Nuclear Energy
This report has been prepared for the Amherst League of Women Voters by
Richard Kofler, a member of the Energy study committee of that League. The
study committee has read and approves its content. Other energy reports by the
committee cover energy efficiency and conservation, wind, solar, geothermal and
the energy grid system. This and the other reports can be found on the Amherst
League of Women Voters website.
Note: This report will be updated in the near future to include the references from
which the information in this report was obtained.

Summary
The use of nuclear energy in power plants worldwide has an extended history.
This report attempts to inform the reader about some of that history and the many
issues that are associated with the use of nuclear energy in electric power plants.
There are compelling advantages as well as disadvantages to the use of nuclear
energy, and this report attempts to elucidate them without prejudice. The future
of nuclear power is discussed in light of the lessons learned from the history of
nuclear reactors as well as the recent accident at the reactors at the FukushimaDaichi plant in Japan. It is hoped that this report will educate the reader about the
issues, and help to inform their decisions concerning whether or not to support the
future development of nuclear energy.
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Nuclear Energy
Introduction:
The discovery and emergence of nuclear energy was one of the major milestones of the 20th
century. Although it found its first use in the nuclear weapon systems that have proliferated
worldwide, it has also found peaceful applications with the construction of controlled fission
power reactors, emerging as a major new source of energy worldwide. Following World War II,
there was an optimism that the generation of electricity from nuclear energy would be “too cheap
to meter”. It was expected to be a super clean, safe and abundant source of cheap energy.
History has shown otherwise; nevertheless nuclear energy has become one of the major sources
of energy in the U.S. and throughout the industrialized world. Globally there are currently 436
nuclear reactors in 31 countries, generating over 370,000 MegaWatts, approximately 5% of all
electricity generation worldwide. The global distribution of nuclear reactors is shown in Figure
1. France has 58 reactors, supplying 63,000 MegaWatts, representing over 80% of its electricity
generation. There are 12 other countries that get 30%, or more, of their electricity from nuclear
generating plants. In the United States there are 104 nuclear reactors, supplying a total of
100,000 MegaWatts, approximately 20% of the U.S total. New England has seven nuclear power
plants supplying 6,600 MegaWatts, approximately 30% of the total in New England.

Figure 1
The location of Nuclear Reactors throughout the World
Electricity Generators: an Overview
Conceptually, the generation of electricity in a nuclear power plant has much in common with
electricity generation in a fossil fuel burning plant as well as concentrated solar plants (CSP).
Both plants utilize a heat source to generate steam that spins a turbine that connected to an
electricity generator. In both cases only a fraction of the heat energy, approximately 1/3, can be
converted to electric energy. The remaining 2/3 of the heat energy cannot be converted and is
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generally discarded into the environment, usually by heating a body of water or evaporating
water from a source. This is not insignificant: a 1000 MegaWatt power plant requires
approximately 10,000 gallons of water per second to absorb the waste heat, increasing the
o
temperature of that water by as much as 20 F and causing adverse environmental impacts. In
fossil fuel burning plants, the heat is generated by the chemical oxidation (burning) of a
substance like wood, coal, oil or natural gas. In this case the energy release results from the
chemical rearrangement of the atoms in the fuel and oxygen to form new molecules. The
rearranged atoms maintain their identity and their total numbers during the reactions. The
energy release in nuclear reactions results from the rearrangement of the constituents of the
participating nuclei, generally the splitting (fission) of heavy nuclei, each into 2 nuclear fission
fragments plus several neutrons. The fission products are extremely energetic and transfer much
of their energy to nearby atoms, producing the heating effect. Furthermore, the bulk of the
combustion products from fossil fuel burning are released to the atmosphere, while the fission
products in a nuclear plant are almost entirely kept isolated from the environment. In fact, coal
contains trace amounts of naturally occurring radioactive elements that are released into the
atmosphere along with the combustion products; as a result coal-burning power plants release
more radioactive elements to the atmosphere than do nuclear power plants.
Although the two types of power plants have much in common, nuclear power plants have
unique design requirements and constraints. To understand these it is necessary to understand
some of the features of nuclear reactions. The reader is referred to the section on the Physics and
Design of Nuclear Reactors in the appendix for a more complete description.
Advantages of Nuclear Power
Small Fuel Load
Nuclear reactions release energies that are more than a million times larger than chemical
reactions. Hence a nuclear power plant requires a fuel input that is a million times smaller
than a similar sized power plant that burns fossil fuels. While the fuel in a 500 Megawatt
nuclear reactor (less than 100 tons) lasts 12-24 months, an equivalent 500 Megawatt fossil
fuel-burning plant requires an annual fuel load in excess of 2 million tons of coal, or 1
million tons of natural gas. Nuclear fuel is in the form of long (10-12 feet) thin
(approximately 1 inch) rods that are encased in a thin metallic wrapping, usually a
zirconium alloy. Once the nuclear fuel is installed in a reactor, the plant operates 18-24
months before refueling is required. During the refueling only about 1/3 of the fuel rods
(called “spent fuel”) are replaced. Hence individual fuel rods remain in the reactor for 4-6
years on the average. The spent fuel rods primarily contain the fission daughter products,
unburned U235, and plutonium-239 (Pu239), a fissionable material that is produced by
neutron bombardment of U238 during reactor operation.
Large Fuel Reserves
Although the most common fuel, U235, comprises only 0.7% of the naturally occurring
uranium in the Earth’s crust, there are sufficient reserves to satisfy the foreseeable global
demand for nearly a century. Use of the fissionable Pu239 generated during normal
operation of uranium burning power plants would increase that time period. In addition,
there are next-generation designs that use naturally occurring thorium to generate U233,
another fissionable isotope of uranium that can be used to fuel nuclear reactors. Use of
these alternate fuels could provide power generation for two or more centuries.

