power plants in the United Kingdom.58

The second generation of nuclear plants refers to most commercial
reactors now in operation, including the light water reactor fleet found in
the U.S. and Europe, predominately comprised of pressurized water reac-
tors and boiling water reactors.59 These reactors were mostly designed in
the 1960s and built in the 1970s.60

The third generation encompasses advanced reactor designs that
operate at slightly higher temperatures or according to different designs,
such as Pebble Bed Modular Reactors (“PBMR”),61 Canadian Deuterium
Uranium reactors (“CANDU”),62 European Pressurized Water Reactors
(“EPWR”),63 and Advanced Boiling Water Reactors (“ABWR”).64 These ad-
vanced reactors, sometimes referred to as “Generation III” or “Generation
III+” technology, emerged from public-private research in the 1980s and
early 1990s.65 While Generation III reactors are not currently used widely
by the industry, their use is expected to grow significantly between 2020
and 2040.66 The difference between Generation III and Generation IV



12 WM. & MARY ENVTL. L. & POL’Y REV. [Vol. 33:1

67 See World Nuclear Association, Advanced Nuclear Power Reactors, http://www.world-
nuclear.org/info/inf08.html (last visited Oct. 16, 2008). Generation IV funding has been
available since 2001 and has been dedicated to “six reactor concepts for further investi-
gation with a view to commercial deployment by 2030.” Id. Generation III+ plants are
scheduled to be operational by 2015. Id. Therefore, Generation IV funding could have been
diverted to advance concepts applied in Generation III+ plants.
68 ADVANCED FUEL CYCLE INITIATIVE, ADVANCED FUEL CYCLE INITIATIVE PROGRAM PLAN
3-4 (2005).
69 The U.S. has shared fuel cycle research with many countries, particularly information
from the Advanced Fuel Cycle Initiative. See Carter Savage, Overview of the United States
P&T Program, in NUCLEAR ENERGY AGENCY, ACTINIDE AND FISSION PRODUCT PARTITIONING
AND TRANSMUTATION: EIGHTH INFORMATION EXCHANGE MEETING LAS VEGAS, NEVADA,
UNITED STATES 9-11 NOVEMBER 2004 49-56 (2005), http://www.nea.fr/html/pt/
docs/iem/lasvegas04/nea-6024-pt.pdf; Annex 2: List of Participants, in NUCLEAR ENERGY

AGENCY, note 63, at 141-56. The U.S. also participates in Global Nuclear Energy Partnership
(“GNEP”) where the Advanced Fuel Cycle Initiative is part of a shared international re-
search agenda. Global Nuclear Energy Partnership, Welcome to the Global Nuclear Energy
Partnership, http://www.gneppartnership.org/index.htm (last visited Oct. 17, 2008).
70 Marcus, supra note 55, at 8-9.
71 Id. at 9.

designs is sometimes blurred by Generation III proponents attempting
to receive Generation IV R&D funds.67

Research on the fourth generation of nuclear reactors, often called
“Generation IV” systems, began in the late 1990s under the Advanced Fuel
Cycle Initiative, previously called the Advanced Accelerator Applications
Program.68 Under the Advanced Fuel Cycle Initiative, the U.S. started re-
searching advanced reactor designs and fuel cycles along with Belgium,
China, The Czech Republic, France, Germany, Hungary, India, Japan, The
Netherlands, Poland, the Russian Federation, South Korea, Switzerland,
and the European Commission.69 The program morphed into the Nuclear
Energy Research Initiative (“NERI”) in 1999,70 a project headed by the U.S.
Department of Energy (“DOE”) to explore R&D in four areas, explained
in Table 1.

TABLE 1—NERI OBJECTIVES71

NERI R&D Areas of

Emphasis

Objective in each Area of Emphasis

Construction moving away from onsite construction of power
plants to a more standardized manufacturing
approach with simplified designs that would be
more suited to mass production
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the R&D agenda for the Generation IV program); K. L. Murty & I. Charit, Structural

Proliferation resistance creating fuel core designs that operate for at least
fifteen years without refueling to minimize the
risk of theft of fissile materials

Safety improving operational procedures and mainte-
nance requirements to minimize the incidence of
human operator error

Waste disposal designing new fuel cycles to minimize the creation
of nuclear waste and operate on alternative
forms of fuel

Under NERI, the DOE alone sponsored forty-six research projects
involving the national laboratories, universities, industry, and foreign
R&D partners.72

The DOE’s approach to Generation IV R&D transformed once again
in 2002, when President Bush and the DOE announced a nuclear program
aptly called the “Generation IV International Forum” (“the GIF”).73 At the
heart of the GIF lies the Global Nuclear Energy Partnership (“GNEP”),
a program created in 2006 to promote nuclear energy abroad by explor-
ing export opportunities for American technology firms.74 Ten countries
currently announce and share their research efforts annually at the GIF:
Argentina, Brazil, Canada, France, Japan, South Korea, South Africa,
Switzerland, United Kingdom, and the United States.75

Generation IV R&D initially started by considering a slate of
twenty different reactor designs,76 but has since been narrowed to only
six designs: Very High Temperature Reactors, Gas-Cooled Fast Reactors,
Sodium-Cooled Fast Reactors, Super-Critical-Water-Cooled Reactors, Lead-
Cooled Reactors, and Molten Salt Reactors.77 These designs, while differing
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78 See Id. at 591.
79 Id. at 590 (citing U.S. DOE NUCLEAR ENERGY RESEARCH ADVISORY COMMITTEE AND THE

GENERATION IV INTERNATIONAL FORUM, A TECHNOLOGY ROADMAP FOR GENERATION IV
NUCLEAR ENERGY SYSTEMS: TEN NATIONS PREPARING TODAY FOR TOMORROW’S ENERGY

NEEDS 6 (2002)).
80 Though fuel recycling is not mentioned as a specific goal, it contributes to the achieve-
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81 Lennox, supra note 77, at 590-91.

in specific engineering, have four common themes78 that build from the
eight stated technology goals of the GIF.79 The common themes among
the designs help achieve the GIF goals in the six following ways:

1) The designs are intended to produce reactors operat-
ing either at very high temperatures or in a fast neutron/
breeder fuel cycle that attempts to recycle spent fuel;
2) The designs attempt to improve the environmental per-
formance of reactors by minimizing the need for mined ura-
nium and lessening the environmental footprint of power
plants;
3) The designed plants plan to improve waste management
by recycling or minimizing the fuel that they do use;80

4) They try to enhance proliferation resistance by making
it impossible to steal weapons grade material;
5) They intend to improve safety and reliability;
6) They attempt to minimize financial risk and improve the
economics of plant construction and operation.

In short, the theory is that future Generation IV nuclear technology
would operate differently than conventional units by utilizing fuel cycles
which operate at higher temperatures or use different forms of fuel, mini-
mizing damage and the creation of waste, decreasing the amount of fissile
material from the fuel cycle available for weapons, improving safety, and
improving the economics of nuclear power plants.81 However, Generation IV
reactors are also the farthest from commercialization. They are completely
experimental, with engineers and scientists still working out theoretical
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concepts, most of which have not been proven in practice.82 The next stage
in Generation IV research, if possible, would likely be the construction of
experimental reactors around 2015 or 2020.83 Then, if successful, com-
mercialization and wide scale deployment of Generation IV technologies
would begin by 2040 at the earliest.84

C. Three Factors Pushing the Nuclear Renaissance

Why have ten countries spent billions of dollars collaborating on
Generation IV nuclear technology? Of all the daunting global challenges
facing the electricity sector, three seem the most significant: the need to
provide basic energy services to the world’s poor, the need to find sources
of energy that are less greenhouse gas intensive, and the need to keep costs
low, both to ratepayers and to governments. Proponents of nuclear power
believe it is the only technology that can satisfy all three of these critical
needs.

First, denying electricity and the services it can provide to those
in need promotes discrimination in the vein of what Reverend Benjamin
Chavis, Jr., called “environmental racism.”85 The United Nations reports
that at least one billion people—roughly one-sixth the global popula-
tion—have little to no access to electricity.86 Without electricity, millions
of women and children are typically forced to spend significant amounts
of time searching for firewood, and then combusting wood and charcoal
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indoors to heat their homes or prepare meals.87 The health consequences
alone of this combustion are monumental. Scientists estimate that indoor
air pollution kills 2.8 million people every year—almost equal with the
number dying annually from HIV/AIDS.88 Close to one million of these
deaths—910,000—occur in children under the age of five that must suffer
their final months of life dealing with debilitating respiratory infections,
chronic obstructive pulmonary disease, and lung cancer.89

Those poorer developing countries that do attempt to provide
energy services have to spend a larger proportion of their income on them
merely because they have fewer resources than wealthier populations.
Increases in the cost of oil, for example, mean that the foreign exchange
required for fossil fuel imports creates an unfair balance of trade for many
developing countries.90 The United Nations estimates that while developed
countries spend just one percent of their Gross Domestic Product (“GDP”)
on energy supplies, those in the developing world spend 4.5 to 9
percent.91 Higher prices for oil also tend to drive up the costs for trans-
porting that very oil,92 hitting developing countries twice: once for costlier
barrels of oil, and again for inflated transportation costs that reflect the
higher oil costs. In essence, nuclear power is seen as one of the few options
that can prevent a form of “energy apartheid” where people in the West-
ern world use large amounts of energy, have higher standards of living
and longer life expectancies while those in undeveloped nations have no
access and die earlier.93

Second, proponents of nuclear power believe that it is a much bet-
ter option for generating power without releasing significant amounts of
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greenhouse gases or toxic pollution. According to the International Energy
Agency’s (“IEA”) 2002 World Energy Outlook, greenhouse gas emissions
will increase approximately 135% in the United States and Canada by
2030 from today’s levels under a business as usual scenario.94 As Robert
K. Dixon, Head of the Technology Policy Division at the IEA, declared in
2008, “Without substantial technology and policy changes, fossil fuels will
remain ‘fuels of choice’ well into the future.”95

The impacts of an impending climate change crisis wrought by
continued emissions of greenhouse gases will likely be severe. In its most
recent report, the Intergovernmental Panel on Climate Change (“IPCC”)
concluded that continued emissions of greenhouse gases will contribute
directly to the risk of severe water shortages for millions of people, the
bleaching of coral reefs, the disappearance of suitable ecosystems for
“migratory birds, mammals and higher predators,” a significant loss of
agricultural and fishery productivity, increased damage from floods and
severe storms in coastal areas especially, deaths arising from changes in
disease vectors, and an increase in the number of heat waves, floods, and
droughts.96 The Pew Center on Global Climate Change estimates that in
the Southeast and Southern Great Plains alone, the financial costs of cli-
mate change could reach as high as $138 billion by 2100.97

Advocates of nuclear power have therefore framed nuclear energy
as an important part of any solution aimed at fighting climate change and
reducing greenhouse gas emissions. The Nuclear Energy Institute, discuss-
ing India and China for example, reminds the public that, “it is important
to influence them to build emission-free sources of energy like nuclear”98
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and that nuclear power is a “carbon-free electricity source.”99 When Presi-
dent George W. Bush signed the Energy Policy Act in August 2005, he re-
marked that “only nuclear power plants can generate massive amounts
of electricity without emitting an ounce of air pollution or greenhouse
gases.”100 The late Mr. Nicholas Ridley, former Secretary of State for the
Environment in the United Kingdom, was even more explicit, stating on
BBC television that, “There is absolutely no doubt that if you want to arrest
the Greenhouse Effect you should concentrate on a massive increase in
nuclear generating capacity. Nuclear power stations give out no sulfur and
carbon dioxide, so they are the cleanest form of power generation.”101

Even some former nuclear power skeptics have embraced the effi-
cacy of nuclear power as a solution to global climate crisis. Patrick Moore,
co-founder of Greenpeace and once a vocal opponent of nuclear power, has
publicly stated that “nuclear energy . . . remains the only practical, safe
and environmentally-friendly means of reducing greenhouse gas emissions
and addressing energy security.”102 Similarly, Judith M. Greenwald of the
Pew Center on Global Climate Change concluded that “the imperative to
decarbonise the future world energy economy to mitigate climate change
provides strong motivation to keep the nuclear power option open.”103

Third, nuclear power is believed to produce low-cost electricity over
the lifetime of each power plant. Looking at the historic levelized cost of
electricity (“LCOE”)—the cost over the life of a generator divided by the
numbers of kWh it will produce—a recent study conducted by the Virginia
Center for Coal and Energy Research found that nuclear plants produced
the second cheapest form of power.104 Table 2 summarizes the findings.
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TABLE 2: HISTORIC LEVELIZED COST OF ELECTRICITY (LCOE) FOR POWER

PLANTS IN VIRGINIA, $2007105

Technology

Capital

Cost,
$/kW

Fixed

O&M,
$/kW

per
year

Variable

O&M,
$/MWh 

Capacity

Factor

Nominal

LCOE,
$2007

(¢/kWh)

Landfill Gas 1571 105.82 0.01 90% 4.1
Adv. Nuclear 2049 62.88 0.46 92% 4.9
Wind 1187 28.07 35% 5.6
IGCC 1468 35.82 2.7 80% 6.7
Biomass 1842 49.4 3.1 83% 6.9
Scrubbed
Coal

1270 25.51 4.25 70% 7.2

Adv. Gas/Oil
Combined
Cycle (“CC”)

584
10.84

1.85 45% 8.2

Gas/Oil CC 594 11.56 1.92 45% 8.5
IGCC with
Carbon
Capture

2100 42.15 4.11 80% 8.8

Adv. Gas/Oil
CC with Car-
bon Capture

1166 18.43 2.72 45% 12.8

Adv.
Combustion
Turbine

392 9.75 2.93 4% 32.5

Combustion
Turbine

414 11.22 3.31 4% 35.6

Solar PV 4678 10.83 17% 39

As Table 2 shows, nuclear power plants have produced power at
about 4.9¢/kWh when the cost of construction, fuel, maintenance, and
operation are divided by the amount of electricity those plants generated.
They appear to be second only to landfill gas generation in terms of cost
per unit of energy produced.
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Other technologies, such as natural gas, coal, hydrogen, and fusion,
are seen as too expensive, dirty, or unlikely to play a significant role in
power generation anytime soon.106 From 2002 to 2005, for example, opera-
tion and maintenance expenses for utilities in the U.S. rose by nearly $26
billion.107 Ninety-six percent of this increase was driven by rising fossil fuel
prices, not because parts or labor had gotten more expensive.108 Aggregate
fossil fuel costs nearly doubled between 2002 and 2005, from 2.3¢/kWh
to 4.4¢/kWh.109 The overbuilding of gas-fired peaking plants has resulted
in skyrocketing demand for natural gas, which, in turn caused gas prices
to surge.110 Between 1995 and 2005, natural gas prices rose by an average
of fifteen percent per year.111 Coal, an even greater source of fuel for elec-
tricity generation, has not escaped the inflation in fossil fuel prices. In
October 2003, the cost of coal in Central Appalachia was over thirty-five
dollars per ton.112 By August 2008, the price for a ton of coal in the same
region had quadrupled to one-hundred-forty dollars a ton.113 There is little
likelihood, given increasing demands and low reserve margins,114 that fossil
fuel prices are likely to return to historic lows.

The much-touted “hydrogen economy” is no answer either. Hydrogen
faces tenacious infrastructural challenges: inability to manufacture cost
effective fuel cells, as well as problems extracting, compressing, storing,
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and distributing hydrogen-based fuels.115 And fusion power “is still at
least [thirty] years away from commercialization. . . .”116

The historical record suggests that not even energy efficiency
practices and demand-side reduction programs alone will be able to offset
steady increases in electricity demand. Onsite electricity consumption
per household in the U.S. dropped twenty-seven percent between 1978 and
1997, yet the number of households grew by thirty-three percent.117 Be-
tween 1970 and 1990, electricity’s share of household energy consumption
actually increased from twenty-three percent to thirty-five percent.118 The
Energy Information Administration’s International Energy Outlook also
noted “[r]apid additions to commercial floorspace, the continuing penetra-
tion of new telecommunications technologies and medical imaging equip-
ment, and increased use of office equipment are projected to offset efficiency
gains for electric equipment in the sector.”119 Therefore, despite the signif-
icant gains made by energy efficiency improvements, efficiency improve-
ments are unlikely to outpace increases in electricity demand.

D. Current Plans for Global Nuclear Expansion

Consequently, many believe that nuclear power is set for rapid
expansion—and nuclear power plants are already being planned or con-
structed in the U.S., Europe, and Asia.

Here in the U.S., over the past two decades, nuclear power plants
have been quietly but surely expanding their generating capacity. The
Nuclear Regulatory Commission (“NRC”) approved 2200 megawatts
(“MW”) of capacity upgrades to existing nuclear plants between 1988 and
1999, and nuclear facilities are seeking approval for another 842 MW.120
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Following the unveiling of the Department of Energy’s “Nuclear Power
2010 Program,” targeted at demonstrating “new regulatory processes
leading to a private sector decision by 2005 to order new nuclear power
plants for deployment in the United States in the 2010 timeframe,” three
large utilities—Exelon, Entergy, and Dominion—filed early site permits
for the construction of new nuclear plants in Illinois, Texas, and Virginia
respectively.121 The Energy Policy Act of 2005, as well, significantly bol-
stered plans for nuclear power by extending liability limits for nuclear
accidents under the Price-Anderson Act for another twenty years, authoriz-
ing the construction of new DOE research reactors, and establishing hefty
loan and insurance programs to make the construction of new nuclear re-
actors more attractive.122 After passage between 2005 and 2007, the NRC
received notice of application for at least twenty-eight new nuclear units
from a plethora of utilities and energy consortia,123 and thirty applications
for new reactor units are expected to be filed by the end of 2009.124

In Europe, utilities operate 145 nuclear reactors throughout fifteen
of the twenty-seven countries in the European Union, for a total of 131,820
MW of installed capacity which provided 31% of electricity generated in
2007.125 “France plans to replace fifty-eight reactors with new [Generation
III Pressurized Water Reactors] at a rate of 1600 MW per year.”126 Even
Ukraine, the place of the worst nuclear accident in the technology’s history,
is planning to construct twenty-two new nuclear power plants by 2030.127

“In East and South Asia there are 109 nuclear power reactors in
operation, [eighteen] under construction and plans to build another 110.”128

If one takes government proclamations at face value, 319 new nuclear
power plants have been planned and proposed totaling 325,488 MW of
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capacity that would need more than 64,000 additional tons of uranium
each year to operate.129 The fastest growth in nuclear generation is ex-
pected to occur in China, India, Japan, and South Korea. China formally
plans “to build [twenty-seven] 1000 MW reactors over the next [fifteen]
years,”130 and the Chinese Academy of Sciences has even embarked on an
ambitious public relations campaign to make nuclear power more popular.
Figure 2 illustrates this. Chinese operators already have five units under
construction and fifty proposed by 2020, and they plan to quadruple nu-
clear capacity from 7.6 GW in 2008 to more than 40 GW by 2020.131

Figure 2: A Chinese “Joy-Joy Snap-Together” Toy Nuclear Reactor Being
Promoted by the Chinese Academy of Sciences132
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India, which meets only three percent of electricity demand with
nuclear power, plans a ten-fold increase, from 700 MW to 7280 MW, by
2010.133 Japan, which currently operates fifty-five commercial light water
reactors, is seeking to increase its share of nuclear electricity from about
thirty percent in 2008 to forty percent over the next two decades.134 Japa-
nese utilities thus have two plants under construction and eleven more
planned.135 South Korea, which “currently operates sixteen reactors, has
six under construction and eight more planned by 2015—implying a 100
percent increase in nuclear power generation . . . .”136

Even developing countries in Southeast Asia are attempting to
embrace nuclear power. Under a Regional Cooperative Agreement signed
in 1972, Australia, Bangladesh, China, India, Indonesia, Japan, South
Korea, Malaysia, Mongolia, Myanmar, New Zealand, Pakistan, Philippines,
Singapore, Sri Lanka, Thailand and Vietnam have agreed to promote “co-
operative R&D and training in nuclear-related fields.”137 Thailand is plan-
ning to install four GW of nuclear capacity by 2020; Vietnam is aiming
for their first nuclear plant by 2015; Malaysia has plans for their first nu-
clear power plant by 2020; Indonesia’s four GW Mt. Muria plant will start
construction in 2011 and is scheduled to become operational by 2018.138

In other parts of the world, thirty nuclear plants are being built in
twelve countries,139 with additional units in the planning stages for Argen-
tina, Brazil, Czech Republic, Finland, France, Mexico, Peru, Romania, and
Russia.140

II. A DISASTROUS DUD—THE CASE AGAINST NUCLEAR POWER

Despite all of the recent efforts to research, design, plan, construct,
operate, and upgrade nuclear power plants, transitioning to an energy
economy based on significant expansions in nuclear power would bring
disastrous consequences. This section will document how nuclear power
plants create massive external costs not subsumed by ratepayers or even
present generations. Nuclear facilities rely almost entirely on government
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subsidies for construction, storage, and liability. While, historically, the
costs of nuclear power plants appear to be low, in the near future the cost
of building new nuclear plants will be outrageously high, and the prom-
ise of Generation IV reactors are entirely theoretical and will require bil-
lions of dollars of further R&D before the industry can construct even an
experimental reactor.