3

Emission-less Operation
Under normal operation of nuclear reactors the fission products are completely contained
within the fuel rods. Hence there are no emissions including, notably, no greenhouse
gases. By contrast, a 500 Megawatt fossil fuel plant burning natural gas emits more than 2
million tons of CO2 per year. A coal-burning plant of that size emits twice that amount of
CO2, plus particulate matter that is hazardous to human health, and large amounts of SO2
that cause acid rain. As was noted above, coal contains trace amounts of naturally
occurring radioactive elements that are also vented into the air during the operation of coal
burning power plants. Radioactive releases from nuclear plants are rare; they have
occurred in a few Boiling Water Reactors (described below), due to leaks in the plumbing
that circulates steam from the reactor core to the generator turbines. The radiation releases
in these few cases have been small especially compared to the cumulative radiation releases
from coal burning plants.
Low Operation and Fuel Costs
The cost of producing electricity is the sum of the operating cost and the fuel cost. The
production cost of nuclear plants is lower than that of any of the fossil fueled power plants
as shown in Figure 2. On the other hand, the high construction costs of nuclear power
plants will be elucidated later under the Disadvantages of Nuclear Power section.

Figure 2
A history of the Production Costs (Operation plus Fuel) for generation of
electricity using Coal, Gas Oil or Nuclear fuel sources. Data is from the U.S.
Energy Information Agency.
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High Reliability (Uptime)
The reliability of nuclear power, as measured by the average capacity factor (“uptime”
percentage), is very high. Even with downtimes for refueling and maintenance issues,
nuclear power plants have the highest capacity factor of any of the power plant sources, as
shown in Table 1.
Fuel Type
Nuclear
Geothermal
Coal (Steam Turbine)
Gas (Combined Cycle)
Hydro
Wind
Solar
Gas (Steam Turbine)
Oil (Steam Turbine)

Capacity Factor
91.2
71.6
65.4
45.8
29.4
29.1
17.7
12.9
8.9

Table 1
Average uptime Capacity Factor for electricity generation from a
variety of fuel sources. The data is compiled by the U.S. Energy
Information Agency
It should be noted that Massachusetts’s electricity is obtained from suppliers and
distributed to consumers by ISO-New England, the agency that oversees the grid system in
New England. Energy sources are selected by the Independent System Operators (ISOs)
on the basis of production prices that are bid by the suppliers on a daily basis. Nuclear
generators are selected routinely because their production costs are lower than those of
generators using other fuels
Arguably Safe
The sum of the years of operation of all of the nuclear power plants in the world totals
15,000 reactor-years. During that time there have been 3 major accidents: Three Mile
Island in 1979, Chernobyl in 1986, and Fukushima-Daichi in 2011. While 3 accidents in
15,000 reactor years is a relatively small rate, the consequences for last two of these
accidents have been extremely dire. The accident at Three Mile Island is generally
considered a success story. The accident was the result of a pressure relief valve failure,
followed by inappropriate action on the part of the plant operators that resulted in a partial
core meltdown. On the positive side, the molten core was completely contained; there
were only very small radiation releases, no environmental damage, and no deaths due to the
accident. There was a small benefit from the TMI accident: lessons learned from careful
analyses of the accident led to improvements in reactor monitoring hardware and operator
safety training in the entire fleet of U.S. reactors. The Chernobyl and Fukushima accidents
will be discussed in the next section.
Nuclear accidents can be extremely serious and steps to enhance nuclear safety must be
taken if there is to be a future for nuclear power. On the other hand, when considering
safety, one needs to compare nuclear power generation with the alternatives. Various
estimates of the human health costs of fossil fuels are daunting. It is estimated that
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worldwide 300,000 people die annually from the pollutants of fossil fuel based electricity
generation: carbon monoxide, sulfur dioxide, nitrogen oxides, particulates, volatile organics
and heavy metals, notably mercury. An estimated 170,000 people die annually worldwide
from coal burning electricity generation alone. In the U.S. it is estimated that 13,000
people die annually due to the emissions from coal burning power plants. Against that
backdrop, nuclear power generation is relatively safe. [Though not as safe as wind or solar
plants (for example). Is this worth saying?]
Disadvantages of Nuclear Power
Nuclear Accident Risk
As pointed out in the previous section, the accident at Three Mile Island can be viewed as a
success story: although there was serious damage at the site, it was contained within the
site; there were negligible radiation releases, no environmental damage, and no deaths due
to the accident. The accident at Chernobyl was much more serious. The reactor design,
used only in the USSR, utilized a graphite moderator material and was inherently unstable
under certain operating conditions. Once again, inappropriate operator actions during a test
experiment caused an explosive fire in the graphite and a core meltdown with a large-scale
release of radioactive material. There were 31 deaths directly attributable to the accident at
the time, and a total of 64 additional deaths from radiation exposure by 2008.
Approximately 300,000 people had to be evacuated from an area within 30 kilometers from
the plant. The World Health Organization estimates that there may be as many as 4,000
deaths eventually from radiation-induced cancer.
Most recently, the accident at Fukushima has cast a dark shadow on nuclear power. The
accident was caused primarily by the tsunami that followed the magnitude 9.0 earthquake
on March 11, 2011. The four reactors that were operating at that time all shut down
successfully after the quake and maintained the core cooling system necessary to remove
the residual heat generated in the core by the fission daughter products (see the next
section). Then the tsunami inundated the plant and the surrounding countryside, leaving
the plant without electricity from off-site, as well as disabling diesel electricity generators
at the site. Storage batteries were able to run the pumps in the emergency core cooling
system for only a brief period after which the core overheated, causing partial or complete
meltdowns in all four reactors and led to hydrogen explosions in three of them, with
radiation releases estimated at one-tenth the size of the Chernobyl releases. The reactor
heat has now subsided, and the reactors are severely damaged, but stable. The site will
need to be permanently sealed and monitored for decades. The population that was located
within 20 kilometers of Fukushima has been evacuated and may be permanently dislocated.
Although there have only been one or two deaths attributable to the accident, there will
undoubtedly be future cancers induced among the population that was exposed to higher
than normal levels of radiation from the accident. The number is expected to be smaller
(10-20%) than the cancer deaths estimated for Chernobyl. Cancers from low level
exposures to radiation generally do not occur until 15-20 years after the exposure, as was
the experience following the bombings at Hiroshima and Nagasaki in 1945: elevated cancer
rates did not appear until 1960-1965.
[Is it worth noting that two of these disasters were caused by human error, and that for the
anti-nuclear movement, human error is never completely preventable?]
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High Construction Cost
As mentioned above, nuclear power plants are more expensive than plants using most other
fuel sources. Most of that extra expense is due to the construction costs of the steel reactor
vessel (6 or more inches thick), the containment structure (6 – 10 feet thick with steel
reinforcement rods) and the safety features required to minimize the risks of accident.
However, construction costs also escalate for advanced energy plants (using other power
sources) that attempt to minimize environmental pollution. Table 2 shows the estimated
cost (in 2011 dollars/kilowatt) of various technologies.
Fuel and Technology