A. Cost

Nuclear plants are grotesquely capital intensive and expensive at
almost all stages of the fuel cycle, especially construction, fuel reprocess-
ing, waste storage, decommissioning, and R&D on new nuclear technology.
These exceptionally high costs are connected, in part, to the history of nu-
clear power itself, as neither the United States nor France—two countries
largely responsible for developing nuclear power—pursued nuclear power
generators for their cost effectiveness.

In the United States, the Eisenhower Administration decided to
develop nuclear power plants in the 1950s for entirely political reasons,
seeking to demonstrate a positive aspect of nuclear energy after World
War II and instigate a technology race with the Soviet Union.141 The fed-
eral government had to completely create demand for nuclear energy, in-
vesting more than $20 billion in R&D and severely limiting liability for
electric utilities before they would even consider operating nuclear plants.142

In France, Charles de Gaulle promoted nuclear power plants as a mecha-
nism to reconstruct French national identity.143 The end of World War II
left France humiliated and defeated, and the country lacked infrastruc-
ture, food, and political influence. French technical and scientific experts
offered solutions to these dilemmas by linking technological advancement
to French radiance, or identity.144 Nuclear technology was seen by French
policymakers as a way to simultaneously rebuild French infrastructure
and reestablish its role as a world leader.145 After the creation and demon-
stration of the atomic bomb, “nuclear technology became a quintessential
symbol of modernity and national power.”146 French policymakers desired
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to promote nuclear power so much that one-fourth of household income
throughout the country went to the construction of the first fifty nuclear
plants.147 In both the French and American cases, government created a
market for nuclear power, rather than the other way around.

1. Construction

Nuclear power plants have long construction lead times and meet
with a plethora of uncertainties during the construction process, making
planning and financing difficult, especially when the balance of supply and
demand for electricity can change rapidly within a short period of time.
Long construction times become significant because costs mount quickly
during construction delays. Halting construction of a nuclear power plant
for two years, for example, adds about fifteen percent to the final cost of
electricity.148 The nuclear demonstration plant at Shippingport, Pennsyl-
vania, for instance, was budgeted at forty-eight million dollars in the early
1950s, but ended up costing eighty-four million dollars by the time it was
completed on December 2, 1957, and that excludes government subsidies
and R&D costs.149

In the 1970s and 1980s excessively high forecasts of growth in
demand for electricity led to overbuilding of generating plants and mas-
sive electric system cost over-runs in many states. One infamous exam-
ple was in Washington State, where the Washington Public Power System
(“WPPS”) began a construction program for as many as seven new nuclear
power plants in the early 1970s.150 WPPS believed that regional electricity
requirements “would grow by 5.2 percent each year” well into the 1990s
and started building nuclear power plants to meet their projections.151

At the same time, the massive backlog of nuclear power plant orders
after the 1973 oil crisis caused a severe shortage of skilled nuclear engi-
neers and architects; sixty-nine plants were ordered in 1973 and 1974.152

“[P]roblems of plant design, poor craftsmanship, and labor strikes caused
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even longer delays; five-year construction estimates lengthened to ten-
or twelve-year periods.”153 One WPPS project started in 1970 was not fin-
ished until 1984,154 and the WPPS annual report in 1981 projected that
$23.7 billion was needed to complete one of its plants after $5 billion had
already been expended,155 all the while electricity growth dropped signifi-
cantly below original projections.156 By the mid-1980s, WPPS faced finan-
cial disaster and all but one of the plants was cancelled, leading to the
country’s largest municipal bond default.157 The entire experience came
to be called the “WHOOPS” fiasco, as a play on the WPPS acronym, and
is an enduring lesson of the risk associated with investing in large power
plants. Consumers across the Northwest are still paying for WHOOPS in
their monthly electricity bills.158

“While WHOOPS is perhaps the most spectacular example, . . .
similar ‘boom and bust’ cycles in nuclear power plant construction and
cost-overruns occurred in many states during . . . [the 1980s], and directly
produced the high electricity rates . . . [that spurred] the ‘electric restruc-
turing’ movement of the mid-1990s.”159 “[B]etween 1972 and 1984, . . .
more than $20 billion in construction payments flowed into 115 nuclear
power plants that were subsequently abandoned by their sponsors.”160 The
Shoreham Nuclear Power Plant adjacent to the Wading River in East
Shoreham, New York cost ratepayers $6 billion, but was closed by protests
in 1989 before the plant could generate a single kWh of electricity.161 In-
deed, an assessment recently undertaken by the Congressional Budget
Office of the actual construction costs for seventy five of the existing
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nuclear power plants in the United States documented that they exceeded
anticipated costs by more than 300 percent. The quoted cost for these
plants by the industry was $2312 per installed kW—totaling $89.1 billion,
but the real cost was an astronomical $7294 per installed kW—exceeding
$283.8 billion.162 The estimated and actual costs of the seventy-five U.S.
nuclear plants can be found in Appendix Table A. Across the border in
Canada, delays and cost overruns on nuclear power plants accounted for
15 billion of the nearly 20 billion Canadian dollars of “stranded debt”
created by Ontario Hydro.163

The risk of construction cost overruns is not relegated to the past.
Modern nuclear plants are the most expensive and capital intensive struc-
tures ever built and they are the lynchpin of an industry that is already
the most capital intensive in the entire U.S. economy.164 Luis Echávarri,
head of the Nuclear Energy Agency (“NEA”), reports that initial construc-
tion of a new nuclear reactor consumes close to 60% of the project’s total
investment, compared to about 40% for coal and 15% for natural gas power
plants.165 Even assuming the low-end of industry averages, new reactors
would cost around $2000 per installed kW—meaning a 4 GW plant will
cost $8 billion to build.166 The price tag for building 190 reactors in the U.S.
at this rate would exceed $380 billion.
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It gets worse. New evidence suggests that the estimate of $2000 per
installed kW reported by the industry is extremely conservative and woe-
fully out of date. Researchers from the Keystone Center, a nonpartisan
think tank, consulted with representatives from twenty-seven nuclear
power companies and contractors, and concluded in June 2007 that the
cost for building new reactors would be between $3600 and $4000 per
installed kW, with interest.167 Projected operating costs for these plants
would be remarkably expensive: 30¢/kWh for the first thirteen years until
construction costs are paid followed by 18¢/kWh over the remaining life-
time of the plant.168 Just a few months later, in October 2007, Moody’s
Investor Service projected even higher operating costs, an assessment
easily explained by the quickly escalating price of metals, forgings, other
materials, and labor needed to construct reactors.169 They estimated total
costs for new plants, including interest, at between $5000 and $6000 per
installed kW.170 Florida Power & Light informed the Florida Public Service
Commission in December 2007 that they estimated the cost for building
two new nuclear units at Turkey Point in South Florida to be $8000 per
installed kW, or a shocking $24 billion.171 Most recently, in early 2008,
Progress Energy pegged its cost estimates for two new units in Florida
to be about $14 billion plus an additional $3 billion for transmission and
distribution (“T&D”).172

Inflated construction costs are not limited to the United States.
One survey of the real construction costs of nuclear power facilities at
sixteen operational reactors in Canada, China, Japan, United Kingdom,
and the United States found that many of the construction costs quoted by
industry representatives, promotional bodies, plant vendors, and utilities
were unreliable, inconstant, and conservative.173 Many of these estimates
excluded interest during construction and borrowing fees as well as the ex-
pense of decommissioning and fuel storage.174 The survey concluded that
the average costs for building nuclear power plants were much higher
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than what the industry reported, with construction costs ranging from
$933 to $5600 per installed kW, with a minimum build time of sixty
months—with some plants taking 80 and 120 months.175

A similar survey of the overnight construction costs for nine light
water reactors recently built in South Korea and Japan documented that
the cost of building new plants would likely be significantly higher.176 The
study warned that constraints in the manufacturing of nuclear compo-
nents, lack of skilled construction teams, and long lead times meant that
a new nuclear plant would cost about $4200 per installed kW.177 Even
with a carbon tax of $30 per ton on carbon dioxide and requirements for
carbon sequestration, the study concluded that new nuclear power plants
would have no economic advantage over fossil fueled or renewable energy
technologies.178

Furthermore, researchers at Georgetown University, the University
of California at Berkeley, and the Lawrence Berkeley National Laboratory
(“LBNL”) assessed financial risks for advanced nuclear power plants uti-
lizing a three-decade historical database of delivered costs from each of
ninety-nine conventional nuclear reactors operating in the United States.179

Their assessment found a significant group of plants with extremely high
costs: sixteen percent in the more than 8¢/kWh category.180 The study
pointed out two unique attributes of advanced nuclear power plants that
make them prone to unexpected increases in cost: (1) their dependence on
operational learning, a feature not well suited to rapidly changing tech-
nology and market environments subject to local variability in supplies,
labor, technology, public opinion, and the risks of capital cost escalation;
and (2) difficulty in standardizing new nuclear units, or the idiosyncratic
problems of relying on large generators whose specific site requirements
do not allow for mass production.181 Past technology development patterns
suggest that many high-cost surprises will occur in the planning and de-
ployment process for new nuclear units.182 These “hidden” but inevitable
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cost overruns may be one reason why most investors have shied away from
financing Generation IV reactors.183

Finally, a July 2008 survey from two energy consultants estimated
that the total cost of building new nuclear units would range from $5500
per installed kW to $8100, or $6 to $9 billion for each 1,100 MW plant.184

The explanation for such rapidly rising costs was connected to more ex-
pensive components, such as steel, copper, and concrete, and an extremely
limited capacity of engineering firms with necessary experience and equip-
ment.185 Only two companies in the world, for instance, have the heavy
forging capability to create the largest reactor components.186 In the 1970s,
more than 400 suppliers of nuclear plant components existed, but the num-
ber has dropped to eighty suppliers today.187 The consultants also found
that the construction costs quoted by industry suppliers are misleadingly
incomplete because they excluded expenses related to procuring land,
building cooling towers and switchyards, interest during construction, in-
flation, cost overruns, and contingency fees.188 The study noted that when
these excluded items are included, they can often double the price of a
nuclear power plant.189

2. Reprocessing

In the early days of the nuclear era, plutonium was considered a
possible “silver bullet” solution to the world’s energy problems.190 “Con-
tinuous burning, breeding and recycling” through a collection of reactors
was to eliminate the need for uranium mining and enrichment and one
day replace fossil fuels altogether.191 This idea pushed two related R&D
programs in the early 1950s: separation of plutonium from spent uranium
oxide fuel, known as ‘reprocessing,’ and the development of fast reactor
systems, utilizing a process known as ‘breeding.’192 When they initially
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designed American reactors, nuclear engineers took these views into consid-
eration and expected that the plutonium from spent fuel would be recycled
at reprocessing centers or removed and reused in fast-neutron reactors.193

The first option, reuse at fast-neutron reactors or fast breeders
reactors, was rejected by political overseers on national security grounds.194

Because of the link between plutonium and nuclear weapons, the potential
application of fast breeders led to concern that nuclear power expansion
would usher in an era of uncontrolled weapons proliferation.195 The U.S.
signed the Nuclear Non-Proliferation Treaty in 1968 partially to address
the issue, but India’s unexpected test of a nuclear device in 1977 took the
U.S. by surprise and culminated in President Carter’s non-proliferation
policy which banned civilian reprocessing of nuclear fuel.196

The U.S. federal government did begin efforts on commercial re-
processing of nuclear waste in 1966 at a facility in West Valley, New York,
but the operation ended in disaster.197 The plant was repeatedly criticized
for lax security measures and for exposing its employees to dangerously
high doses of radiation, exceeding federal regulations dictated by the
Occupational Safety and Health Administration, established in 1970.198

As well, the project ran into insurmountable logistical problems. The cost
of reprocessing was originally estimated to be $15 million but was later
reported to be $600 million, the probability of a major earthquake in the
area was deemed too great a risk to justify continued operation, and in
practice the reprocessing plant was far less efficient than engineers had
originally estimated.199 After reprocessing only 640 tons of spent fuel,
while accumulating more than 600,000 gallons of high-level waste, the
facility was closed in 1972.200 It was not until 2002 that the West Valley
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facility was stabilized to the point that it could be safely decommissioned.201

However, remaining cleanup was estimated in 2008 to cost an additional
$5 billion and take another forty years.202

In other countries, such as France and the United Kingdom, re-
processing still continues.203 Spent uranium is stored for hopeful use at
a later date in fast breeder reactors, plutonium is recycled into mixed-
oxide (“MOX”),204 and the remaining fissile waste is vitrified—chemically
transformed into a glass to make the waste inert.205 This method of repro-
cessing, plutonium uranium extraction (“PUREX”), involves chemically
separating uranium and plutonium.206 A significant fraction of these plu-
tonium stockpiles is intended to be used for MOX fuel fabrication at two
industrial scale facilities: Areva’s Melox plant in Marcoule, France and
British Nuclear Group’s Sellafield MOX plant in the UK.207 These facilities
blend uranium and plutonium powders at high temperatures to create
MOX pellets that are then loaded into fuel assemblies.208

MOX reprocessing, however, suffers from five serious shortcomings.
First, it produces dangerous levels of plutonium waste that can be used for
weapons, meaning facilities must be guarded and nuclear fuel stored.209

Second, the quality of recycled fuel significantly decreases the more it is
reprocessed.210 A reduction in quality occurs each time fuel is reprocessed
and recycled, and as fuel quality degrades, more energy is needed to enrich
fuel rods, which makes the fuel even more dangerous, due to greater emis-
sion of neutron and gamma radiation that lead to higher overall burn-up
rates and drastically less efficient fuel.211 Third, reactors cannot run on
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entirely recycled fuel. The industry standard is 30% MOX and 70% fresh
uranium.212 Plants still need significant supplies of natural uranium that
must be mined from depleting stores of diminishing levels of quality ore.
Fourth, reprocessing capacity is constrained. The two largest reprocessing
facilities can process only 320 out of 2500 tons of waste per year combined,
a mere 12.8% of the nuclear waste created in Europe each year.213 Fifth,
since plants must shutdown to load MOX fuel, reprocessing has led to load-
ing problems as operators are reluctant to power down units that will have
to be offline thirty seven days to refuel.214

Researchers have recently proposed a newer method of reprocessing
called uranium extraction plus (“UREX+”), which keeps uranium and
plutonium together in the fuel cycle to avoid separating out pure pluto-
nium.215 This method, however, is both unproven and absurdly expensive.
The DOE estimated in 1999 that it would cost $279 billion over a 118-year
period to fully implement a reprocessing and recycling program for the
existing inventory of U.S. spent fuel relying on UREX+.216 The National
Academies concurred, and noted in 2008 that “[t]here is no economic justi-
fication for going forward with [a UREX+] program at anything approach-
ing a commercial scale. . . . [UREX+] is [not] at a stage of reliability and
understanding that would justify commercial-scale construction at this
time. Significant technical problems remain to be solved.”217 The nonparti-
san Congressional Budget Office warned that GNEP’s plan to reprocess
spent fuel would cost 25% more than a wide range of other storage and
direct disposal options.218 Researchers at the Commissariat à l’Energie
Atomique in France looked at five Generation IV reactors and theoretical
models of their associated fuel cycles from 2000 to 2150. They found that
Generation IV reactors entailed much higher reprocessing and disposal
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costs compared to conventional recycling and fuel disposal and estimated
that the Generation IV pathway would cost 30% to 45% more than
business as usual.219

An economic analysis of reprocessing in the United States con-
ducted by the Congressional Budget Office reached similar conclusions.
The analysis estimated that reprocessing spent nuclear fuel would cost
$585 to $1300 per kilogram, an upper amount more to twice as much as
direct disposal.220 For the roughly 2200 metric tons of spent fuel produced
each year in the United States, the study projected that employing repro-
cessing as an alternative would likely cost at least an extra $5 billion.221

3. Storage

The cost of temporarily and permanently storing nuclear waste
is also prohibitively expensive. As of 2007, not a single country had yet
completed the construction of a long-term geologic repository for nuclear
waste.222 The responsibility for permanently storing America’s nuclear
waste falls exclusively to the federal government, but it is clearly failing
in its role. The Nuclear Waste Policy Act (“NWPA”) of 1982 obligated util-
ities to pay a fixed annual fee—a tenth of a cent for every kWh from nu-
clear generation—that would be collected in a Nuclear Waste Fund to cover
the costs of waste disposal.223 In return, the federal government and DOE
were required to take and dispose of spent nuclear fuel in a permanent geo-
logic repository beginning in 1998.224 Pursuant to the NWPA, nine states
were initially identified as potential sites for long-term repositories, but,
for political reasons, regulators quickly abandoned all but one of these
sites: Yucca Mountain in Nevada.225
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Ironically, scientists had deemed Yucca the least optimal of the
nine sites. The National Academies of Science reported it had the greatest
risk of releasing dangerous levels of radiation.226 Still, because it was the
only alternative, the federal government began funding a permanent stor-
age facility at Yucca Mountain in 1985.227 In 2008, the project had already
cost $13.5 billion228 and was some 20 years behind schedule, underfunded,
and, according to Nevada Senator Harry Reid, who opposes it, “a dying
beast.”229 Even if miraculously completed, Yucca would have only enough
space for 70,000 tons of spent fuel, leaving 35,000 tons of radioactive waste
that would require storage by 2035, assuming the existing fleet of nuclear
reactors continued to operate.230

Worried that the government would not meet its responsibility to
build a permanent storage facility, several electric utilities operating com-
mercial nuclear reactors went before the D.C. Circuit Court in 1996 to seek
a ruling on the extent of the government’s obligations under the NWPA.
In that case, Indiana Michigan Power v. DOE, the court ruled that the
government had to  unconditionally accept waste by January 31, 1998.231

Without seeking a rehearing, the government “nonetheless informed util-
ities that it would not accept the deadline.”232 Facing growing quantities
of nuclear waste and limited storage space, utilities responded and peti-
tioned the U.S. Court of Appeals for a writ of mandamus to require the fed-
eral government to begin accepting highly radioactive spent fuel from the
utilities by the following January.233 The government refused, and by 2006,
about twenty utilities had suits pending against the DOE in Federal Claims
Court for damages which could total in the tens of billions of dollars.234

By February 2008, the number of lawsuits pending against the DOE re-
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lated to nuclear storage had jumped to sixty, with a potential total lia-
bility almost too high to predict.235

The DOE has relied upon on-site storage as a stop-gap remedy until
Yucca Mountain is finalized or the U.S. finds a long-term solution to nu-
clear waste. As a result, about 30,000 tons of spent nuclear fuel are scat-
tered in dry casks and storage pools in thirty-four states.236 “[T]wenty-six
reactors were projected to be out of pool storage space in 1998 . . .[and
eighty] will reach maximum pool capacity by 2010.”237 One ton of highly
radioactive waste is generated for every four pounds of usable uranium,
and each reactor consumes an average 32,000 fuel rods over the course of
its lifetime.238 The costs of expanding on-site storage are, therefore, enor-
mous, with each dry cask running about $35,000 to $65,000 per ton.239

When Congress requested in 2007 that the DOE study the potential
for making temporary storage of high-level nuclear waste more perma-
nent, ostensibly to demonstrate that the nation was capable of “moving
forward” with some element of a nuclear waste policy, the DOE unchar-
acteristically demurred.240 Stating that interim storage was “clearly not
the solution,” the DOE argued that the NWPA legally prevented them from
taking spent fuel until after Yucca Mountain was completed.241 Based on
its interpretation of the law, though contrary to court order, the DOE re-
fused to accept any nuclear waste. All the while, the costs of completing
Yucca Mountain continue to escalate. The Congressional Budget Office
noted in 2007 that they expected the construction of Yucca Mountain to
take another century and exceed $57 billion.242 Just one year later, the
U.S. Department of Energy offered an updated estimate that the cost of
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building and operating Yucca Mountain would exceed $96 billion, and
this staggering price tag only covers the expense of building the facility
and transporting nuclear waste until 2133.243

Canada has seen projected times for the construction of their cen-
tralized storage facility grow even longer. The federally sponsored Nuclear
Waste Management Organization reported in 2006 that it will need more
than 300 years to implement its approach to “containing” spent nuclear
fuel at an expense of at least 24 billion Canadian dollars.244

Regardless of whether the nuclear waste problem is resolved in
favor of onsite or centralized storage, the costs will not be borne solely by
this generation, or even by generations over the next millennium. Typi-
cally, a single nuclear plant will produce thirty tons of high-level waste
each year, and this waste can be radioactive for as long as 250,000
years.245 Assuming just one-tenth of that time (25,000 years), and assum-
ing the cost of storing the thirty tons of nuclear waste created per year
was just $35,000 per ton, the lowest end of existing estimates, each
nuclear plant in the U.S. assumes an additional cost of $26.3 billion on
top of its already enormous price tag.246

4. Decommissioning

The price of energy inputs and environmental costs of every
nuclear power plant continue to increase long after the facility has
finished generating its last useful kilowatt of electricity. Both nuclear
reactors and uranium enrichment facilities must also be tediously
decommissioned—a process that is freakishly expensive, time-consuming,
dangerous for workers, and hazardous to the natural environment. “After
a cooling off period that may last as long as [fifty to one hundred] years,
reactors must be dismantled and cut into small pieces to be packed in
containers for final disposal.”247 Nuclear plants often have an operating
lifetime of forty years, but the industry reports that decommissioning
takes an average of sixty years.248 “While it will vary along with technique
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and reactor type, the total energy required for decommissioning can be as
much as [fifty percent] more than the energy needed for original construc-
tion.”249

Indeed, every nuclear facility in operation now and every nuclear
plant that will ever come online will eventually reach the end of its useful
life and will begin the long and arduous task of decommissioning, or re-
turning the facility, its parts and surrounding land to a safe enough level
to be entrusted to other uses. This decommissioning process includes all
of the administrative and technical actions associated with ceasing opera-
tions, removing spent or unused fuel, reprocessing or storing radioactive
wastes, deconstructing and decontaminating structures and equipment,
shipping contaminated equipment off-site, and remediating the land, air
and water around the reactor site.250 In most cases, the decommissioning
process takes twice as long as the time the reactor is actually in use and
costs anywhere from $300 million to $5.6 billion.251

Because decommissioning involves the dismantling and transport
of substantial amounts of radioactively contaminated material, it presents
new opportunities for accidents or sabotage even beyond the useful gener-
ating cycle of the facility. And because decommissioning involves a substan-
tial shift in the normal operating procedures of the facility, it risks the
introduction of unforeseen human error at every step in the process.252

In the United States, there are currently thirteen nuclear power
plant units that have permanently shut down and are in some phase of
the decommissioning process, but not a single one of them has completed
it.253 For example, Peach Bottom Unit 1 was shut down in October 1974,
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but will not even begin decommissioning until 2034.254 The Humboldt Bay
nuclear facility was shut down in July 1976, but will not be completely de-
commissioned until 2012 or 2013.255 Zion Units 1 and 2 were permanently
shut down in 1998, but the plant will not begin decommissioning until
2013.256 Further, unless license extensions are granted, all licenses for com-
mercial nuclear reactors in the United States will expire by 2038 and more
than 100 reactors will enter the decommissioning phase, requiring billions
of dollars with little or no generating capacity to offset these costs.257

Decommissioning at nuclear sites that have experienced an acci-
dent is far more expensive and time consuming. At Three Mile Island,
Unit 2, which shutdown permanently after an accident in 1979, will not
start the decommissioning process until 2014.258 Fuel rods at Chernobyl,
the site of the world’s deadliest nuclear accident to date, are still being
removed and operators expect it to take until at least 2038 to 2138 before
the power plant is completely decommissioned.259

Decommissioning of uranium enrichment facilities—large com-
plexes of buildings with thousands of pieces of equipment, enrichment
cascades, piping, and electrical wiring—requires a precarious six stage
and very labor-intensive process: careful characterization of every square
centimeter of each building, disassembly, removal of uranium deposits
from process equipment, decontamination, melt refining and recycling of
metals, and treatment of wastes.260 The process generates its own low-level
radioactive and hazardous wastes and can further contaminate soil and
groundwater.261 The Capenhurst gaseous diffusion plant in the United
Kingdom, decommissioned by the British Nuclear Fuels Corporation in
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1994, required the entire facility to be treated with gaseous chlorine tri-
fluoride (“ClF3”) to remove deposits of uranium on equipment before every
piece of the plant was extracted, cut up into pieces, and decontaminated
using a series of aqueous chemical baths.262

Decommissioning of the three enrichment facilities in the United
States—all of the gaseous diffusion type, with one retired facility located
near Oak Ridge, Tennessee; one operating facility near Paducah, Ken-
tucky; and another retired one near Portsmouth, Ohio—will require the
same ClF3  treatment, because deposits of highly enriched uranium have
become littered throughout the process buildings.263 This radioactive debris
is accompanied by significant amounts of asbestos and polychlorinated bi-
phenyls, which is probably why the National Research Council estimated
that decommissioning the facilities will cost $27.3 to $67.2 billion, with an
additional $2 to $5.8 billion to cover disposal of a large inventory of depleted
uranium hexafluoride, which must be converted to uranium oxide (“U3O8”).

264

The U.S. GAO recently surveyed how well the decommissioning
process was going at these enrichment facilities, and found that the
earliest it will be completed for all three plants is 2044.265 By then, the
GAO warned that the cost of decommissioning, funded by taxpayers, will
have exceeded the plants’ revenues by at least $4 billion to $6.6 billion in
2007 dollars.266 As of 2004, these plants, heavily contaminated with
radioactive particles and large caches of spent hexafluoride fuel, still
require extensive cleanup of “30 million square feet of space, miles of
interconnecting pipes, and thousands of acres of land . . . .”267 The Nu-
clear Decommissioning Authority in the United Kingdom has since
reported similar problems with decommissioning their units, the costs of
which are now estimated to be more than £73 billion.268 One of the
companies responsible for decommissioning in the United Kingdom, the
state-owned British Nuclear Fuels Limited, reported £356 million of
shareholder funds in 2001 but £35 billion in liabilities from decommis-
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sioning reprocessing plants, underscoring the immensity of cleanup
costs.269

5. Nuclear R&D

Advanced nuclear R&D is also costly and highly uncertain. The
National Research Council of the National Academies issued a highly crit-
ical assessment of GNEP and the Generation IV program, arguing that its
rapid deployment schedule entailed considerable financial and technical
risks and prematurely narrowed the selection of acceptable reactor de-
signs.270 The report also faulted the DOE for not seeking sufficient inde-
pendent peer reviewers for projects and for failing to adequately address
waste management challenges.271 For example, because higher tempera-
ture reactors tend to burn up more of their fuel at faster rates, they oper-
ate less efficiently than conventional units, and result in more radioactive
waste per unit of energy generated.272

A study commissioned by the Office of Science and Innovation in
the United Kingdom found that R&D on “all of the [Generation IV] systems
face several key challenges” that will require considerable expense and
ingenuity to overcome.273 The report identified significant gaps in materials
technology, especially in designing materials that can resist irradiation
and neutron damage while operating at high temperatures and minimizing
stress-corrosion cracking.274

Fast reactor systems will likely use fuels containing significant
quantities of trans-uranium elements, necessitating a shift away from
uranium assembles to ones based on nitride or carbide fuels.275 The man-
ufacturing processes for these fuels, however, have not yet even been
established.276

Current modeling and simulation programs are insufficient to map
the potential scenarios involving the higher actinides expected to be pro-
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duced by Generation IV reactors.277 The report also noted that “prolifera-
tion resistance” has only been demonstrated under laboratory conditions,
and that it is unclear how Generation IV technology would be deployed at
larger scales while avoiding dangerous scenarios for nuclear fuel diversion
to unstable governments or extra-governmental regimes.278 Also unknown
is how fuels containing high quantities of minor actinides and possibly
long-lived fission products will behave, how to design the proper shield-
ing facilities for such substances, and whether conventional waste stor-
age facilities can even handle these unconventional waste streams.279

Similarly, researchers at North Carolina State University concluded
that the materials used in conventional reactors will not be suitable for
Generation IV technology.280 Zirconium alloys, for instance, are currently
used as fuel cladding in light and heavy water reactors, but will not work
under the higher temperature environments envisioned by Generation IV
proponents.281 Other core components made from low alloy ferric steels,
such as pressure valves, will no longer suffice and pressure vessels needed
to handle expected temperatures from Generation IV reactors would likely
double the size of existing reactors.282 The researchers noted that a lack of
fast spectrum irradiation facilities and high temperature testing facilities
greatly restricts the ability of scientists and engineers to even design, test,
and evaluate the necessary structural materials for advanced reactors.283

In short, the Generation IV strategy relies on inventing new materials for
individual components before the reactor design itself can even be tested,
and may explain why some analysts have called them “paper reactors”—
technologies that have yet to be built and exist only on paper.284

Researchers for the European Commission agreed and stated in
2007 that an unexpected technological breakthrough must occur before
Generation IV technology would become feasible, stating that they found
it “inconceivable that the long-term objective of sustainable development
of nuclear fission energy” could be met with existing technology.285 Exelon,
similarly, invested a 12.5% share in a Generation III+ reactor project in
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South Africa only to bail out a few years later, citing the project’s astro-
nomical costs as the main concern.286 Another independent international
task force studying the feasibility of Generation IV reactors argued that
the technical and financial risks seemed too difficult to overcome.287

6. Complete Reliance on Subsidies

Because of their capital intensity and financial risk, nuclear power
plants are only cost competitive when they are underwritten with gargan-
tuan public subsidies. Simply put, absent an enormous diversion of tax-
payer funding, no rational investor would ever finance a nuclear power
plant. As one economist put it, investing in nuclear power without the pro-
vision of government subsidies is about as useful as “watching a movie
with the sound turned off.”288 From 1947 to 1999, federal subsidies for nu-
clear power in the U.S. totaled “$145.4 billion (in 1999$ . . .), or more than
96 percent of cumulative Federal subsidies for wind, solar and nuclear
power during this period.”289 “Even in fiscal year 1979, when subsidies for
renewable energy peaked in the U.S. at $1.5 billion,”290 the DOE devoted
more than 58% of its R&D budget to nuclear power.291 The same is true
globally, as nuclear power has received more public research funding than
any other source since the 1970s.292 See Figure 3.
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Figure 3: Public R&D Funding in OECD Countries 1974 to 2004 (in
millions of U.S. Dollars)293

Not much has changed recently. The GAO notes that in 2004,
nuclear energy still received about 8% of direct R&D subsidies in the U.S.
while energy efficiency and renewable energies together received only
6%.294 From 1992 to 2007, nuclear power received twenty-three times the
amount of subsidies spent on wind energy.295 During 2002 to 2007, nuclear
power received 54%, or $6.2 billion out of $11.5 billion, of all DOE related
R&D subsidies, and the amount given to nuclear significantly increased
by 59% over the same period, from $775 million in 2002 to $1.2 billion in
2007.296 The entire class of renewable power technologies, by contrast,
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received a miserly 12%, or $1.4 billion.297 The DOE’s budgetary request for
2009—shockingly—intends to worsen the bias, and seeks a 44% increase
in R&D funding for nuclear power while it cuts R&D appropriations for
renewables.298 Again, these numbers underestimate the amount awarded
to nuclear power because they exclude subsidies such as limited nuclear
liability provided under the Price Anderson Act and low-cost financing
given to federal power entities that operate nuclear power plants.299

The Energy Policy Act of 2005 only worsened the disparity by lav-
ishing the nuclear industry with expensive new subsidies, including $13
billion worth of loan guarantees covering up to 80% of project costs; $3 bil-
lion in R&D; $2 billion of insurance against delays, amounting to, ironi-
cally, taxpayers footing the bill even for legitimate opposition to nuclear
projects in their communities; $1.3 billion in tax breaks for decommission-
ing; an extra 1.8¢/kWh in operating subsidies for the first eight years a
nuclear plant is in operation, equivalent to about $842 per installed kW;
funding for licensing; compensation for project delays for the first six reac-
tors to be developed; and limited liability for accidents, capped at $10.9
billion.300 These subsidies are in addition to numerous other benefits the
nuclear industry already enjoys: “free offsite security, . . . no substantive
public participation or judicial review of licensing,” and payments to oper-
ators to store waste.301 The subsidy established by the Price-Anderson Act,
which practically charges taxpayers for liability insurance against nuclear
accidents that could kill them, alone is possibly estimated to be worth
more than twice the entire DOE R&D budget.302
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It is no surprise, then, that a Massachusetts Institute of Technology
study concluded that only by imposing a carbon tax of up to $200 per ton
on conventional power plants could advanced nuclear reactors be cost com-
petitive with existing conventional technologies.303 Similarly, after assess-
ing the recent spikes in construction cost, operational safety, radioactive
waste disposal, and public acceptance, even economists at the pro-nuclear
IAEA concluded that a global expansion of nuclear power was unlikely,
and projected that it will likely lose market share by 11.6 percent by
2020.304 And, as noted in detail below, despite enormous government subsi-
dies, nuclear plants still suffer from a host of other insidious and inescap-
able challenges related to fuel availability, land use, water consumption,
greenhouse gas emissions, safety, and security.

B. Fuel Availability

Accidents, severe weather, and bottlenecks can all prevent ura-
nium from being adequately distributed to nuclear facilities in desperate
need of fuel. Nuclear plants increase a country’s dependence on imported
uranium and subject electricity consumers to large price spikes. The cost
of uranium, for instance, jumped from $7.25 per pound in 2001 to $47.25
per pound in 2006, an increase of more than 600%.305 The NEA reports
200 metric tons of uranium are required annually for every 1000 MW
reactor and that uranium fuel accounts for 15% of the lifetime costs of a
nuclear plant, meaning that price spikes and volatility can cost millions
of dollars.306

In 2000, the DOE “quietly acknowledged that domestic uranium
production is currently at about 10% of its historical peak, and that most
of the world’s uranium reserves are becoming ‘stranded,’ and therefore
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much more difficult to extract.”307 The result is that investments in new
nuclear plants would only make the U.S. more dependent on foreign de-
posits of uranium in Africa, Russia, Canada, and Australia.308 Admittedly,
the chance that Canada and Australia will band together to become the
new “OPEC of uranium” is as unlikely as it sounds, but Kazakhstan,
Namibia, Niger, and Uzbekistan together were responsible for more than
30% of the world’s uranium production in 2006.309 Over the past several
years these countries have suffered from autocratic rule and political in-
stability.310 It is not inconceivable to imagine a scenario in which unstable
or hostile regimes controlling only 30% of the world’s supply of uranium
could nonetheless induce price spikes and volatility in uranium supplies
that could have devastating consequences to the West.

The entire nuclear fuel cycle is dependent on incredibly long lead
times and geographically separated facilities. The time needed to bring
major uranium mining and milling projects into operation averages five
or more years for exploration and discovery, with an additional eight to
ten years for production.311 Moreover, uranium conversion facilities cur-
rently only operate in Canada, France, the United Kingdom, the U.S., and
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Russia.312 Consequently, it typically takes between five and seven years
before uranium from the ground actually reaches a nuclear reactor.313

The IAEA classifies uranium broadly into two categories: “primary
supply,” including all newly mined and processed uranium, and “secondary
supply,” encompassing uranium from reprocessing inventories, including
highly enriched uranium, enriched uranium inventories, mixed oxide fuel,
reprocessed uranium, and depleted uranium tails.314 The IAEA expected
primary supply to cover 42% of demand for uranium in 2000, but acknowl-
edges that the number will drop to between 4% and 6% of supply in 2025,
as low-cost ores are expended and countries are forced to explore harder
to reach and more expensive sites.315

But here lies a conundrum: the IAEA calculates that secondary
supply can only contribute 8 to 11% of world demand.316 “As we look to
the future, presently known resources fall short of demand,” the IAEA
stated in 2001, and “it will become necessary to rely on very high cost con-
ventional or unconventional resources to meet demand as the lower cost
known resources are exhausted.”317

There simply will not be enough uranium to go around, even under
current demand. Interestingly, however, the IAEA refused to state this
obvious conclusion. While “the agency recorded the total amount of ura-
nium at around 3.6 gigagrams (“Gg”) in 2001, the number inexplicably
jumped to 4.7 Gg in 2006.”318 “The increase is due not to new discoveries
or improved technologies, but simply because of a clever redefinition of
what the agency counts as uranium. The IAEA included in its new esti-
mate the category of uranium that costs [$80 to $130 per kilogram].”319
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This class comprises uranium ores of relatively low grades and of greater
depths that have been so much harder to mine and would require such
longer transport that the agency historically has not even counted them
as usable stocks of uranium at all.320

Such pessimism was confirmed recently by a study on available ura-
nium resources at ninety-three deposits and fields located in Argentina,
Australia, Brazil, Canada, Central African Republic, France, Kazakhstan,
Malawi, Mongolia, Namibia, Niger, Russia, South Africa, United States
and Zambia.321 The study reached a number of troubling conclusions. It
documented that the ore grade of mined and milled uranium is greatly
diminishing. The quality of mined uranium peaked during the nuclear
weapons programs of the 1940s and 1950s, when the highest grade deposits
were depleted.322 A long-term decline in the average uranium ore grade for
almost all suppliers was documented. In the United States, for example,
the quality of uranium dropped from an average of 0.28 percent U3O8 to
0.09 percent, a decline of one-third despite improvements in technology.323

No “world class” discoveries of uranium have occurred since the 1980s,
and all increases in uranium mining and milling between 1988 and 2005
have resulted from increased drilling at known deposits.324 The study also
warned that uranium miners are having to go deeper and use more energy
and water to extract uranium resources as the overall quality of ore de-
clines, resulting in greater greenhouse gas emissions.325

Another October 2008 assessment reported that the world pres-
ently consumes 160 million pounds of uranium per year to fuel existing
reactors, but only produces 100 million pounds.326 The difference is largely
made up from stored inventories of mined uranium, unused fuel from de-
commissioned plants, and diluted nuclear weapons, but these reserves are
largely being exhausted.327 As one example, the United States produced



2008] NUCLEAR NONSENSE 51

328 Id.
329 Id. at 17.
330 Jayaraman, supra note 10, at 6.
331 Haas & Hamilton, supra note 125, at 576; Costs of Reprocessing Versus Directly
Disposing of Spent Nuclear Fuel, supra note 218.
332 Rethinaraj, supra note 14, at 11.
333 Haas & Hamilton, supra note 125, at 576.
334 Rethinaraj, supra note 14, at 11.
335 Id. at 17.

4.5 million pounds in 2007 but had to import 47 million pounds, or ten
times as much, from other countries.328 The assessment concluded that
enough high-grade uranium ore existed to supply the needs of the current
fleet for forty to fifty years, but warned that if the construction of new
nuclear power plants accelerated so that all coal plants were replaced,
existing resources would not last more than ten years.329

C. Land and Waste Storage

Proponents of nuclear power are fond of pointing out that one
kilogram of uranium can produce 50,000 kWh of electricity, while one
kilogram of coal can only produce three kWh of electricity.330 Put another
way, the energy released by one gram of uranium-235 that undergoes
fission is equal to 2.5 million times the energy released in burning one
gram of coal. What they don’t tell you is that because nothing is burned
or oxidized during the fission process, nuclear plants convert almost all
their fuel to waste with little reduction in mass.

Both commercial fuel cycles are very wasteful. In the open fuel
cycle, used predominately by the U.S., Sweden, and Finland,331 fuel is
burned in reactors and not reused, meaning that about 95% of it is
wasted.332 In the closed fuel cycle, utilized by Belgium, France, Germany,
the Netherlands, Spain, and the United Kingdom,333 plutonium is ex-
tracted from spent fuel, recycled, and reprocessed, but 94% of the fuel is
still wasted.334 Since about 85% of global reactors operate on the open fuel
cycle, about 10,000 tons of heavy metal spent nuclear fuel are discharged
every year from nuclear power plants.335 Nuclear power plants thus have
at least five waste streams that contaminate and degrade land:

1. They create spent nuclear fuel at the reactor site;
2. They produce tailings and uranium mines and mills;
3. They routinely release small amounts of radioactive

isotopes during operation;
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4. They can catastrophically release large quantities
of pollution during accidents; and

5. They create plutonium waste.336

Even reprocessing creates waste. France, for example, which re-
processes spent fuel to separate fissile material (pure waste) from usable
plutonium, has contributed to about 1710 cubic meters of high level waste
globally, a number that is expected to jump to 3600 cubic meters by 2020.337

Each 1000 MW reactor, regardless of its fuel cycle, has about fifteen
billion curies of radioactivity,338 equivalent to the total amount of natural
radiation found in all of the oceans.339 High level nuclear waste will take
at least 10,000 years before it will reach levels of radiation considered safe
for human exposure.340 See Figure 4.