2011 $/kilowatt

Coal
Advanced PC w/o CCS

$2,844

IGCC w/o CCS

$3,221

IGCC + CCS

$5,348

Natural Gas
Conventional NGCC

$978

Advanced NGCC

$1,003

Advanced NGCC with CCS

$2,060

Conventional CT

$974

Advanced CT

$665

Nuclear
$5,339

Nuclear

Renewables
Biomass

$3,860

Geothermal

$4,141

Landfill Gas

$8,232

Conventional Hydropower

$3,078

Wind Onshore

$2,438

Wind Offshore

$5,975

Solar Thermal

$4,692

Photovoltaic

$4,755

Table 2
Construction Costs for Advanced Technology power plants in dollars per kilowatt
Data are taken from a U. S. Energy Information report
Notes: PC = Pulverized Coal
CCS = Carbon Capture and Sequestration
IGCC = Integrated Gasification with Combined Cycle
NGCC = Natural Gas Combined Cycle
CT = Combustion Turbine
While construction costs of natural gas plants can be one tenth to one fifth those of nuclear
power plants, coal plants with carbon reducing technologies have costs that are more than
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half those of nuclear plants. The construction cost per kilowatt of the renewable energy
sources approach that that of nuclear energy.
Spent Fuel Storage is an Unsolved Problem
Although the nuclear fission byproducts are completely contained within the fuel rods, they
are highly radioactive and some of the products have half-lives ranging from tens to
hundreds of thousands of years. These products are hazardous and must be kept out of the
environment. Although the U. S. government originally assured the industry, and the
public, that a permanent secure long-term storage site would be found, there is as yet no
solution to the problem. The National Academy of Sciences, in 1957, recommended that
the nuclear waste be sequestered in geologically stable underground sites, and T the U. S.
Department of Energy began studying a site under Yucca Mountain in southern Nevada,
eventually adopting that site as the solution. The site was approved by the Bush
administration in 2002, but delayed due to legal challenges from the state of Nevada and
conservation groups, concerns over how to transport nuclear waste to the facility, and
political pressures resulting in under-funding of the construction. Currently the site is all
but abandoned as a solution and the federal government owes the utilities somewhere
between $300 and $500 million per year in compensation for failing to comply with the
contract it had signed to take the spent nuclear fuel by 1998.
Without a solution, all of the spent fuel that has been generated at the nation’s nuclear
power plants is currently stored in spent fuel pools at the reactor sites where the spent fuel
was generated. In addition to the radioactive fission daughter products, these fuel rods
contain about 30% of the original U235 fuel and a large amount of a fissionable isotope of
Plutonium, Pu239, that was generated by the neutron bombardment of U238 during operation
of the plant. France reprocesses the spent fuel from its reactors, separating the radioactive
daughter products from the unused U235 and the Pu239, and then uses the latter two elements
in the manufacture of new fuel rods. The U. S. has chosen not to reprocess spent fuel for
several reasons: reprocessing spent fuel is a hazardous process and also more costly than
producing fuel from naturally occurring uranium ore. In addition, there is concern about
the fact that the Plutonium in spent fuel is relatively easy to separate out and can be used in
the construction of a nuclear plutonium bomb. Although there are large stockpiles of Pu239
in the U.S. nuclear weapons arsenal, there is concern that terrorists would have easier
access to it if reprocessing of spent fuel were fully implemented.
So the treatment of spent fuel is still an unsolved problem in the U.S. A Blue Ribbon Panel
commissioned by President Obama has recommended that a new governmental agency be
created with the express charge of finding a long-term solution to the nuclear waste
problem. It also endorsed the original proposal that a deep underground repository be
found in a geologically stable area.
The Future of Nuclear Power
Current Status
The recent accident at Fukushima has caused a serious reconsideration of the future of
nuclear power. Only two of the 50 nuclear power reactors in Japan are currently operating
and there is disagreement concerning whether to restart the idled plants. Several countries
have decided not to pursue the nuclear option in the future. Germany, Belgium,
Switzerland and Italy have decided against building any new nuclear plants and will phase
out currently operating plants when they reach the end of their design lifetimes. On the
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other hand there are currently 63 new reactors under construction worldwide, and 152 new
reactors have been ordered or are under consideration. Beyond the 31 countries that
currently have nuclear reactors, 60 additional countries have expressed interest in nuclear
power in the future. The International Atomic Energy Agency (IAEA), an agency of the
United Nations, has estimated a 70% increase in nuclear energy by 2035.
It is generally expected that the operation of the existing nuclear power plants in the U.S.
will continue. Although many nuclear plants have reached the end of their original 40-year
operating licenses, the Nuclear Regulatory Commission (NRC) has granted most of them
20-year extensions. Of the 104 nuclear plants in the U.S., 71 have received extensions of
their licenses, including Vermont Yankee, whose extension is still being challenged by
anti-nuclear groups. An additional 15 plant owners have applied for extensions, and it is
anticipated that the remaining plant owners will also file for extensions before their current
operating licenses expire. It is important that these plants be carefully inspected and
evaluated for safety before extensions are approved.
Lessons to be learned