Even if it is perfected, future Generation IV technology will not
solve the problem of radioactive waste. The radiotoxicity for the most haz-
ardous forms of spent nuclear fuel is at least 100,000 years.341 Partitioning
and transmutation are considered theoretical ways of reducing the waste,
but even if technically mastered through some sort of breakthrough, their
potential is severely limited.342 Nuclear engineers at the CEA in France
have warned that radiotoxicity can only be reduced by a factor of ten if
all plutonium is recycled, and by a factor of 100 if all minor actinides are
burned.343 This means, at a minimum, that spent fuel will remain danger-
ously radioactive for at least 1000 to 10,000 years. That is ten centuries,
presuming a best case scenario. Also, the technologies needed to attain
this level of waste reduction, either fast reactors or Accelerator Driven
Systems, will require technological breakthroughs in separating actinides,
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reprocessing advanced fuels, and coupling transmutation technologies to
existing reactors.344 As one study concluded, no single country has suc-
cessfully deployed Partitioning and Transmutation technologies, and no
attempt has been made to pursue serious regional or international coop-
eration on these efforts.345

Figure 4: Decay in Radioactivity of High-Level Nuclear Waste (from
Reprocessing One Ton of Spent Pressurized Water Reactor Fuel)346

The straight line shows the radioactivity of the corresponding amount of
uranium ore.
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The issue of nuclear waste could be why physicist Alvin M.
Weinberg compared nuclear power to a “Faustian bargain,” since it cre-
ates an unbreakable commitment where society receives electricity only
in exchange for yielding political power to a small cadre of technocrats
and national security agencies.347 “Unlike Faust, however, who was ulti-
mately able to renege on the bargain, society . . .[has bonded] itself in
perpetuity . . .[to] the remarkable belief that it can devise social institu-
tions that are stable for periods equivalent to geologic ages,” exhibiting
supreme confidence in the ability of human organizations to outlast radio-
active waste.348 Nuclear waste will remain dangerously radioactive for
hundreds of thousands of years—longer than our civilization has prac-
ticed Catholicism, or cultivated agriculture.349 “The half-life of uranium-
238, one of the largest . . . [components of spent fuel], is about the same
as the age of the earth: 4.5 billion years.”350

D. Water

With electricity demand expected to grow by approximately fifty
percent in the next twenty-five years, continuing to rely on nuclear gen-
erators could create a water scarcity crisis. In 2006, the DOE warned that
consumption of water for electricity production could more than double
by 2030 to 7.3 billion gallons per day in the U.S., if new power plants con-
tinue to be built with evaporative cooling.351 This amount is equal to the
entire country’s water consumption in 1995.352

The nuclear industry’s vast appetite for water has serious conse-
quences, both for human consumption and the environment. Assuming the
latest Census Bureau projections, the U.S. population is expected to grow
by about seventy million people in the next twenty-five years.353 Such popu-
lation growth is already threatening to overwhelm existing supplies of
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fresh and potable water. “Few new reservoirs have been built since
1980 . . .[and] some regions have seen groundwater levels drop as much
as 300 to 900 feet over the past fifty years.”354 Further, “most state water
managers expect either local or regional water shortages within the next
10 years,” according to a recent survey, even under “normal” conditions.355

In fact, about forty-eight percent of the continental U.S. reported drought
conditions during the summer of 2002.356

Three stages of the nuclear fuel cycle—uranium milling and min-
ing, plant operation, and nuclear waste storage—consume, withdraw, and
contaminate water supplies. As a result of this vast need for water, most
nuclear facilities cannot operate during droughts357 and in some cases
can actually cause water shortages.358

1. Uranium Mining and Leeching

Uranium mining, the process of extracting uranium ore from the
ground, is extremely water intensive. Since the necessary concentrations
of uranium are mostly prevalent at very low concentrations, uranium
mining is volume intensive. The problem is that such mining practices
can greatly damage and degrade local water supplies. Early mining tech-
niques were very similar to other hard rock mining such as copper, gold,
and silver, and involved the creation of underground mines. Open-pit
mining, the most prevalent type of uranium extraction in the world today,
ceased in the U.S. in 1992 due to concerns about environmental contami-
nation and the quality of uranium, as most ore found in the U.S. was lower
grade uranium from sandstone deposits.359 Currently, uranium miners use
only one type of technique to extract uranium ore in Wyoming, Nebraska,
and Texas: in-situ leaching.360
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Uranium miners perform in-situ leaching by pumping liquids into
the area surrounding uranium deposits. These liquids often include acid
or alkaline solutions to weaken the calcium or sandstone surrounding ura-
nium ore.361 Operators then pump the uranium up into recovery wells at
the surface, where it is collected.362 In-situ leaching was deemed more cost
effective than underground mining because it avoids the significant expense
of excavating underground sites and often takes less time to implement.363

In 2005, nuclear power plants produced an annual output of
781,986 MWh requiring more than thirty million gallons of water per day
for uranium mining and processing around the world.364 Even though the
bulk of these mining and processing facilities are outside of the U.S., the
DOE estimates that three to five million gallons of water per day are still
associated with mining and processing of uranium within the country.365

2. Plant Operation

Nuclear reactors also require massive supplies of water to cool
reactor cores and spent nuclear fuel rods, and they use the most water
compared to all other electricity generating facilities, including conven-
tional coal and natural gas facilities.366

Because much of the water used by nuclear plants is turned to
steam, substantial amounts are lost to the local water cycle entirely. One
nuclear plant in Georgia, for example, “withdraws an average of 57 million
gallons every day from the Altamaha River . . .[but actually] ‘consumes’
33 million gallons per day [from the local supply,] that is lost as water
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vapor”367—enough to service more than 179,000 Georgia homes.368 The
Shearon Harris nuclear reactor, operated by Progress Energy in New Hill,
North Carolina, near Raleigh, sucks up thirty-three million gallons a day,
and loses seventeen million gallons per day due to evaporation.369 Duke
Energy’s McGuire Plant on Lake Norman, North Carolina, uses more than
two billion gallons of water per day.370 Southern Company’s Joseph M.
Farley nuclear plant in Dothan, Alabama, consumes about forty-six million
gallons of water per day, primarily as evaporative loss.371

In the arid West, where water is scarce, the challenge of cooling
nuclear plants is even more daunting. At the Palo Verde plant in Arizona,
ninety million gallons of water must be brought to the plant site each
day.372 Plant operators must purchase treated effluent from seven cities
in the Phoenix metropolitan area, and have had to construct a thirty-five
mile pipeline to carry water from a treatment facility to the plant—which
uses about twenty billion gallons of water every year.373

Nuclear plants do not just use water—they also contaminate it at
multiple points of the cooling cycle: at the point of intake, at the point of
discharge, and during unexpected accidents.

At the point of intake, nuclear plants bring water into the cooling
cycle through filtering structures. To minimize the entry of debris, water
is often drawn through screens.374 Seals, sea lions, endangered manatees,
American crocodiles, sea turtles, fish, larvae, shellfish, and other riparian
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or marine organisms are frequently killed as they are trapped against the
screens in a process known as impingement.375 Organisms small enough
to pass through the screens can be swept up in the water flow where they
are subject to mechanical, thermal and toxic stress in a process known as
entrainment.376 Billions of smaller marine organisms, essential to the food
web, are sucked into nuclear reactor systems and destroyed. Smaller fish,
fish larvae, spawn, and a tremendous volume of other marine organisms
are frequently pulverized by reactor condenser systems. One study esti-
mated that more than 90% are scalded and discharged back into the water
as lifeless sediment that clouds the water around the discharge area,
blocking light from reaching the ocean or river floor, which further kills
plant and animal life by curtailing photosynthesis and the production of
oxygen.377

During periods of low water levels, power plants induce even more
environmental damage. Nuclear plants must extend intake pipes further
into rivers and lakes, but as they approach the bottom of the water source,
“they [often] suck up sediment, fish, and other debris . . . .”378 Impingement
and entrainment consequently account for substantial losses of fish and
exact severe environmental consequences during the riparian environ-
ment’s most vulnerable times.

For example, federal environmental studies of entrainment during
the 1980s at five power plants on the Hudson River in New York estimated
grave year-class reductions in fish populations—the percent of fish killed
within a given age class.379 One study concluded that the power plants
were responsible for age reductions as high as 79% for some species.380

“An updated analysis [of entrainment] completed in 2000 at three of
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these plants estimated year-class reductions of 20 percent for striped bass,
25 percent for bay anchovy, and 43 percent for Atlantic tom cod . . . .”381

Another study “evaluated entrainment and impingement impacts at
nine . . . facilities along a 500 mile stretch of the Ohio River.”382 The
authors estimated that approximately 11.6 million fish were killed an-
nually through impingement and 24.4 million fish from entrainment.383

The study calculated recreational related losses at about $8.1 million per
year.384

The U.S. Environmental Protection Agency (“EPA”) calculated
impingement losses at the Delaware Estuary Watershed at more than
9.6 million age-one equivalents of fish every year, or a loss of 332,000
pounds of fishery yield.385 The EPA calculated that entrainment related
losses were even larger at 616 million fish, or a loss of sixteen million
pounds of catch.386 Put into monetary value, the recreational fishing loss
from impingement and entrainment at nuclear facilities was estimated
to be about $5 million per year.387

Scientists also calculated that the cooling intake systems at the
Crystal River Power Plant in Florida, a joint nuclear and coal facility, kill
about twenty-three tons of fish and shellfish every year.388 Top predators,
such as gulf flounder and stingray “have either disappeared or changed
their feeding patterns.”389 In other parts of Florida, the economic losses
induced from four power plants—Big Bend, PL Bartow, FJ Gannon, and
Hookers Point—are estimated to be as high as $18.1 million.390
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Similarly, in Southern California, marine biologists and ecologists
found “that the San Onofre nuclear plant impinged nearly 3.5 million fish
in 2003 . . . .”391

As a less noticed but equally important impact, water intake and
discharge often alter natural patterns of water levels and flows. Such
flows, part of the hydrological cycle, have a natural variability that differs
daily, weekly, and seasonally.392 Plants and animals have adapted to these
fluctuations, and such variability is a key component of ecosystem health.393

Withdrawals and discharges alter this natural cycle by removing water
during drought conditions or discharging it at different times of the year
with potentially serious, albeit not well-understood, consequences to eco-
system and habitat health.394

Interestingly, in some cases the environment has fought back,
literally. “In September 1984, a flotilla of jellyfish ‘attacked’ the St. Lucie
nuclear plant in Florida, forcing both of its reactors to shut down for
several days due to lack of cooling water.”395

At the point of discharge, nuclear plant operators often treat
cooling water with chlorine, anti-fouling, anti-microbial, and water condi-
tioning agents “to limit the growth of mineral and microbial deposits that
reduce . . . [its] heat transfer efficiency,”396 while “re-circulating water is
treated with chlorine and biocides” to improve efficiency and eliminate
nuisance organisms.397 What makes such treated water so effective in kill-
ing unwanted species, however, also makes it a potent “kill[er of] non-
target organisms as well.”398 Chlorine, biocides, and “their byproducts . . .
present in discharged water plumes . . . [are often] toxic to aquatic life even
at low concentrations.”399 In addition, discharged cooling water is usually
higher in temperature than intake waters, “making electric utilities the
largest thermal discharger in the U.S.”400 Significant temperature differ-
ences between the intake water and its discharge, or temperature deltas,
“can contribute to destruction of vegetation, increased algae growth,
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oxygen depletion and strain the temperature range tolerance of organ-
isms.”401 Further, “[i]mpacts can be multiple and widespread, affecting
numerous species at numerous life cycle stages.”402

“In some cases, plants and animals are not able to survive in or
adapt to higher temperature waters . . . .”403 In other cases, “warmer tem-
peratures can send the wrong signals to species,” disrupting natural cycles,
while some species that thrive in warmer waters “move into the plume
and then become susceptible to the ‘cold shocks’ that occur during periodic
plant shutdowns.”404 In still other cases, the warmer temperature plumes
attract invasive or unwanted species that drive out indigenous species
and alter habitats, sometimes irreparably.405 Both spikes of high temper-
ature and the persistent, increasing stress of fluctuations in temperature
affect aquatic organisms.406 The problem is especially acute in “shallower
waters that turn over more slowly [and therefore] have a harder time
absorbing thermal impact[s].”407

In some cases, the thermal pollution from nuclear plants can
induce eutrophication—a process where the warmer temperature alters
the chemical composition of the water, resulting in a rapid increase of
nutrients such as nitrogen and phosphorous.408 Rather than improving
the ecosystem, such alterations usually cause “algal blooms, surface scums,
floating plant mats” and other weedy growths that severely reduce water
quality.409 In riparian environments, the enhanced growth of such chok-
ing algae and vegetation can collapse entire ecosystems.410 “This form of
thermal pollution has been known to decrease the aesthetic and recre-
ational value of rivers, lakes, and estuaries and complicate drinking water
treatment.”411
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3. Nuclear Waste Storage

At reactor sites, even when not generating a single kWh of elec-
tricity, nuclear plants must use water continuously—often about ten per-
cent of the water needed for normal operation—to cool spent nuclear fuel
rods.412 Even after the complete shutdown of a nuclear reactor, it continues
to produce residual heat of 2250 MWh and takes days to decay signifi-
cantly.413 Nuclear plants need water “to remove the decay heat produced
by the reactor core and also to cool the equipment and buildings used to
provide the core’s heat removal.”414 Service water must lubricate oil coolers
for the main turbine and chillers for air conditioning, in essence cooling
the equipment that in turn cools the reactor.415 Even when plants are not
producing electricity, service water needs can be quite high: 52,000 gallons
of water are needed per minute in the summer to merely service the Hope
Creek plant in New Jersey; 30,000 gallons per minute for the Milestone
Unit 2 in Connecticut; and 13,500 gallons per minute for the Pilgrim plant
in Massachusetts.416

Nuclear power generation also creates wastewater contaminated
with radioactive tritium and other toxic substances that can leak into
nearby groundwater sources. In December 2005, for example, Exelon
Corporation reported to authorities that its Braidwood reactor in Illinois
had since 1996 released millions of gallons of tritium-contaminated waste
water into the local watershed, prompting the company to distribute bot-
tled water to surrounding communities while local drinking water wells
were tested for the pollutant.417 When caught for their mistake, rather
than admit responsibility, Exelon ran a sleek advertising campaign to con-
vince citizens of Illinois that the tritium exposure was natural and could
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Tritium is an isotope of hydrogen that produces a weak level of radiation.
It is produced naturally in the upper atmosphere when cosmic rays strike
atmospheric gases and is produced in larger quantities as a by-product
of the nuclear energy industry. When combined with oxygen, tritium
has the same chemical properties as water. Tritium can be found at
very low levels in nearly all water sources.
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421 Id.
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be found in all water sources.418 The incident led to a lawsuit by the
Illinois Attorney General and the State Attorney for Will County who
claimed that “Exelon was well aware that tritium increases the risk of
cancer, miscarriages and birth defects and yet they made a conscious
decision not to notify the public of their risk of exposure.”419

Similarly, in New York, Entergy’s Indian Point Nuclear Plant, on
the Hudson River, emptied thousands of gallons of radioactive waste into
underground lakes from 1974 to 2005.420 The NRC accused Entergy of
not properly maintaining two spent fuel pools that leaked tritium and
strontium-90, cancer-causing radioactive isotopes, into underground water-
sheds, with as much as fifty gallons of radioactive waste seeping into water
sources per day.421

Nuclear wastewater ponds and lagoons that do not leak can still
cause serious environmental damage to migrating birds.422 Ecologists and
biologists have documented advanced morbidity and mortality among bird
populations exposed to excessive levels of sodium, selenium, and avian
botulism resulting from ingesting contaminated water at these sites.423

E. Lifecycle Emissions of Pollutants

From a climate-change standpoint, nuclear power is not much of
an improvement over conventional coal-burning power plants, despite
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recent claims by the Nuclear Energy Institute that nuclear power is the
“Clean Air Energy.”424 Reprocessing and enriching uranium requires a
substantial amount of electricity, often generated from fossil fuel-fired
power plants, and uranium milling, mining, leeching, plant construction,
and decommissioning all produce substantial amounts of greenhouse
gas.425 In order to enrich natural uranium, for example, it is converted to
uranium hexafluoride, UF6, and then diffused through permeable barri-
ers.426 “In 2002, the Paducah [uranium] enrichment plant [in Kentucky]
released over 197.3 metric tons of Freon[, a greenhouse gas far more potent
than carbon dioxide,] through leaking pipes and other equipment.”427 Data
collected from one uranium enrichment company revealed that it takes a
100 MW power plant running for 550 hours to produce the amount of en-
riched uranium needed to fuel a 1000 MW reactor, of the most efficient de-
sign currently available, for just one year.428 According to the Washington
Post, “[t]wo of the nation’s most polluting coal plants, in Ohio and Indiana,
produce electricity primarily for uranium enrichment.”429

When one takes into account the carbon-equivalent emissions asso-
ciated with the entire nuclear lifecycle, nuclear plants contribute signifi-
cantly to climate change and will contribute even more as stockpiles of
high-grade uranium are depleted. An assessment of 103 lifecycle studies
of greenhouse gas equivalent emissions for nuclear power plants found
that the average CO2 emissions over the typical lifetime of a plant are
around sixty-six grams for every kWh, or the equivalent of some 183 mil-
lion metric tons of CO2 in 2005.

430 If the global nuclear industry were taxed
at a rate of $24 per ton for the carbon equivalent emissions associated with
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its lifecycle, the cost of nuclear power would increase by about $4.4 billion
per year.431

The carbon equivalent emissions of the nuclear lifecycle will only
get worse, not better, because, over time, reprocessed fuel is depleted neces-
sitating a shift to fresh ore, and reactors must utilize lower quality ores
as higher quality ones are depleted.432 The Oxford Research Group projects
that because of this inevitable eventual shift to lower quality uranium
ore, if the percentage of world nuclear capacity remains what it is today,
by 2050 nuclear power would generate as much carbon dioxide per kWh
as comparable gas-fired power stations.433 This bears repeating: at current
levels of generation, by 2050 nuclear plants will be producing as much
greenhouse gas as some fossil fuel plants.

In addition, the capital intensity of the nuclear fuel cycle—immense
construction, reprocessing, storage, decommissioning, and R&D costs—
may make it all but impossible to mobilize nuclear power plants quickly
enough to fight climate change.434 In order for advanced nuclear plants to
even maintain the 19% share of power generation held by conventional
nuclear units in the United States, an additional 190 GW of new capacity
would have to be built.435 Taking an average reactor size of 1000 MW, this
equates to bringing online about six nuclear plants per year, every year
until 2040.436 The historical record suggests that this task is insurmount-
able. France, which currently generates 78% of its electricity from nuclear
units, has the fastest record for deploying nuclear plants in history: fifty-
eight between 1977 and 1993, or an average of 3.4 reactors per year, close
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to half the six per year needed to address U.S. climate change.437 In addi-
tion, 190 new nuclear plants would require the additional construction
of four large enrichment plants, five fuel fabrication plants, and three
waste disposal sites, each the size of Yucca Mountain.438

F. Safety

While the Chair of the Public Information Committee of the
American Nuclear Society has publicly stated that “the industry has
proven itself to be the safest major source of electricity in the Western
world,”439 the history of nuclear power proves otherwise. The safety record
of nuclear plants is lackluster at best. For one salient example, consider
that Ukraine still has a Ministry of Emergency, some twenty-two years
after the Chernobyl nuclear disaster warranted its creation.440 No less
than seventy-six nuclear accidents, defined as incidents that either re-
sulted in the loss of human life or more than $50,000 of property damage,
totaling more than $19 billion in damages have occurred worldwide from
1947 to 2008.441 See Table B.

One survey of major energy accidents from 1907 to 2007 found that
nuclear plants ranked first in economic cost among all energy accidents,
accounting for 41% of all accident related property damage, or $16.6 bil-
lion in property loss, even though nuclear power plants did not even begin
commercial operation until the 1950s.442 These numbers translate to more
than one incident and $332 million in damages every year for the past
three decades. Forty-three accidents have occurred since the Chernobyl
disaster in 1986, and almost two-thirds of all nuclear accidents have oc-
curred in the U.S., refuting the notion that severe accidents are relegated
to the past or to countries without America’s modern technologies or
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industry oversight.443 Even the most conservative estimates find that
nuclear power accidents have killed 4100 people,444 or more people than
have died in commercial U.S. airline accidents since 1982.445 “[N]uclear
power accidents have involved meltdowns, explosions, fires, and loss of
coolant, and have occurred during both normal operation and extreme,
emergency conditions such as droughts and earthquakes.”446 One index
of nuclear power accidents that included costs beyond death and property
damage—such as injuring and irradiating workers and malfunctions that
did not result in shutdowns or leaks—documented 956 incidents from 1942
to 2007.447

Using some of the most advanced probabilistic risk assessment
tools available, an interdisciplinary team at MIT identified possible reactor
failures in the U.S. and predicted that the best estimate of core damage
frequency was around one every 10,000 reactor years.448 In terms of the
expected growth scenario for nuclear power from 2005 to 2055, the MIT
team estimated that at least four serious core damage accidents will occur
and concluded that “both the historical and the PRA [probabilistic risk
assessment] data show an unacceptable accident frequency.”449 Further,
“[t]he potential impact on the public from safety or waste management
failure . . . make it impossible today to make a credible case for the im-
mediate expanded use of nuclear power.”450

Another assessment conducted by the CEA in France tried to asso-
ciate nuclear plant design with human error such that technical innovation
could help eliminate the risk of human-induced accidents.451 Two types
of mistakes were deemed the most egregious: errors committed during



68 WM. & MARY ENVTL. L. & POL’Y REV. [Vol. 33:1

452 Id. at 1113.
453 Id. at 1113-14.
454 The Chernobyl Disaster—The Accident, BBC NEWS, http://news.bbc.co.uk/2/shared/
spl/hi/guides/456900/456957/html/nn2page1.stm. (last visited Sept. 25, 2008) [hereinafter
Chernobyl Disaster].
455 Id.
456 Sovacool, supra note 442, at 1806; Chernobyl Disaster, supra note 454.
457 Sovacool, supra note 442, at 1806.
458 V.K. SAVCHENKO, THE ECOLOGY OF THE CHERNOBYL CATASTROPHE: SCIENTIFIC
OUTLINES OF AN INTERNATIONAL PROGRAMME OF COLLABORATIVE RESEARCH 70 (1995).
459 Id. at 71, Fig. 4.5.

field operations, such as maintenance and testing, that can cause an
accident, and human errors made during small accidents that cascade to
complete failure.452 There may be no feasible way to “design around” these
risks. For example, when another group of CEA researchers examined
the safety performance of advanced French Pressurized Water Reactors,
they concluded that human factors would contribute to about one-fourth
(twenty-three percent) of the likelihood of a major accident.453

Consider that the two most significant nuclear power accidents,
Chernobyl and Three Mile Island, were human caused and then exacer-
bated by more human mistakes.

1. Chernobyl, Ukraine

On the evening of April 25, 1986, evening shift engineers at
Chernobyl’s number four reactor experimented with the cooling pump
system to see if it could still function without auxiliary electricity sup-
plies.454 In order to proceed with the test, the operators turned off the
automatic shutdown system.455 At the same time, “they mistakenly lo-
wered too many control rods into the reactor core,” dropping plant output
too quickly.456 This stressed the fuel pellets, causing ruptures and explo-
sions, bursting “the reactor roof and sweeping the eruption outwards into
the sur-rounding atmosphere. As air raced into the shattered reactor, it
ignited flammable carbon monoxide gas and created a radioactive fire
that burned for nine days.”457 Immediately following the accident,
116,000 people were evacuated from a thirty square kilometer exclusive
zone constituting parts of Belarus, Ukraine, and Russia.458 The large city
of Pripiat, Ukraine, had to be completely abandoned.459

The Chernobyl meltdown released more than two hundred times
the radiation released by the atom bombs dropped on Nagasaki and
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Hiroshima.460 More than five million people, including 1.6 million chil-
dren, were exposed to dangerous levels of radiation, and about 246,000
square kilometers were contaminated with iodine-131, ruthenium-106,
cerium-141 and -144, cesium-137, strontium-89 and -90, and plutonium-
238—some of which will remain lethally radioactive for more than 10,000
years.461 At least 350,000 more people had to be forcibly resettled from the
area.462 Cesium and strontium severely contaminated agricultural prod-
ucts, livestock, and soil as far away as Japan and Norway; some milk in
Eastern Europe is still undrinkable.463

Human error after the initial accident also exacerbated the situ-
ation and needlessly exposed millions of people to unhealthy levels of
radiation. For example, the Soviet government did not begin evacuations
until April 28, two full days after the accident, because they had planned
on covering up the accident until a Swedish radiation monitoring station
800 miles northwest of Chernobyl reported radiation levels forty percent
higher than normal.464 Russian and Ukrainian disaster managers mis-
takenly sent about 1000 buses contaminated with radioactive iodine dur-
ing the evacuation back into public transportation service in Kiev.465

Some members of the Russian military personally contaminated
themselves, and their families, by rushing back into the disaster area in
what they believed was a sign of bravery.466 The act extended a long tradi-
tion of Soviet troops exposing themselves to radiation as a sign of strength,
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including tanks intentionally driving through nuclear weapons fallout
and aircraft flying back into the fallout from atmospheric weapons test-
ing.467 In what could qualify as a scene from a National Lampoon’s movie
if the consequences were not so dire, a Russian helicopter crew quickly
redeployed from Afghanistan, was assigned to drop boric acid on the ex-
posed fissile material above Chernobyl’s shattered reactor only to crash
into it, causing yet another radioactive explosion.468

After these accidents, “traces of radioactive deposits unique to
Chernobyl were found in nearly every country in the northern hemi-
sphere.”469 The international community sponsored a $1.4 billion decon-
tamination project, including the construction of a massive sarcophagus
and 131 hydroelectric installations to prevent contaminated water from
flowing downstream on the Pripiat and Dnieper rivers.470 See Figure 4.
Soviet authorities strongly urged as many as 400,000 abortions in an effort
to mitigate the reporting of birth defects.471 The International Atomic
Energy Agency, working with the World Health Organization, attributed
up to 4000 deaths to the Chernobyl nuclear accident,472 whereas other
studies put the numbers at 93,000 fatal cancer deaths throughout Europe,
140,000 in Ukraine and Belarus, and another 60,000 in Russia, for a total
of 293,000.473
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Figure 5: Chernobyl Reactor Number Four in 2008, Still Highly
Radioactive and Undergoing Multi-Billion Dollar Decommissioning

The consequences of the accident at Chernobyl, moreover, are far
from over. Fallout from Chernobyl contaminated about six million hectares
of forest in the Gomel and Mogilev regions of Belarus, the Kiev region of
Ukraine, and the Bryansk region of the Russian Federation.474 Three of
the contaminants, cesium-137, strontium-90, and plutonium-239, are ex-
traordinarily robust and extremely dangerous.475 Ninety-five percent of
these contaminants accumulated in living trees,476 but 770 wildfires have
occurred in the contaminated zone from 1993 to 2001,477 each one releasing
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radioactive emissions far into the atmosphere.478 A single, severe fire in
1992 burned five square kilometers of land contaminated by Chernobyl,
including 2.7 square kilometers of highly contaminated Red Forest next
to the reactor, carrying highly toxic cesium dust particles into the upper
atmosphere,479 distributing radioactive smoke particles thousands of kilo-
meters, and exposing at least 4.5 million people to dangerous levels of radi-
ation.480 Radiation levels were so high after the 1992 fire that scientists
throughout Europe initially thought there had been a second meltdown
at Chernobyl Reactors One or Two, which remained in operation until
2000.481

2. Three Mile Island, Pennsylvania, United States

On March 28, 1979, equipment failures and operator error con-
tributed to the loss of coolant and a partial core meltdown at the Three
Mile Island (“TMI”) nuclear reactor in Pennsylvania, causing $2.4 billion
in property damages.482 Technically, the meltdown at TMI was a “loss of
coolant” accident.483 The primary feed-water pumps stopped running at
TMI Unit 2, preventing the large steam generators at the reactor site from
removing necessary exhaust heat.484 As the steam turbines and reactor
automatically shut down, contaminated water poured out of open valves
and caused the core of the reactor to overheat, inducing a partial core
meltdown.485

A commission chartered by President Carter to study the accident,
however, found that human error played the most significant factor in
the meltdown.486 The commission stated that the TMI operators were not
well trained, operating procedures were confusing, and administrators had
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failed to learn lessons in safety from past incidents at the plant.487 The
commission concluded that “we have stated that fundamental changes
must occur in organizations, procedures, and above all, in the attitudes of
people. No amount of technical ‘fixes’ will cure this underlying problem.”488

Several American regulatory agencies conducted detailed studies
of the radiological consequences of the accident, and a consensus has
emerged that while the average dose of exposure from the accident was
one millirem, or one-sixth the exposure from a full set of chest x-rays,489

the situation came dangerously close to releasing catastrophic amounts
of radioactivity.490 For example, when federal investigators arrived on the
scene, they discovered two pieces of alarming news that had not been
widely reported. First, the reactor core was more badly damaged than
previously thought.491 Falling coolant levels in the reactor core exposed
the tops of fuel rods to the air, causing oxidation of the cladding used to
protect the rods.492 The result was that radioactive gases like xenon-133,
krypton-85 and iodine-131 seeped out of cracks in the reactor.493 Second,
a gas bubble nearly 1000 cubic feet in size had developed at the top of the
reactor.494 Apparently the reactor core had reached high enough levels that
the coolant water had decomposed into its primary elements: hydrogen and
oxygen.495 Investigators feared that the bubble would continue to grow,
forcing even more coolant water out of the reactor and allowing the core
to reach temperatures of 5000 degrees.496 At that point, the uranium fuel
would begin to melt, risking a total core meltdown and a catastrophic
release of the reactor’s radioactive material.497
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Although the incident at Three Mile Island avoided this nightmare
scenario, barely, it brought about sweeping changes to the industry and
forced the permanent closure and decommissioning of TMI Unit 2.498 After
the accident, emergency response planning, reactor operator training,
human factors engineering, radiation protection, and many other areas
of nuclear power plant operations in the U.S. were radically reformed.499

3. Newer Reactors are the Riskiest

Unfortunately, safety risks such as those at Chernobyl and Three
Mile Island are only amplified with new generations of nuclear systems.
Nuclear engineer David Lochbaum has noted that almost all serious nu-
clear accidents occurred with recent technology, making newer systems the
riskiest.500 In 1959, the Sodium Research Experiment reactor in California
experienced a partial meltdown fourteen months after opening.501 In 1961,
the Sl-1 Reactor in Idaho was slightly more than two years old before a
fatal accident killed everyone at the site.502 The Fermi Unit 1 reactor
began commercial operation in August 1966, but had a partial meltdown
only two months after opening.503 The St. Laurent des Eaux A1 Reactor
in France started in June 1969, but an online refueling machine malfunc-
tioned and melted 400 pounds of fuel four months later.504 The Browns
Ferry Unit 1 reactor in Alabama began commercial operation in August
1974 but experienced a fire severely damaging control equipment six
months later.505 Three Mile Island Unit 2 began commercial operation
in December 1978 but had a partial meltdown three months after it
started.506 Chernobyl Unit 4 started up in August 1984, and suffered the
worst nuclear disaster in history on April 26, 1986 before the two-year
anniversary of its operation.507
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Safety risks may be especially acute for new reactors in the U.S.
for three reasons. First, the pressure to build new generators on existing
sites to avoid complex issues associated with finding new locations508 only
increases the risk of catastrophe, because there is a greater chance that one
accident can affect multiple reactors. Second, Generation IV researchers
continue to pursue breeder reactor designs that use liquid sodium as cool-
ant.509 Liquid sodium, however, can be dangerous, since it can immediately
catch fire when exposed to water.510 Third, the domestic nuclear industry
lacks qualified and experienced staff and is losing much of the expertise
that it does have to retirement, attrition and death.511 The DOE has warned
that the lack of growth in the domestic nuclear industry has gradually
eroded important infrastructural elements such as experienced personnel
in nuclear energy operations, engineering, radiation protection, and other
professional disciplines; qualified suppliers of nuclear equipment and com-
ponents, including fabrication capability; and contractor, architect, and
engineer organizations with personnel, skills, and experience in nuclear
design, engineering, and construction.512 Since all commercial American
reactors are light water reactors,513 system operators have little experience
with newer gas cooled and other advanced reactor designs used through-
out the world. Moreover, the Nuclear Energy Institute warned in 2005
that “half of the industry’s employees are over 47 years old, and more
than a quarter . . .already are eligible to stop working,” implying that the
industry had far fewer available specialists with the requisite knowledge
necessary to facilitate any rapid expansion of nuclear power, let alone a
safe one.514
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Mistakes are not limited to reactor sites. Accidents at the Savannah
River reprocessing plant have already released ten times as much radio-
iodine than the accident at Three Mile Island, and a fire at the Gulf United
plutonium facility in New York in 1972 scattered an undisclosed amount
of plutonium in the area, forcing the plant to shutdown permanently.515

A similar fire at the Rocky Flats reprocessing plant in Colorado potentially
released hundreds of pounds of plutonium oxide dust into the surround-
ing environment.516

On-site accidents, unfortunately, are not the only cause of concern.
The August 2003 blackout on the U.S. East Coast revealed that fifteen
nuclear reactors in the U.S. and Canada were not properly maintaining
backup diesel generators.517 In Ontario during the blackout, reactors de-
signed to automatically unlink from the grid and remain in standby mode
instead went into full automatic shutdown, with only two of twelve reac-
tors shutting down as planned.518 Since spent fuel ponds do not receive
backup power from emergency diesel generators, when offsite power goes
down, pool water cannot be re-circulated to prevent boiling, evaporation,
and exposure of fuel rods.519 The result is a significantly increased risk of
pool fires and explosions.520

Dennis Berry, Director Emeritus of Sandia National Laboratories,
explained that the problem with new reactors and accidents is twofold: sce-
narios arise that are impossible to plan for in simulations and humans
make mistakes.521 As he put it, “fabrication, construction, operation, and
maintenance of new reactors will face a steep learning curve: advanced
technologies will have a heightened risk of accidents and mistakes. The
technology may be proven, but people are not.”522 See Figure 6.
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Figure 6: Political Cartoon Explaining the 1979 Three Mile Island
Accident as a “Core” Malfunction523

G. Security

Nuclear plants face at least three types of security risks: they rely
on a brittle and inefficient “T&D” network prone to accidents, attack and
sabotage; power plants and reactor cores themselves offer tempting tar-
gets for terrorists; and the fissile material produced from nuclear reactions
can be used to make radioactive weapons of mass destruction, for use by
rogue states or terrorists regimes bent on producing the greatest amounts
of human carnage.

1. T&D Vulnerability

A comprehensive, three-year Department of Defense (“DOD”) study
“concluded that relying on centralized nuclear plants to transmit and
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distribute electric power created unavoidable (and costly) vulnerabilities.
The study noted that T&D systems constituted ‘brittle infrastructure’ that
could be easily disrupted, curtailed, or attacked.”524 One of the authors
of the DOD study, Amory Lovins, has long advanced the idea that power
systems which are inefficient and centralized are, by design, prone to major
failures.525 “In Britain during the coalminer strikes of 1976, a leader of
the power engineers famously told Lovins that the miners brought the
country to its knees in 8 weeks, we could do it in 8 minutes.”526 Centralized
generation power requires an overly complex distribution system, “subject
to cascading failures easily induced by severe weather, human error, sabo-
tage, or even the interference of small animals.”527 “Continuous electrical
supply,” notes Lovins, “now depends on many large and precise machines,
rotating in exact synchrony across half a continent, and strung together
by an easily severed network of aerial arteries whose failure is instantly
disruptive.”528

The DOD’s conclusions complement a similar study undertaken
by the IEA, which noted that centralized energy facilities create tempting
targets for terrorists because they would need to attack only a few, poorly
guarded facilities to cause large, catastrophic power outages.529 Thomas
Homer-Dixon, Chair of Peace and Conflict Studies at the University of
Toronto, cautions that it would take merely a few motivated people with
minivans, a limited number of mortars and few dozen standard balloons
to strafe substations, disrupt transmission lines and cause a “cascade of
power failures across the country,” costing billions of dollars in direct and
indirect damage.530 A deliberate, aggressive, well coordinated assault on
the electric power grid could devastate the electricity sector and leave crit-
ical sectors of the economy without reliable sources of energy for a long
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time.531 Paul Gilman, former Executive Assistant to the Secretary of
Energy, has argued that the time needed to replace affected infrastruc-
ture would be “on the order of Iraq, not on the order of a lineman putting
things up a pole.”532

The security issues facing the modern electric utility grid are almost
as serious as they are invisible. In 1975, the New World Liberation Front
bombed assets of the Pacific Gas and Electric Company more than ten
times, and members of the Ku Klux Klan and San Joaquin Militia have
been convicted of attempting to attack electricity infrastructure.533 Interna-
tionally, organized paramilitaries such as the Farabundo-Marti National
Liberation Front were able to interrupt more than ninety percent of elec-
tric service in El Salvador and penned manuals for successfully attacking
power systems.534 A natural gas pipeline in Colombia has been shot so
many times that operators fondly refer to it as “the flute.”535

The vulnerabilities of centralized generation systems to accidental
or intentional disaster has never been so apparent as in Iraq, where de-
termined insurgents destroy critical infrastructure faster than American
contractors can rebuild it. James Robb, a former “black ops” agent and
expert in counter-terrorism, warns that a terrorist-criminal symbiosis is
developing out of the situation in Iraq.536 There, terrorists have learned
to fight nation-states strategically, without weapons of mass destruction
using a new method of “systems disruption,” a simple way of attacking elec-
tricity and natural gas networks that require centralized coordination.537

In the last three years of the U.S. occupation of Iraq, relatively simple
attacks on oil and electricity networks reduced or held delivery of these
services to prewar levels, with a disastrous affect on the country’s infant
democracy and economy.538

Insurgents were not the first to use such tactics. In its initial wave
of precision air strikes in January 1991 and March 2003 in Iraq, the U.S.
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military targeted energy infrastructure, including three nuclear plants,
both to disrupt military systems and to enhance the overall psychological
and economic impact of the attacks.539 Similarly, under its unilateral and
multilateral sanctions regime, the U.S. has barred entry of materials used
to build or repair electricity generators, knowing full well how essential
such technologies are to a country’s economic well-being.540 “Such disrup-
tions are designed to erode the target state’s legitimacy by keeping it from
providing the services it must deliver to command the allegiance of its
citizens.”541

Several recent trends in the electric utility industry have increased
the vulnerability of T&D infrastructure, and thereby made nuclear gen-
eration riskier and less reliable. To improve their operational efficiency,
many utilities and system operators have increased their reliance on auto-
mation and computerization.542 “Low margins and various competitive
priorities have encouraged industry consolidation, with fewer and bigger
facilities and intensive use of assets . . .” centralized in one geographical
area.543 As the National Research Council noted, “[power control systems
are] more centralized, spare parts inventories have been reduced, and sub-
systems are highly integrated across the entire business.”544 Restructuring
and consolidation has resulted in lower investment in security in recent
years, as cash-strapped utilities seek to minimize costs and maximize
revenue available for other areas.545

2. Plant and Reactor Insecurity

Stringent security regulations enacted after September 11th have
reduced the risk of forcible entry, car or truck bombings, cyber-terrorism,
and aerial bombardment of nuclear plants.546 Yet the NRC found that thirty-
seven of eighty-one nuclear plants tested failed their 2002 Operational



2008] NUCLEAR NONSENSE 81

547 A Review of Enhanced Security Requirements at NRC Licensed Facilities: Hearing Before
the H. Subcomm. on Oversight and Investigations, 108th Cong (Apr. 11, 2002) (statement
of David N. Orrik, Reactor Security Specialist, Nuclear Regulatory Commission).
548 Robert F. Kennedy, Jr., Nuclear Plans Vulnerable to Attack, SEATTLE POST-
INTELLIGENCER, Aug. 5, 2005, available at http://seattlepi.nwsource.com/ opinion/184879
_kennedy05.html.
549 NATIONAL RESEARCH COUNCIL, SAFETY AND SECURITY OF COMMERCIAL SPENT NUCLEAR

FUEL STORAGE: PUBLIC REPORT 3 (2006).
550 Id.
551 Quoted in ALEXANDER SHLYAKHTER, KLAUS STADIE & RICHARD WILSON, CONSTRAINTS

LIMITING THE EXPANSION OF NUCLEAR ENERGY (1995) (internal citation omitted),
available at http://phys4.harvard.edu/~wilson/publications/ppaper617.html.
552 UNION OF CONCERNED SCIENTISTS, NUCLEAR REPROCESSING: DANGEROUS, DIRTY, AND
EXPENSIVE (May 2008), available at http://www.ucsusa.org/nuclear_power/nuclear_power
_risk/nuclear_proliferation_and_terrorism/nuclear-reprocessing.html.
553 M. Salvatores, Nuclear Fuel Cycle Strategies Including Partitioning and Transmutation,
235 NUCLEAR ENGINEERING AND DESIGN 805, 805-06 (2005).

Safeguards Readiness Evaluation.547 And while the industry purports
that plant structures housing reactor fuel can withstand aircraft impact,
multiple reports have cautioned that for too many plants the vital control
building—the building that, if hit, could lead to a meltdown—is still located
outside protective structures and is vulnerable to attack.548 Furthermore,
when the National Research Council surveyed the safety of the country’s
nuclear storage facilities in 2006, they concluded that terrorist attacks
were entirely still possible, and that if an attack induced a zirconium
cladding fire, it would result in large releases of hazardous radioactive
material.549 The National Research Council emphasized that these vulner-
abilities could not be eliminated by dry cask storage technologies because
newly discharged fuel rods must be stored onsite.550

3. Fissile Material Availability and Weapons Proliferation

The Nobel Prize winning nuclear physicist Hannes Alfven has been
noted as saying that “[a]toms for peace and atoms for war are Siamese
twins.”551 Because slightly less than twenty pounds, or 9.07 kilograms,
of plutonium is needed to make a nuclear weapon,552 every ton of sepa-
rated plutonium waste has enough material for 110 nuclear weapons.
The European Union alone produces 2500 tons of spent fuel produced an-
nually, containing about twenty-five tons of separated plutonium, along
with 3.5 tons of minor actinides such as neptunium, americium, and curium
and three tons of long-lived fission products553—enough fissile material for
2750 new nuclear weapons every year. The four countries with the largest
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reprocessing fleets—Belgium, France, Germany, and UK—declared
more than 190 tons of separated plutonium in 2007, mostly stored in
plutonium dioxide powder at above ground sites and fuel manufacturing
complexes554— enough for 20,900 nuclear weapons. Put another way, the
typical nuclear reactor produces enough plutonium every two months to
create a nuclear weapon.555 Taken as a whole, commercial nuclear reac-
tors already create, every four years, an amount of plutonium equal to the
entire global military stockpile.556 And the manufacturing of nuclear
weapons from spent fuel is not the only risk: one kilogram of plutonium
is equivalent to about twenty-two million kilowatt hours of heat energy.557

A dirty bomb laced with a kilogram of plutonium can therefore produce an
explosion equal to about 20,000 tons of chemical explosive.558

There is no shortage of terrorist groups eager to acquire the
nuclear waste or fissile material needed to make a crude nuclear device
or a dirty bomb. The risks are not confined to the reactor-site. All stages
of the nuclear fuel cycle are vulnerable, including:

• Stealing or otherwise acquiring fissile material at
uranium mines;

• Attacking a nuclear power reactor directly;
• Assaulting spent fuel storage facilities;
• Infiltrating plutonium stores or processing facilities;
• Intercepting nuclear materials in transit;
• Creating a dirty bomb from radioactive tailings.559

After three decades of searching, Pacific Gas & Electric is still un-
able to locate segments of one of their fuel rods missing from its Humboldt
Bay nuclear power plant.560 Since 1993, shortly after the collapse of the



2008] NUCLEAR NONSENSE 83

561 GOVERNMENT ACCOUNTABILITY OFFICE, COMBATING NUCLEAR SMUGGLING:
CORRUPTION, MAINTENANCE, AND COORDINATION PROBLEMS CHALLENGE U.S. EFFORTS TO
PROVIDE RADIATION DETECTION EQUIPMENT TO OTHER COUNTRIES 7 (2006) (481 cases),
available at http://www.gao.gov/new.items/d06311.pdf; RENSSALAEER LEE, REPORT FOR

CONGRESS, NUCLEAR SMUGGLING AND INTERNATIONAL TERRORISM: ISSUES AND OPTIONS

FOR U.S. POLICY CR-4 (2002) (426 cases), available at http://www.usembassy.it/
pdf/other/RL31539.pdf.
562 Dual Use: Perils of Proliferation, JANE’S INTELLIGENCE DIGEST, Aug. 12, 2004,
available at http://www.janes.com/security/international_security/news/jid/
jid040812_1_n.shtml.
563 See Rob Edwards, Special Report: A Struggle for Nuclear Power, NEW SCIENTIST, Mar.
22, 2003, available at http://www.newscientist.com/article.ns?id=dn3519; Jonathan
Schell, The Folly of Arms Control, FOREIGN AFFAIRS, Sept.-Oct. 2000, available at
http://www.foreignaffairs.org/20000901faessay74/jonathan-schell/the-folly-of-arms-con
trol.html; Robert L. Pfaltzgraff Jr., The Future of the Nuclear Non-Proliferation Treaty,
FLETCHER FORUM OF WORLD AFFAIRS, Special Edition 2006, at 65, 72.
564 North Korea and Syria: Oh What a Tangled Web They Weave, THE ECONOMIST, May
1, 2008, available at http://www.economist.com/world/international/displaystory.cfm?
story_id=11293979.
565 Id.
566 Id.

Soviet Union, authorities have documented 917 incidents of nuclear smug-
gling in Russia, Germany, France, Turkey, Libya, Jordan, and Iran, and
those are only the incidents we know about.561 A 2004 Jane’s Intelligence
Review report concluded that a substantial increase in the number of
new nuclear power plants worldwide would directly increase the risks
associated with nuclear weapons proliferation.562

Existing safeguards are clearly inadequate. After all, the Interna-
tional Atomic Energy Agency was unable to prevent India, Pakistan,
Iran, Libya, and North Korea from using their civilian reactors to launch
weapons programs.563

In September 2007, Israel bombed a Syrian gas-cooled, graphite-
moderated nuclear reactor under construction without grid connections in
a deserted canyon east of the Euphrates River that would have produced
enough plutonium for two bombs within a year of operation.564 Syria has
also turned to North Korea to realize its nuclear ambitions, using reactor
designs based on the North Korean facility at Yongbyon.565 The disgraced
Pakistani nuclear laboratory director Abdul Qadeer Khan admitted to
helping Libya, Iran, and Syria with nuclear power plant designs.566

Moreover, the Nuclear Non-Proliferation Treaty (“NPT”) has been
significantly weakened by a recent tentative agreement between the U.S.
and India where the U.S. functionally ignored the central tenant of the
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NPT that states that signatory nations refrain from transferring nuclear
technology to non-signatory states.567 “Should a state with a fully devel-
oped fuel-cycle capability decide for whatever reason to break away from
its non-proliferation commitments,” Mohamed Elbaradei, the former
director of the IAEA, stated, “most experts believe it could produce a
nuclear weapon within a matter of months.”568

Consequently, in October 2007, leading arms control experts
signed a letter urging the Senate Appropriations Committee to eliminate
all funding for the GNEP on the grounds that continuing the program
would encourage substantial nuclear weapons proliferation.569 A 2005
study from the Nuclear Transmutation Energy Research Center of Korea
also concluded that despite the rhetoric spouted by Generation IV advo-
cates, no nuclear power systems, encompassing “all kinds” of possible
reactors and fuel cycles, will ever be completely proliferation proof.570

III. ANOTHER ALTERNATIVE—RENEWABLE POWER FOR REAL

As this section of the article shows, however, we need not commit
ourselves to a power system characterized by intractable technical,
social, economic, and political challenges. Renewable power generators,
in contrast to nuclear power plants relying on uranium mining or repro-
cessing, utilize sunlight, wind, falling water, biomass, waste, and geo-
thermal heat to produce electricity from fuels that are mostly free for the
taking. These “fuels” also happen to be in great abundance in the U.S.,
and thus offer a way to make the U.S. electricity sector less susceptible
to supply chain interruptions and shortages. Vikram Budhraja, former
President of Edison Technology Solutions, noted that “the beauty of
renewable energy” is that “it has no fuel input,” and that its competitive-
ness remains relatively constant no matter how much the market price
of oil, gas, coal, and uranium changes.571

Operators generally divide renewable power systems into seven
types: wind turbines, solar photovoltaic panels, solar thermal systems,
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572 BENJAMIN K. SOVACOOL, THE DIRTY ENERGY DILEMMA: WHAT’S BLOCKING CLEAN
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geothermal plants, biomass facilities, hydroelectric stations, and ocean,
wave, and tidal technologies. See Table 3.

TABLE 3: RENEWABLE POWER GENERATORS AND ASSOCIATED FUEL
CYCLES572

Source Description Fuel Size of

Individ-

ual Units

Onshore
Wind

Wind turbines capture the
kinetic energy of the air and
convert it into electricity via a
turbine and generator

Wind 1.5 kW to
2.5MW

Offshore
Wind

Offshore wind turbines operate
in the same manner as onshore
systems but are moored or sta-
bilize to the ocean floor

Wind 750 kW to
5 MW

Solar PV Solar photovoltaic cells con-
vert sunlight into electrical
energy through the use of
semiconductor wafers

Sunlight 1 W to
100 MW

Solar
Thermal

Solar thermal systems use
mirrors and other reflective sur-
faces to concentrate solar radia-
tion, utilizing the resulting high
temperatures to produce steam
that directly powers a turbine
The three most common genera-
tion technologies are parabolic
troughs, power towers, and
dish-engine systems.

Sunlight 5 kW to
320 MW

Geother-
mal (con-
ventional)

An electrical-grade geother-
mal system is one that can
generate electricity by means
of driving a turbine with geo-
thermal fluids heated by the
earth’s crust

Hydrother-
mal fluids
heated by
the earth’s
crust

25 MW to
1,400 MW
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573 See JULIE BEAUCHEMIN ET. AL, FROM THE SUSTAINABILITY OF WIND ENERGY: A GLOBAL

APPROACH TO WIND POWER 58-59 (Centre for Environmental Studies University of
Aarhus Denmark 2004), available at http://www.environmentalstudies.au.dk/
publica/f2004windenergy.pdf.
574 See INT’L ENERGY AGENCY, REPORT IEA-PVPS T1-16:2007, TRENDS IN PHOTOVOLTAIC
APPLICATIONS: SURVEY REPORT OF SELECTED IEA COUNTRIES BETWEEN 1992 AND 2006 9,
21 (2007), available at http://www.iea-pvps.org/products/download/rep1_16.pdf.

Geother-
mal (ad-
vanced)

Deep geothermal generators
utilize engineered reservoirs
that have been created to ex-
tract heat from water while it
comes into contact with hot
rock, and returns to the sur-
face through production wells

Hydrother-
mal fluids
heated by
the earth’s
crust

10 MW to
1,500 MW

Biomass
(combus-
tion)

Biomass generators combust
to biological material to pro-
duce electricity, sometimes
gasifying it prior to combus-
tion to increase efficiency

Agricul-
tural resi-
dues, wood
chips, forest
waste, en-
ergy crops

20 to 50
MW

Biomass
(landfill
gas)

These biomass plants gener-
ate electricity from landfill
gas and anaerobic digestion

Municipal
and indus-
trial wastes
& trash

30kW to
10.5 MW

Hydro-
electric

Hydroelectric dams impede
the flow of water and regu-
lates its flow to generation
electricity

Water 200 kW to
6,809 MW

Ocean
Power

Ocean, tidal, wave, and ther-
mal power systems utilize the
movement of ocean currents
and heat of ocean waters to
produce electricity

Saline Wa-
ter

N/A

Wind turbines convert the flow of air into electricity, and are most
competitive in areas with stronger and more constant winds, such as
locations offshore or in regions of high altitude.573

Solar photovoltaic (“PV”) cells, also called “flat plate collectors,”
convert sunlight into electrical energy through the use of semiconductor
wafers, and are often used in arrays and integrated into buildings.574
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Fluoride-Salt Closed-Brayton-Cycle Solar Power Towers, 129 J. SOLAR ENERGY
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TEMPERATURE, SMALL-SCALE APPLICATIONS 3-4 (Geo-Heat Center 2000), available at
http://geoheat.oit.edu/pdf/powergen.pdf.
577 See Behdad Moghtaderi, Changdong Sheng, & Terry F. Wall, An Overview of the
Australian Biomass Resources and Utilization Technologies, 1 BIORESOURCES 93, 94
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.gov/biomass/landfill_gas.html (last visited Oct. 26, 2008).
580 See California Energy Commission, Anaerobic Digestion, http://www.energy.ca
.gov/biomass/anaerobic.html (last visited Oct. 26, 2008).
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edu/hyhowworks.html (last visited Oct. 26, 2008).
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Solar thermal systems, also called “concentrated” or “concentrat-
ing” solar power, use mirrors and other reflective surfaces to concentrate
solar radiation, utilizing the resulting high temperatures to produce
steam to then power a turbine.575

An electrical-grade geothermal system is one that can generate
electricity by means of driving a turbine with geothermal fluids heated
by the earth’s crust.576

Biomass generators combust agricultural residues, wood chips,
forest wastes, energy crops, municipal and industrial wastes, and trash
to produce electricity.577 Biomass generation also includes advanced
combustion techniques such as biomass gasification, in which the
biomaterial is gasified to increase efficiency prior to its combustion, and
co-firing, in which biomass burns with another fuel, such as coal or
natural gas, to increase its density,578 as well as the electrical generation
from landfill gas579 and anaerobic digestion.580

Two types of hydroelectric facilities exist: large-scale facilities that
consist of a dam or reservoir impeding water and regulating its flow, and
run-of-river plants that create a small impoundment to store a day’s sup-
ply of water.581 Smaller hydroelectric systems, also referred to as “run-of-
the-mill,” “micro-hydro,” and “run-of-the-river” hydro-power, consist of a
water conveyance channel or pressured pipeline to deliver water to a
turbine or waterwheel that powers a generator, which in turn transforms
the energy of flowing water into electricity.582 Then the diverted water is
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585 See Heng Zhang, Ocean Electric Energy Extraction Opportunities (June 27, 2003)
(unpublished M.Sc. thesis, Oregon State University) (on file with Oregon State
University libraries), available at http://ir.library.oregonstate.edu/dspace/bitstream/
1957/7121/1/Zhang_Heng.pdf.
586 See Larry West, Is Ocean Power a Viable Energy Source?, ABOUT.COM:
ENVIRONMENTAL ISSUES, http://environment.about.com/od/offbeatenergysources/
a/ocean_power.htm (last visited Nov. 6, 2008) (“Given the difficulty and cost of building
tidal arrays at sea and getting the energy back to land, however, ocean technologies are
still young and mostly experimental.”); see also Martin LaMonica, Seadog Pump Fetches
Ocean Power, GREENTECH, May 28, 2008, http://news.cnet.com/8301-11128_3
-9952575-54.html (“Ocean power is, for the most part, experimental technology.”).
587 See U.S. CONGRESS, OFFICE OF TECHNOLOGY ASSESSMENT, RENEWING OUR ENERGY
FUTURE 147, 151, 166, 186 n.81 (1995), available at http://www.princeton.edu/~ota/
disk1/1995/9552/955207.PDF. Baseload power plants produce electricity continuously,
and are often referred to as the backbone of the electricity industry. Id. at 150.
588 Lea Kosnik, The Potential of Water Power in the Fight Against Global Warming in the
US, 36 ENERGY POL’Y 3252, 3253, 3258 (2008).

sent almost immediately back into the flow of the original source.583

Because they operate on a much smaller scale, use smaller turbines and
require much less water, run-of-the-mill hydro plants escape many of the
challenges raised by their larger counterparts.584

The category of electricity known as “ocean power” includes
shoreline, near-shore, and offshore “wave extraction” technologies and
Ocean Thermal Energy Conversion (“OTEC”) systems.585 Because they
are a much newer technology than other renewables, comprehensive cost
analyses and product reviews are limited.586 Because ocean power plants
do not currently exist in the commercial sector, we do not discuss them
much in this article.

Advances in design, operation, and maintenance now enable these
types of power technologies to generate electricity more reliably than
nuclear plants. Geothermal, bioelectric, and hydroelectric plants have long
provided reliable baseload power in the same fashion as nuclear plants.587

One very recent 2008 assessment of hydroelectric power in the U.S. found
that by looking at just four possible resources–constructing new but
smaller scale dams, upgrading existing facilities, adding power generators
to non-hydroelectric dams, and commercializing hydro-kinetics–58,882
MW to 311,202 MW of installed baseload capacity was available.588 That
amount is equivalent to between 50 and 300 new nuclear reactors, and it
already takes into account restrictive environmental standards.
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Previously intermittent sources such as wind and solar also are
used to displace nuclear resources.589 No less than nine recent studies
have concluded that the variability and intermittency of wind and solar
resources becomes easier to manage the more they are deployed and
interconnected, and not the other way around, as some utilities
suggest.590 This is because wind and solar plants help grid operators
handle major outages and contingencies elsewhere in the system, since
they generate power in smaller increments that are less damaging than
unexpected outages from large plants.591 Researchers at the Georgia
Institute of Technology and the Virginia Polytechnic Institute & State
University even found that when coupled with a rigorous energy effi-
ciency and demand management program, solar panels could completely
displace the electricity currently coming from the two GW Indian Point
nuclear facility in New York.592

Energy storage technologies allow wind and solar farms to operate
as baseload plants, even when interconnecting the two technologies is
infeasible. Wind turbines combined with compressed air energy storage
technologies allow the capacity factor to rise above 70%, making them
“functionally equivalent to a conventional baseload plant,” according to
Paul Denholm of the National Renewable Energy Laboratory
(“NREL”).593 Combining pumped hydro storage with wind and solar can
further offset baseload generation. Sovacool noted that

Bonneville Power Administration, a large federal utility in
the Pacific Northwest, uses its existing 7000 MW hydro-
electric and pumped hydro storage network to do just that.
Starting in 2005, Bonneville offered a new business ser-
vice to “soak up” any amount of intermittent renewable
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began commercial operations on Nov. 27, 2005. Roger Garratt, Director, Resource Acqui-
sition & Emerging Technologies, Puget Sound Energy, Exploring Wind & Solar Resources,
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output, and sell it as firm output from its hydro-power
network one week later.594

Depending on their locations, these storage technologies can have more
than 1000 MW of capacity, readily available at potentially low costs.595 As
evidence of their effectiveness, the U.S. enjoys a combined installed capac-
ity of 22.1 GW from pumped hydro and compressed air storage systems.596

A. Cost

In contrast to gargantuan nuclear units, most renewable power
technologies tend to have quicker construction lead times, taking be-
tween a few months to five years to implement. There is no need for
mining, milling, or leeching uranium, enriching and reprocessing fuel
assemblies, or permanently storing radioactive waste. The quicker lead
times for renewables enables a more accurate response to load growth,
and minimizes the financial risk associated with borrowing hundreds of
millions of dollars to finance plants for ten or more years before they
start producing a single kW of electricity. Florida Power & Light (“FPL”)
claimed that it can take a new wind farm from groundbreaking to com-
mercial operation in as little as three to six months.597 In 2005, Puget
Sound Energy proved that FPL’s boast was achievable in practice when
it brought eighty-three 1.8 MW wind turbines at its Hopkins Ridge Wind
Project from groundbreaking to commercial operation in exactly six
months and nine days.598

Wind turbines are not the only technology that can achieve these
kinds of quick lead times. In Nevada, Ormat Nevada Incorporated
commissioned a twenty MW geothermal power plant only eight months
after groundbreaking on the facility.599
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Solar panels can be built in various sizes, placed in arrays ranging
from watts to megawatts, and used in a wide variety of applications,
including centralized plants, distributed sub-station plants, grid con-
nected systems for home and business use, and off-grid systems for
remote power use.600 “PV systems have long been used to power remote
data relaying stations critical to the operation of supervisory control and
data acquisition systems used by electric and gas utilities and govern-
ment agencies.”601 Solar installations may require even less construction
time than wind or geothermal facilities since the materials are pre-
fabricated and modular. The Partnership for Advancing Technology in
Housing recently conducted a case study of one PV powered home,
finding it required only a two month lead time for the panels.602

Utilities and investors can cancel modular plants more easily, so
abandoning a project is not a complete loss, and the portability of most
renewable systems means recoverable value exists should the technolo-
gies need to be resold as commodities in a secondary market.603 Smaller
units with shorter lead times “reduce the risk of buying a technology that
. . .becomes obsolete even before it’s installed,” and quick installations
“can better exploit rapid learning,” as “many generations of product
development can be compressed into the time it would take simply to
build a single giant [power plant].”604 In addition, outage durations tend
to be shorter than those from larger plants and repairs for reciprocating
gas and diesel engines take less money, time, and skill. As one study
concluded, “[t]echnologies that deploy like cell phones and personal
computers are faster than those that build like cathedrals. Options that
can be mass-produced and adopted by millions of customers will save
more carbon and money sooner than those that need specialized institu-
tions, arcane skills, and suppression of dissent.”605

Amazingly, the United Nations recently calculated in a study
utilizing 2007 data collected from dozens of countries, that renewable
power sources can produce incredibly cheap power without subsidies. At
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the low end of the range, hydroelectric, geothermal, wind, and biomass
can all generate electricity for 7 ¢/kWh or less.606 See Table 4.

TABLE 4: LEVELIZED COST OF ELECTRICITY (LCOE) FOR RENEWABLE

POWER TECHNOLOGIES, WITHOUT SUBSIDIES607

Technology Nominal LCOE ($2007 U.S. ¢/kWh)

Hydroelectric 3 to 7 ¢/kWh
Geothermal 4 to 7 ¢/kWh
Wind 5 to 12 ¢/kWh
Bioelectric 5 to 12 ¢/kWh
Solar Thermal 12 to 18 ¢/kWh
Solar PV 20 to 80 ¢/kWh

Without additional subsidies, most renewable power sources,
with their “intermittent” or “low” capacity factors, are already cost-
competitive with conventional systems.608 Their progress is all the more
impressive considering that these technologies reached such a point
while receiving only a small fraction of the subsidies set aside for con-
ventional systems.

However, even these estimates fail to compare accurately the
price of renewable power sources with nuclear power plants, looking at
all of their costs and benefits. For example, Thomas Sundqvist analyzed
132 separate estimates for individual generators to determine the extent
to which price estimates failed to reflect true costs and benefits.609 Aware
that one could tweak the numbers by looking at only one or two studies,
Sundqvist looked at as many studies of renewable energy price estimates
as he could—thirty-eight.610 He found that true life cycle costs, when
averaged across studies, represented an additional 8.63¢/kWh for nuclear
plants but only 0.29 to 5.20¢/kWh for renewable power generators.611
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Taking the mean values from Sundqvist and adjusting them to $2007,
the seven technologies with the lowest true costs (including life-cycle
costs) are energy efficiency, offshore wind, onshore wind, geothermal,
hydroelectric, biomass, and solar thermal.612

By contrast, taking the extra cost associated with nuclear
power—12.5¢/kWh in $2007—and multiplying it only by nuclear electric-
ity generation in 2006—787 billion kWh–and the extra cost of nuclear
energy is stupefying: $98.38 billion.613 In other words, nuclear power
generation created $98.38 billion of additional costs that are not assumed
in traditional estimates of nuclear power’s price. Many of these costs are
“hidden” because neither nuclear producers nor consumers had to pay for
these additional expenses. Instead, the additional life-cycle costs of
nuclear energy were shifted to society at large.614 When all of these
“hidden costs” are considered in estimates of the costs and benefits,
nuclear power is the eighth most expensive form of power currently
available on the market. See Table 5.

TABLE 5: THE TRUE COST OF POWER GENERATORS, $2007615

Technology True Cost, $2007 (¢/kWh)

Offshore Wind 3.4
Onshore Wind 6.7
Geothermal 8
Hydroelectric 8.7
Biomass (Landfill Gas) 12.1
Parabolic Troughs (Solar Thermal) 12.8
Biomass (Combustion) 15.3
Advanced Nuclear 18
Solar Ponds (Solar Thermal) 22.1
Advanced Gas and Oil Combined Cycle 22.7
Gas Oil Combined Cycle 23
Advanced Gas and Oil Combined Cy-
cle with Carbon Capture

27.8

Integrated Gasification Combined Cycle 29.1
Scrubbed Coal 29.5
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IGCC with Carbon Capture 31.3
Advanced Combustion Turbine 43.7
Solar Photovoltaic (panel) 44.8
Combustion Turbine 47.2

B. Fuel Availability

All renewable power sources utilize widely abundant, non-
depletable, and domestically available forms of fuel. M. King Hubbert,
the famous geophysicist who accurately predicted that American oil
production would peak about 1970, often remarked that it would be
incredibly difficult for people living now, accustomed to exponential
growth in energy consumption, to assess the transitory nature of fossil
fuels.616 Hubbert argued that proper reflection could only happen if one
looked at a time scale of ten thousand years. On such a scale, Hubbert
thought that the complete cycle of the world’s exploitation of fossil and
nuclear fuels would encompass perhaps 1100 years, with the principal
segment of this cycle covering about 300 years.617 Indeed, some are
already projecting that, at current rates of consumption, the world has
less than seventy years of supply left.618 For this reason, Tim Jackson has
referred to conventional fuels as “thermodynamic time-bombs.”619

Thankfully, the Earth receives radiation from the sun in a
quantity far exceeding humanity’s needs. By heating the planet, the sun
generates wind and creates waves.620 The sun powers the evapo-transpi-
ration cycle, allowing for the generation of power from hydroelectric
sources.621 Plants photosynthesize, creating a wide range of “biomass”
products.622 These resources, in contrast to fossil fuels, have no foresee-
able end. As German Parliamentarian Hermann Scheer put it, “[o]ur
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dependence on fossil fuels amounts to global pyromania . . .[a]nd the only
fire extinguisher we have at our disposal is renewable energy.”623

Fortunately, the U.S. has an enormous cache of renewable energy
resources. A comprehensive study undertaken by the DOE calculated that
93.3 percent of all domestically available energy in the United States was
in the form of wind, geothermal, solar, and biomass.624 We are literally the
Saudi Arabia of renewable resources. The DOE estimated, in fact, that the
total amount of renewable resources found within the country amounted
to a total resource base equivalent to 657,000 billion barrels of oil, more
than 46,800 times the national rate of energy consumption per year.625

Amazingly, this estimate was validated by researchers at U.S. Geological
Survey, Oak Ridge National Laboratory (“ORNL”), Pacific Northwest Na-
tional Laboratory, Sandia National Laboratory, NREL, the Colorado
School of Mines, and Pennsylvania State University.626

According to published, nonpartisan, and peer-reviewed estimates
from the DOE, EPA, NREL, ORNL, and the Energy Foundation, and not
estimates from manufacturers and trade associations, assuming the
utilization of existing, commercially available technologies, the country
has 3,730,721 MW of achievable renewable energy potential by 2010.627
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BIOPRODUCTS INDUSTRY: THE TECHNICAL FEASIBILITY OF A BILLION-TON ANNUAL SUPPLY,
DOE/GO-102995-2135 (2005), available at http://feedstockreview.ornl.gov/pdfbillion_
ton_vision.pdf. Achievable biomass potential (landfill gas) was taken from U.S. EPA
LANDFILL METHANE OUTREACH PROGRAM, AN OVERVIEW OF LANDFILL GAS ENERGY IN THE
UNITED STATES (2008), available at www.epa.gov/lmop/docs/overview.pdf. Achievable hydro-
electric potential excludes all nationally protected lands and areas, and is taken from U.S.
DEP’T OF ENERGY, WATER RESOURCES OF THE UNITED STATES WITH EMPHASIS ON LOW HEAD/
LOW POWER RESOURCES, DOE/ID-11111 (2004), available at http://hydropower.inel.gov/
resourceassessment/pdfs/03-11111.pdf.
628 “The U.S. electric power industry’s total installed generating capacity was 1,089,807
megawatts . . .as of December 31, 2007.” Edison Electric Institute, Industry Statistics,
http://www.eei.org/industry_issues/industry_overview_and_statistics/industry_statisti
cs/index.htm (last visited Oct. 27, 2008).
629 See SOVACOOL, supra note 572. Specifically, installed capacity in 2007 in the U.S.
amounted to 106,950 MW out of the achievable installed capacity of 3,730,721 MW.

Within this estimate, two numbers become significant: first, renewable
resources have the capability to provide 3.7 times the total amount of
installed electricity capacity operating in 2008;628 second, the country has
harnessed only a whopping 2.9 percent of the potential energy to be
found in the nation’s available renewable resources.629

C. Land and Waste Storage

Renewable power sources also require less land area than conven-
tional generators, and most of the land they occupy is still “dual use.”
When configured in large centralized plants and farms, wind and solar
technologies use around ten to seventy-eight square kilometers of land
per installed GW per year, but traditional plants can use more than 100
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15-16 (2005), available at http://www.ucsusa.org/assets/documents/clean_energy/
nogee-responses-3-25-05.pdf.
634 TERRAPASS, HIGH WINDS FACILITY PROFILE, available at http://www.terrapass.com/
investments/highwinds.pdf.
635 Scott Sklar, What Does the Future Hold for Solar Energy Farms?, RENEWABLE ENERGY
WORLD, Dec. 20, 2006, http://www.renewableenergyworld.com/rea/news/ate/story?id=
46904 (last visited Oct. 31, 2008).
636 NATIONAL RENEWABLE ENERGY LABORATORY, supra note 630, at 1.

square kilometers of land per year to produce the same amount of elec-
tricity.630

In open and flat terrain, newer large-scale wind plants require
about sixty acres per MW of installed capacity, but the amount drops to
as little as two acres per MW for hilly terrain.631 While this may sound
like a lot, only 5%, or three acres, of this area is actually occupied by
turbines, access roads, and other equipment; 95% remains free for other
compatible uses such as farming or ranching.632 Alan Nogee from Union
of Concerned Scientists (“UCS”) estimates that only a small fraction of
contiguous land in the country, ranging from between 0.11% to 0.26%,
would be needed to supply 20% of the nation’s electricity from wind
energy, and of that land, more than 98% would be available for other
uses.633

At the High Winds Project in Solano, California, for example,
eight different landowners host ninety separate 1.8 MW wind turbines
that total 162 MW of electricity capacity, but are still able to use about
96% of farmland around and between the turbines.634

When integrated into building structures and facades, solar PV
systems would require no new land at all. The California Exposition
Center in Sacramento, California, for example, fully integrates 540 kW of
PV into a parking lot.635 Indeed, NREL concluded that, “a world relying on
PV would offer a landscape almost indistinguishable from the landscape
we know today.”636 The Energy Policy Initiatives Center at the University
of San Diego recently estimated that the city could construct 1532 GWh of
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IN THE SAN DIEGO REGION 2 (2006), available at http://www.sandiego.edu/epic/
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638 WORLDWATCH INSTITUTE & CENTER FOR AMERICAN PROGRESS, supra note 597, at 20.
639 See UNION OF CONCERNED SCIENTISTS, HOW BIOMASS ENERGY WORKS 5-6 (2006),
available at http://www.ucsusa.org/assets/documents/clean_energy/how_biomass_
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640 Id. at 5.
641 Id.
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643 Id. at 1-2.
644 U.S. DEP’T OF ENERGY, supra note 351, at 10.

solar PV relying only on available roof area downtown.637 In fact, the
Worldwatch Institute noted that “[s]olar power plants that concentrate
sunlight in desert areas require 2,540 acres per billion kWh. On a lifecycle
basis, this is less land than a comparable coal or hydro-power plant [gener-
ating the same amount of electricity] requires . . . .”638

High-yield food crops leech nutrients from the soil, but the cultiva-
tion of biomass crops on degraded lands can help stabilize soil quality,
improve fertility, reduce erosion, and improve ecosystem health.639 Peren-
nial energy crops improve land cover and enable plants to form an exten-
sive root system, adding to the organic matter content of the soil.640

Agricultural researchers in Iowa, for instance, discovered that planting
grasses or poplar trees in buffers along waterways captured runoff from
corn fields, making streams cleaner.641 “Prairie grasses, with their deep
roots, build up topsoil, putting nitrogen and other nutrients into the
ground.”642 Twigs and leaves decompose in the field after harvesting,
enhancing soil nutrient composition. Biomass crops can also create better
wildlife habitats, since they frequently include native plants that attract
a greater variety of birds and small animals, and poplar trees, sugar cane,
and other crops can be grown on land unsuitable for food production.643

D. Water

Renewables such as wind and solar PV do not consume or with-
draw water, and hydroelectric, geothermal, and biomass facilities do not
risk radioactive contamination of water supplies. The DOE acknowledges
that renewables could play a key role in averting a “business-as-usual
scenario” where “consumption of water in the electric sector could grow
substantially.”644 Another DOE report noted that “[g]reater additions of
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wind to offset fossil, hydro-power, and nuclear assets in a generation
portfolio will result in a technology that uses no water, offsetting water-
dependent technologies.”645 Dr. Ed Brown, Director of Environmental
Programs at the University of Northern Iowa, estimated that a 100 W
solar panel would save approximately 2000 to 3000 gallons of water over
the course of its lifetime.646 Similarly, Dr. Brown concluded that “billions
of gallons of water can be saved every day” through the greater use of
renewable energy technologies.647

The American Wind Energy Association conducted one of the most
comprehensive assessments of renewable energy and water consumption.
Their study estimated that wind power uses less than 1/600th as much
water per unit of electricity produced as does nuclear, 1/500th as much as
coal, and 1/250th as much as natural gas-small amounts of water are used
to clean wind and solar systems.648 By displacing centralized fossil fuel
and nuclear generation, clean power sources such as energy efficiency and
renewables can conserve substantial amounts of water that would other-
wise be withdrawn and consumed for the production of electricity.

E. Lifecycle Emissions of Pollutants

Every single renewable power technology is less greenhouse-gas-
intensive than any sized nuclear power plant. A single, one MW wind
turbine running at only 30% of capacity for one year, for example, dis-
places more than 1500 tons of CO2, 2.5 tons of sulfur dioxide, 3.2 tons of
nitrogen oxides, and sixty pounds of toxic mercury emissions.649 One
study assessing the environmental savings of a 580 MW wind farm
located on the Altamont Pass near San Francisco, California, concluded
that the turbines displaced hundreds of thousands of tons of air pollut-
ants each year that would have otherwise resulted from fossil fuel com-
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656 Id.

bustion.650 The study estimated that the wind farm will displace more
than twenty-four billion pounds of nitrogen oxides, sulfur dioxides,
particulate matter and CO2 over the course of its twenty year life-
time—enough to cover the entire city of Oakland in a pile of toxic pollu-
tion forty stories high.651

Dedicated biomass electrical plants release no net CO2 emissions
into the atmosphere, as long as they avoid combusting fossilized fuel,
and produce fewer toxic gases. One study conducted by the Center for
Energy Policy and Technology found that combined cycle biomass
gasification plants produce one twentieth the amount of pollutants
emitted by coal-fired power plants, and one tenth the pollution of equiv-
alent natural gas plants.652 Landfill capture generators and anaerobic
digesters harness methane and other noxious gases from landfills and
transform them into electricity.653 This does not just produce useful
energy, but also displaces greenhouse gases that would otherwise escape
into the environment.654

Geothermal plants also have immense air quality benefits. “A
typical geothermal plant using hot water and steam to generate electric-
ity emits about 1 percent of the sulfur dioxide (“SO2”), less than 1 per-
cent of the nitrous oxide (“NOx”), and 5 percent of the CO2 emitted by a
coal-fired plant of equal size.”655 Its airborne emissions are “essentially
nonexistent” because geothermal gases are not released into the atmo-
sphere during normal operation.656 Another study calculated that the
geothermal plants currently in operation throughout the U.S. avoid
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32,000 tons of NOx, 78,000 tons of SO2, 17,000 tons of particulate mat-
ter, and sixteen million tons of CO2 emissions every single year.657

All forms of hydroelectric generation combust no fuel, meaning
they produce little to no air pollution in comparison with conventional
power plants. Luc Gagnon and Joop F. van de Vate conducted a full
lifecycle assessment of hydroelectric facilities, and focused on the activi-
ties related to building of dams, dykes, and power stations; decaying
biomass from flooded land, where plant decomposition produces methane
and CO2; and the thermal backup power needed when seasonal changes
cause hydroelectric plants to run at partial capacity.658 They found that
typical emissions of greenhouse gases for hydro-power were still thirty
to sixty times less than those from equally sized fossil-fueled stations.659

In terms of climate change, and greenhouse gases, the IAEA
estimates that when direct and indirect carbon emissions are included,
coal plants are about seven times more carbon intensive than solar and
fifty times more carbon intensive than wind technologies.660 Natural gas
fares little better, at two times the carbon intensity of solar and twenty
seven times the carbon intensity of wind.661 In the U.S., the DOE esti-
mates that “every kilowatt-hour (kWh) of renewable power avoids the
emission of more than one pound of carbon dioxide.”662 According to data
compiled by UCS, achieving twenty percent renewables penetration by
2020 would reduce CO2 emissions by 434 million metric tons, the equiva-
lent of taking nearly seventy-one million automobiles off the road.663

An almost identical study published in Energy Policy found that
biomass facilities were about ten times cleaner than the best coal technolo-
gies and that wind, solar electric, and hydroelectric systems were almost
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100 times cleaner than the cleanest coal-fueled system.664 Martin Pehnt
from the Institute for Energy and Environmental Research in Heidelberg
conducted lifecycle analyses of fifteen separate distributed generation and
renewable energy technologies and found that all but one—solar
PV—emitted much less carbon dioxide or other greenhouse gases per kilo-
watt hour than nuclear reactors.665 In an analysis using updated data,
researchers from Brookhaven National Laboratory found that current esti-
mates of the greenhouse gas emissions for a typical solar PV system range
from twenty-nine to thirty-five grams of carbon dioxide equivalent/ kWh,666

significantly less than the equivalent emissions for nuclear power.667

Nuclear energy proponents may argue that these estimates
compare base-load energy sources, such as nuclear, to intermittent or
non-dispatchable sources, such as wind and solar PV. However, if these
updated numbers are correct, then renewable energy technologies are
two to seven times more effective on a per kWh basis than nuclear power
at fighting climate change. Therefore, even the deployment of much more
intermittent renewable capacity to generate equivalent amounts of
energy would still more effectively address climate change than relying
on deployment of base-load nuclear or fossil fueled generators.

F. Safety

Unlike the scores of nuclear accidents discussed above, not a
single major energy accident in the past century involved small-scale
renewable energy systems or energy efficiency, whereas fossil fueled,
nuclear, and larger hydroelectric facilities were responsible for 279
accidents totaling forty-one billion dollars in damages and 182,156
deaths.668 An investigation of energy-related accidents in the European
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Union found that nuclear power was forty-one times more dangerous
than equivalently sized coal, oil, natural gas, and hydroelectric
projects.669 Nuclear plants were at risk of killing about forty-six people
for every GW-year of power produced.670 A database of major industrial
accidents from 1969 to 1996 compiled by the Paul Scherrer Institute
found that 31%, or 4290 out of 13,914, were related to the fossil fuel
sector.671 Another study concluded that about 25% of the fatalities caused
by severe accidents worldwide in the period 1970 to 1985 occurred in the
conventional energy sector.672 Even if we were to assume that a massive
expansion of renewable energy systems may increase the likelihood of
industrial accidents within the sector, any reasonable estimate would
find that renewables are a far safer alternative to nuclear or fossil fuels.

G. Security

Deploying renewable power systems in targeted areas provides an
effective alternative to constructing new transmission and distribution
lines, transformers, local taps, feeders, and switchgears, especially in con-
gested areas or regions where the permitting of new transmission networks
is difficult. One study found that up to 10% of total distribution capacity in
ten year high growth scenarios could be cost-effectively deferred using
distributed generation technologies such as solar PV and solar thermal.673

PG&E, the largest investor-owned utility in California, built an
entire power plant in 1993 to test the grid benefits of a 500 kW solar PV
plant. PG&E found that the generator improved voltage support, mini-
mized power losses, lowered operating temperatures for transformers on
the grid, and improved transmission capacity.674 The benefits were so
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large that the small-scale solar PV generator was twice as valuable as
the utility had originally estimated, with projected benefits of 14 to 20
¢/kWh.675 The experience convinced PG&E to consider the use of solar PV
as a substitute for greater investments in T&D infrastructure. Using
conventional approaches, planners proposed an upgrade of 230-kV and
60-kV lines serving seven substations in the San Francisco area, esti-
mated to cost PG&E $355 million, in 1990 dollars.676 However, PG&E
ultimately discovered that a cheaper alternative was to strategically
deploy distributed 500-kW solar PV plants connected to distribution
feeders.677 By investing in such locally sited solar PV projects, PG&E
found that it could defer a significant number of its transmission up-
grades and ultimately saved $193 million, or more than half the present
cost of the expansion plan, by installing solar panels.678

Since modern renewable technology enables utilities to remotely
dispatch hundreds of scattered units, it also improves the ability of
utilities to handle peak load and grid congestion problems. Another
PG&E analysis, comparing fifty 1-MW distributed solar PV plants to one
.50-MW central plant in Kerman, California, found that the grid advan-
tages, in forms of load savings and congestion, more than offset the
disadvantages, in terms of high capital cost and interconnection, of
installing the new generation.679

The use of renewables also diversifies the “fuels” used to gener-
ate electricity, thereby minimizing the risk of fuel interruptions, short-
ages, and accidents. Together, renewable power technologies can in-
crease security by reducing the number of large and vulnerable targets
on the grid, providing insulation for the grid in the event of an attack,
and minimizing foreign dependence on uranium. While renewable
technologies are constantly derided as intermittent or variable, it is far
more certain to rely on the sun shining and the wind blowing than to
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rely on a system that saboteurs could easily disrupt by blowing up a
single power station or snipping a few transmission lines. Renewables
are far more resilient and far less attractive a target to possible attack-
ers than the ever-tempting nuclear power plant, spent fuel repository,
or uranium mine.

CONCLUSION

Nuclear power generators cannot be mass produced. They take
much longer to build, and are therefore exposed to escalating interest
rates, inaccurate demand forecasts, and unforeseen labor conflicts. Their
centralization requires costly and expansive T&D systems. The nuclear
system is thus subject to highly uncertain projections about uranium
availability, is centrally administered by a technocratic elite, and is
vulnerable to the ebb and flow of international politics, requiring
garrison-like security measures at multiple points in the supply chain.

Renewable power technologies, in contrast, reduce dependence on
foreign sources of fuel, and therefore create a more secure fuel supply
chain that minimizes exposure to economic and political changes abroad.
Renewable technologies decentralize electricity supply so that an acciden-
tal or intentional outage affects a smaller amount of capacity than an
outage at a larger nuclear facility. Renewable energy technologies im-
prove the reliability of power generation by conserving or producing power
close to the end-user, and minimizing the need to produce, transport, and
store hazardous and radioactive fuel. Unlike generators relying on ura-
nium and recycled plutonium, renewable generators are not subject to the
volatility of global fuel markets. They can also respond more rapidly to
supply and demand fluctuations, improving the efficiency of the electricity
market. Most significantly, renewable power technologies have enormous
environmental benefits since their use tends to avoid air pollution and the
dangers and risks of extracting uranium. They generate electricity with-
out releasing significant quantities of CO2 and other greenhouse gases
that contribute to climate change as well as life-endangering nitrogen
oxides, sulfur dioxides, particulate matter, and mercury. They also create
power without relying on the extraction of uranium and its associated
digging, drilling, mining, leeching, transporting, storing, sequestering,
and polluting of land, and in some cases can restore degraded ecosystems.

Our choice of an energy future thus boils down to a simple
question: Do we want a nuclear economy, centrally administered by
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technical specialists, completely reliant on government subsidies, de-
pendent on future breakthroughs in research, sure to promote interna-
tional proliferation and worsen inequity and vulnerability, which re-
quires draconian security measures, wastefully generates and distributes
electricity, remains based on highly uncertain projections about theoreti-
cal nuclear designs and available fuel, fouls the nations water and land,
and trashes the planet for many future generations?

Or do we want a small to medium scale, decentralized electricity
system that is more efficient, independent from government funding,
encompassing commercially available technologies, that operates with
minimal harm to the environment, remains resilient to disruptions and
terrorist assaults, is equally available to all future generations, and
highly beneficial to all income groups?

When the true costs of nuclear energy are compared to the true
benefits of renewable technologies, the answer is almost too obvious. In
a carbon-constrained world, continued investment in nuclear technolo-
gies still on the drawing board makes little sense, especially as such
technologies rely on diminishing stocks of usable uranium that will
require more and more energy inputs to enrich to fuel-grade status. Why
invest in nuclear energy as a solution to global climate change when by
the time such systems come online, enriching the fuel for them will
require emitting as much carbon as today’s fossil fuel systems?

Any rational investor, regulator, and citizen would choose instead
to invest in the deployment of technologies that require little to no
energy inputs to harness free and clean fuels widely available in the
United States and throughout the world. Policymakers should peek
beyond the smoke-and-mirrors used to obscure the obvious advantages
of renewable technologies and the obvious costs of nuclear systems. Any
effective response to electricity demand in a world facing climate change
involves enormous expansion in our use of renewable technologies and
a steady abandonment of nuclear power.
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APPENDIX TABLE A: ESTIMATED AND ACTUAL COSTS OF 75 NUCLEAR

POWER PLANTS IN THE UNITED STATES

Estimated Costs at Start

of Construction (Millions

of 1990$)

Realized

Cost

(Millions

of 1990$)

Estimated

Costs at Start

of Construc-

tion (Millions

of 1990$)

Realized Cost

(Millions of

1990$)

Plant Plant

Arkansas Nuclear 1 $375 $624 McGuire 1 $414 $1,299
Arkansas Nuclear 2 $460 $1,081 McGuire 2 $472 $1,269
Beaver Valley 1 $513 $1,176 Millstone 2 $474 $936

Beaver Valley 2 $913 $4,099 Millstone 3 $1,046 $3,998
Braidwood $762 $2,723 Nine Mile

Point 2
$1,008 $5,281

Browns Ferry 1 $303 $876 North Anna 1 $515 $1,555
Browns Ferry 2 $227 $657 North Anna 2 $445 $932
Browns Ferry 3 $227 $657 Palisades $294 $422
Brunswick 1 $430 $718 Palo Verde 1 $1,234 $4,185
Brunswick 2 $352 $933 Palo Verde 2 $920 $2,291
Byron 1 $741 $2,518 Peach Bottom 2 $532 $1,418

Byron 2 $552 $2,072 Peach Bottom 3 $423 $560
Callaway $1,136 $2,999 Perry 1 $981 $3,729
Calvert Cliffs 1 $357 $1,142 Rancho Seco $389 $876
Calvert Cliffs 2 $287 $765 River Bend 1 $718 $4,091
Catawba 1 $559 $2,074 Salem 1 $462 $1,829
Clinton $710 $4,058 Salem 2 $378 $1,497
Cooper $378 $1,053 San Onofre $1,134 $3,343
Crystal River 3 $362 $948 San Onofre 3 $1,056 $2,078
Davis-Besse 1 $484 $1,359 Sequoyah 1 $524 $1,560
Diablo Canyon 1 $445 $3,750 Sequoyah 2 $429 $1,276
Diablo Canyon 2 $459 $2,333 Shoreham $300 $4,139
Donald C. Cook 1 $657 $1,303 St. Lucie 1 $365 $1,130
Duane Arnold $340 $716 St. Lucie 2 $893 $1,876
Edwin I. Hatch 1 $417 $951 Surry 1 $419 $761
Edwin I. Hatch 2 $653 $922 Surry 2 $329 $437
Fermi 2 $596 $3,783 Susquehanna 1 $1,320 $2,654
Fort Calhoun 1 $222 $520 Susquehanna 2 $753 $2,274
Grand Gulf 1 $1,105 $3,473 Three Mile Is-

land 1
$323 $1,008
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Estimated Costs at Start

of Construction (Millions

of 1990$)

Realized

Cost

(Millions

of 1990$)

Estimated

Costs at Start

of Construc-

tion (Millions

of 1990$)

Realized Cost

(Millions of

1990$)

Plant Plant

Harris 1 $898 $3,999 Three Mile Is-
land 2

$668 $1,287

Hope Creek $1,592 $4,598 Trojan $582 $1,145

Indian Point $477 $859 Virgil
Summer 1

$630 $1,707

Joseph M. Farley 1 $387 $1,463 Waterford 3 $617 $3,303
Joseph M. Farley 2 $406 $1,228 Wolf Creek 1 $1,143 $2,835
Kewaunee $297 $559 WPSS 2 $786 $4,008
LaSalle 1 $715 $1,918 Zion 1 $593 $768
LaSalle 2 $532 $1,255 Zion 2 $430 $752
Limerick 1 $921 $3,980

Total $45,247 $144,650
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APPENDIX TABLE B: LIST OF 76 MAJOR NUCLEAR POWER ACCIDENTS 1952
TO 2008

Date Location Description Fatalities Cost (in

millions

2006$)

December 12,
1952

Chalk River,
Ontario, Can-
ada

Hydrogen explosion
damage reactor inte-
rior, releasing 30 kilo-
grams of uranium
oxide particles

0 $45

October 8,
1957

Windscale,
United King-
dom

Fire ignites
plutonium piles, de-
stroys surrounding
dairy farms

33 $78

May 24, 1958 Chalk River,
Ontario, Can-
ada

Fuel rod catches fire
and contaminates
half of facility

0 $67

July 26, 1959 Simi Valley,
California,
United States

Partial core meltdown
takes place at Santa
Susana Field Labora-
tory’s Sodium Reactor
Experiment

0 $32

January 3,
1961

Idaho Falls,
Idaho, United
States

Explosion at National
Reactor Testing Sta-
tion

3 $22

October 5,
1966

Monroe, Michi-
gan, United
States

Sodium cooling sys-
tem malfunctions at
Enrico Fermi demon-
stration breeder reac-
tor causing partial
core meltdown

0 $19

May 2, 1967 Dumfries and
Galloway, Scot-
land

Fuel rod catches fire
and causes partial
meltdown at the
Chaplecross Magnox
nuclear power station

0 $76

January 21,
1969

Lucens, Canton
of Vaud, Swit-
zerland

Coolant system mal-
functions at under-
ground experimental
reactor

0 $22

May 1, 1969 Stockholm,
Sweden

Malfunctioning valve
causes flooding in
Agesta pressurized
heavy water nuclear
reactor, short circuit-
ing control functions

0 $14
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August 11,
1973

Palisades,
Michigan,
United States

Steam generator leak
causes manual shut-
down of pressurized
water reactor oper-
ated by the Consum-
ers Power Company

0 $10

March 22,
1975

Browns Ferry,
Alabama,
United States

Fire burns for seven
hours and damages
more than 1,600 con-
trol cables for three
nuclear reactors, dis-
abling core cooling
systems

0 $240

February 22,
1977

Jaslovske
Bohunice,
Czechoslovakia

Mechanical failure
during fuel loading
causes severe corro-
sion of reactor and
release of radioactiv-
ity into the plant
area, necessitating
total decommission

0 $1,700

February 4,
1979

Surry,
Virginia,
United States

Virginia Electric
Power Company man-
ually shuts down
Surry Unit 2 in re-
sponse to replace
failed tube bundles in
steam generators

0 $12

March 28,
1979

Middletown,
Pennsylvania,
United States

Equipment failures
and operator error
contribute to loss of
coolant and partial
core meltdown at
Three Mile Island
nuclear reactor

0 $2,400

February 11,
1981

Florida City,
Florida, United
States

Florida Light &
Power manually shut
down Turkey Point
Unit 3 after steam
generator tubes de-
grade and fail

0 $2

March 8, 1981 Tsuruga, Japan 278 workers exposed
to excessive levels of
radiation during re-
pairs of Tsuruga nu-
clear plant

0 $3
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February 26,
1982

San Clemente,
California,
United States

Southern California
Company shut down
San Onofre Unit 1 out
of concerns for earth-
quake

0 $1

March 20,
1982

Lycoming, New
York, United
States

Recirculation system
piping fails at Nine
Mile Point Unit 1,
forcing 2 year shut-
down

0 $45

March 25,
1982

Buchanan,
New York,
United States

Multiple water and
coolant leaks cause
damage to steam gen-
erator tubes and main
generator, forcing the
New York Power Au-
thority to shut down
Indian Point Unit 3
for more than one
year

0 $56

February 12,
1983

Fork River,
New Jersey,
United States

Oyster Creek nuclear
plant fails safety in-
spection, forced to
shut down for repairs

0 $32

February 26,
1983

Pierce, Florida,
United States

Workers discover
damaged thermal
shield and core barrel
support at St. Lucie
Unit 1, necessitating
13 month shutdown

0 $54

September 7,
1983

Athens, Ala-
bama, United
States

Tennessee Valley Au-
thority discovers ex-
tensive damage to
recirculation system
pipeline, requiring
extended shutdown

0 $34

September 23,
1983

Buenos Aires,
Argentina

Operator error during
fuel plate reconfigura-
tion cause meltdown
in an experimental
test reactor

1 $65

December 10,
1983

Plymouth,
Massachusetts,
United States

Recirculation system
piping cracks and
forces Pilgrim nuclear
reactor to shutdown

0 $4

April 18, 1984 Delta, Pennsyl-
vania, United
States

Philadelphia Electric
Company shuts down
Peach Bottom Unit 2
to due to extensive re-
circulation system and
equipment damage

0 $18
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June 13, 1984 Platteville, Col-
orado, United
States

Moisture intrusion
causes 6 fuel rods to
fail at Fort St. Vrain
nuclear plant, requir-
ing emergency shut-
down from Public Ser-
vice Company of Colo-
rado

0 $22

September 15,
1984

Athens, Ala-
bama, United
States

Safety violations, op-
erator error, and de-
sign problems force 6
year outage at
Browns Ferry Unit 2

0 $110

March 9, 1985 Athens, Ala-
bama, United
States

Instrumentation sys-
tems malfunction
during startup, con-
vincing the Tennessee
Valley Authority to
suspend operations at
all three Browns
Ferry Units

0 $1,830

June 9, 1985 Oak Harbor,
Ohio, United
States

Loss of feedwater pro-
vokes Toledo Edison
Company to inspect
Davis-Besse facility,
where inspectors dis-
cover corroded reactor
coolant pumps and
shafts

0 $23

August 22,
1985

Soddy-Daisy,
Tennessee,
United States

Tennessee Valley Au-
thority Sequoyah
Units 1 and 2 fail
NRC inspection due
to failed silicon rub-
ber insulation, forcing
3 year shutdown, fol-
lowed by water circu-
lation problems that
expose workers to
excessive levels of
radiation

0 $35

December 26,
1985

Clay Station,
California,
United States

Safety and control
systems unexpectedly
fail at Rancho Seco
nuclear reactor, ulti-
mately leading to the
premature closure of
the plant

0 $672
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April 11, 1986 Plymouth,
Massachusetts,
United States

Recurring equipment
problems with instru-
mentation, vacuum
breakers, instrument
air system, and main
transformer force
emergency shutdown
of Boston Edison’s
Pilgrim nuclear facil-
ity

0 $1,001

April 26, 1986 Kiev, Ukraine Mishandled reactor
safety test at
Chernobyl nuclear
reactor causes steam
explosion and melt-
down, necessitating
the evacuation of
300,000 people from
Kiev and dispersing
radioactive material
across Europe

4,056 $6,700

May 4, 1986 Hamm-
Uentrop, Ger-
many

Operator actions to
dislodge damaged fuel
rod at Experimental
High Temperature
Gas Reactor release
excessive radiation to
4 square kilometers
surrounding the facil-
ity

0 $267

May 22, 1986 Normandy,
France 

A reprocessing plant
at Le Hague malfunc-
tions and exposes
workers to unsafe
levels of radiation and
forces five to be hospi-
talized

0 $5

March 31,
1987

Delta, Pennsyl-
vania, United
States

Philadelphia Electric
Company shuts down
Peach Bottom units 2
and 3 due to cooling
malfunctions and un-
explained equipment
problems

0 $400

April 12, 1987 Tricastin,
France

Areva’s Tricastin fast
breeder reactor leaks
coolant, sodium, and
uranium hexachlo-
ride, injuring seven
workers and contami-
nated water supplies

0 $50
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December 17,
1987

Hesse,
Germany

Stop valve fails at
Biblis Nuclear Power
plant and contami-
nates local area

0 $13

December 19,
1987

Lycoming, New
York, United
States

Fuel rod, waste stor-
age, and water pump-
ing malfunctions force
Niagara Mohawk
Power Corporation to
shut down Nine Mile
Point Unit 1

0 $150

September 10,
1988

Surry,
Virginia,
United States

Refueling cavity seal
fails and destroys in-
ternal pipe system at
Virginia Electric
Power Company’s
Surry Unit 2, forcing
12 month outage

0 $9

March 5, 1989 Tonopah, Ari-
zona, United
States

Atmospheric dump
valves fail at Arizona
Public Service Com-
pany’s Palo Verde
Unit 1, leading to
main transformer fire
and emergency shut
down

0 $14

March 17,
1989

Lusby, Mary-
land, United
States

Inspections at Balti-
more Gas & Electric’s
Calvert Cliff Units 1
and 2 reveal cracks at
pressurized heater
sleeves, forcing ex-
tended shutdowns

0 $120

September 10,
1989

Tarapur,
Maharashtra,
India

Operators at the
Tarapur nuclear
power plant discover
that the reactor had
been leaking radioac-
tive iodine through its
cooling structures and
discover radiation
levels of iodine—129
more than 700 times
normal levels. Repairs
to the reactor take
more than one year.

0 $78
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November 24,
1989

Greifswald,
East Germany

Electrical error
causes fire in the
main trough that de-
stroys control lines
and 5 main coolant
pumps and almost
induces meltdown

0 $443

November 17,
1991

Scriba, New
York, United
States

Safety and fire prob-
lems force New York
Power Authority to
shut down the
FitzPatrick nuclear
reactor for 13 months

0 $5

April 21, 1992 Southport,
North
Carolina,
United States

NRC forces Carolina
Power & Light Com-
pany to shut down
Brunswick Units 1
and 2 after
emergency diesel gen-
erators fail

0 $2

May 13, 1992 Tarapur,
Maharashtra,
India

A malfunctioning
tube causes the
Tarapur nuclear reac-
tor to release 12 cu-
ries of radioactivity

0 $2

February 3,
1993

Bay City,
Texas, United
States

Auxiliary feedwater
pumps fail at South
Texas Project Units 1
and 2, prompting
rapid shutdown of
both reactors

0 $3

February 27,
1993

Buchanan,
New York,
United States

New York Power Au-
thority shut down
Indian Point Unit 3
after AMSAC system
fails

0 $2

March 2, 1993 Soddy-Daisy,
Tennessee,
United States

Equipment failures
and broken pipes
cause Tennessee Val-
ley Authority to shut
down Sequoyah Unit
1

0 $3

March 31,
1993

Bulandshahr,
Uttar Pradesh,
India

The Narora Atomic
Power Station suffers
a fire at two of its
steam turbine blades,
damaging the heavy
water reactor and
almost leading to a
meltdown

0 $220
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December 25,
1993

Newport, Mich-
igan, United
States

Detroit Edison Com-
pany prompted to
shut down Fermi
Unit 2 after main tur-
bine experienced cat-
astrophic failure due
to improper mainte-
nance

0 $67

April 6, 1994 Tomsk, Russia Pressure buildup
causes mechanical
failure at Tomsk-7
Siberian Chemical
Enterprise plutonium
reprocessing facility,
exploding a concrete
bunker and exposing
160 onsite workers to
excessive radiation

0 $44

January 14,
1995

Wiscasset,
Maine, United
States

Steam generator
tubes unexpectedly
crack at Maine Yan-
kee nuclear reactor,
forcing Maine Yankee
Atomic Power Com-
pany to shutdown the
facility for 1 year

0 $62

February 2,
1995

Kota,
Rajasthan, In-
dia

The Rajasthan
Atomic Power Station
leaks radioactive he-
lium and heavy water
into the Rana Pratap
Sagar River, necessi-
tating a two year
shutdown for repairs

$280

May 16, 1995 Salem, New
Jersey, United
States

Ventilation systems
fail at Public Service
Electric & Gas Com-
pany’s Salem Units 1
and 2

0 $34

February 20,
1996

Waterford,
Connecticut,
United States

Leaking valve forces
Northeast Utilities
Company to shut
down Millstone Units
1 and 2, further in-
spection reveals mul-
tiple equipment fail-
ures

0 $254
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September 2,
1996

Crystal River,
Florida, United
States

Balance-of-plant
equipment malfunc-
tion forces Florida
Power Corporation to
shut down Crystal
River Unit 3 and
make extensive re-
pairs

0 $384

September 5,
1996

Clinton, Illi-
nois, United
States

Reactor recirculation
pump fails, prompting
Illinois Power Com-
pany to shut down
Clinton boiling water
reactor

0 $38

September 20,
1996

Senaca, Illi-
nois, United
States

Service water system
fails and prompts
Commonwealth Edi-
son to close LaSalle
Units 1 and 2 for
more than 2 years

0 $71

September 9,
1997

Bridgman,
Michigan,
United States

Ice condenser con-
tainment systems fail
at Indiana Michigan
Power Company’s
D.C. Cook Units 1
and 2

0 $11

June 18, 1999 Prefecture, Ja-
pan

Control rod malfunc-
tion set off un-
controlled nuclear
reaction

0 $34

September 30,
1999

Ibaraki Prefec-
ture, Japan

Workers at the
Tokaimura uranium
processing facility try
to save time by mix-
ing uranium in buck-
ets, killing two and
injuring 1,200

2 $54

February 16,
2002

Oak Harbor,
Ohio, United
States

Severe corrosion of
control rod forces 24
month outage of
Davis-Besse reactor

0 $143

April 10, 2003 Paks, Hungary Damaged fuel rods
hemorrhage spent
fuel pellets, corroding
heavy water reactor

0 $37

August 9,
2004

Fukui Prefec-
ture, Japan

Steam explosion at
Mihama Nuclear
Power Plant kills 5
workers and injures
dozens more

5 $9
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April 19, 2005 Sellafield,
United King-
dom

20 metric tons of ura-
nium and 160 kilo-
grams of plutonium
leak from a cracked
pipe at the Thorp nu-
clear fuel reprocess-
ing plant

0 $65

June 16, 2005 Braidwood,
Illinois, United
States

Exelon’s Braidwood
nuclear station leaks
tritium and contami-
nates local water sup-
plies

0 $41

August 4,
2005

Indian Point,
New York,
United States 

Entergy’s Indian
Point Nuclear Plant,
located on the Hud-
son River, leaks tri-
tium and strontium
into underground
lakes from 1974 to
2005

$30

March 6, 2006 Erwin, Tennes-
see, United
States

Nuclear fuel services
plant spills 35 liters
of highly enriched
uranium, necessitat-
ing 7 month
shutdown

0 $98

December 24,
2006

Jadugoda, In-
dia

One of the pipes car-
rying radioactive
waste from the
Jadugoda uranium
mill ruptures and
distributes radioac-
tive materials more
than 100 square kilo-
meters

0 $25

July 18, 2007 Kashiwazaki,
Japan

The Tokyo Electric
Power Company an-
nounces that their
Kariwa nuclear plant
leaks 315 gallons of
radioactive water into
the Sea of Japan after
being damaged by a
6.8 magnitude earth-
quake

0 $2
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June 4, 2008 Ljubljana,
Slovenia

Slovenian regulators
shut down the Krsko
nuclear power plant
after the primary
cooling system mal-
functions and coolant
spills into the reactor
core

0 $1

June 14, 2008 Fukushima
Province, Ja-
pan

A 7.2 magnitude
earthquake cracks
reactor cooling towers
and spent fuel storage
facilities, spilling 19
liters of radioactive
wastewater and dam-
aging the Tokyo Elec-
tric Power Company’s
No. 2 Kurihara Power
Plant

0 $45

July 4, 2008 Ayrshire and
Suffolk, United
Kingdom

Two British Energy
nuclear reactors (the
Largs and the
Sizewell B facilities)
shutdown unexpect-
edly after their cooling
units simultaneously
malfunction, damag-
ing emergency sys-
tems and triggering
blackouts

0 $10

July 13, 2008 Tricastin,
France

The nuclear power
operator Areva re-
ports that dozens of
liters of wastewater
contaminated with
uranium are acciden-
tally poured on the
ground and runoff
into a nearby river

0 $7

Total 4,100 $19,076