As already mentioned, the lessons learned from the accident at Three Mile Island led to
modifications at existing and new plant that made them safer. The same was true following
the accident at Chernobyl. Although the Chernobyl reactor design is not used anywhere
outside of the former USSR countries, there are still 11 reactors with that design currently
operating inside Russia. The Chernobyl accident was caused by two factors: instability in
the design of the reactor, especially at low power levels, and operators that were
insufficiently trained in the operational characteristic of the design. Based on the analysis
of the accident, all existing and new reactors of that design were modified to make them
safer: the control rods were redesigned with additional neutron absorbers; automatic
shutdown mechanisms were made faster; and the fuel mixture was re-designed to make it
more stable. In addition, increased emphasis was placed on the education and training
program for operators and on an operator culture focused on reactor safety. A repetition of
the 1986 Chernobyl accident is now virtually impossible, according to a German nuclear
safety agency report7.
Analyses of the accident at Fukushima are ongoing. A feature of all nuclear power reactors
is that heat continues to be generated in the core even after the nuclear chain reaction is
completely stopped. This residual heat comes from the radioactive decay of the fission
products that were produced during normal full power operation of the plant. Although it is
a small percentage of the heat rate at full power operation, cooling systems must continue
to operate after the reactor is shut down in order to remove the residual heat and prevent a
meltdown of the core. Therefore, in addition to the main cooling system, all reactors have a
backup emergency core cooling system (ECCS) in case the main system fails. However, in
most nuclear plants the main cooling system and the ECCS have pumps that require
electricity for their operation. The reactors at Fukushima all shut down successfully
following the earthquake, and cooling was initially maintained. But the tsunami that
followed, which was much higher than the barrier, inundated all six of the reactors at the
site. At that point electric power from offsite failed and the core cooling systems were
without power, in a site-wide blackout. All of the reactors had emergency diesel generators
to provide power in case of a blackout, but they were mostly located at low spots on the site
and therefore were also inundated by the tsunami, which completely incapacitated them.
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Without an operating cooling system of any kind, the residual heat generation melted the
core in at least three of the reactors. In at least one of the reactors, the molten core melted
its way through both the reactor vessel and the containment building with subsequent
release of the gaseous radioactive fission products. To make matters worse, the oxidation
of the zirconium alloy that wraps the fuel rods released large amounts of hydrogen causing
explosions at three of the plants, destroying the containment buildings. One diesel
generator, installed on higher ground, was operational and supplied sufficient power to cool
two of the reactors. One of the lessons from this accident is obvious: the emergency
backup generators need to be better protected from flooding, either by placing them on
higher ground, or enclosing them in waterproof vaults. With this lesson in mind, nuclear
plants everywhere need to be evaluated for their safety under potential flooding conditions,
with modifications implemented if their precautions are evaluated to be inadequate.
Several vulnerabilities in U.S. power plants immediately come to mind: the nuclear plants
in San Onofre, are on the coast of southern California, an earthquake prone area with the
potential for a tsunami, and a number of nuclear plants located in flood-prone areas of the
Midwest where there were several threats to reactors in the summer of 2011.
The Role of the NRC
The Energy Reorganization Act of 1974 created the Nuclear Regulatory Commission,
which began operations on January 19, 1975. Today, the NRC's regulatory activities are
focused on reactor safety oversight and reactor license renewal of existing plants, materials
safety oversight and materials licensing for a variety of purposes, and waste management
of both high-level waste and low-level waste. In addition, the NRC is preparing to evaluate
new applications for nuclear plants. Utilities have submitted applications for licenses to
build 16 new power reactors in addition to the two new reactors at Vogtle, Georgia that
have received construction permits. The agency has been criticized in the past for
insufficiently imposing safety upgrades at existing power plants. Critics cite numerous
cases in which the NRC has failed to enforce new safety regulations at existing plants,
giving the appearance that the agency is more responsive to the interests of the plant
owners than it is to a commitment to public safety. Ultimately, the U.S. Congress is
responsible for NRC oversight. Unfortunately there is some political resistance to
increased regulation of private industry on the part of the federal government.
Nevertheless, if there is to be a role for nuclear power in the future, a robust safety culture
and a stronger, proactive regulatory agency must emerge.
Proposed New Nuclear Plants in the U.S.
The Nuclear Regulatory Commission recently granted Georgia Power Company
construction permits for two new 1,100 Megawatt reactors to be built at the Vogtl, site, and
other utilities have proposed a total of 26 new nuclear power plants. The 2 new nuclear
plants are pressurized water reactors using a new AP1000 design by Westinghouse. These
reactors incorporate gravity-fed passive cooling systems that can provide automatic core
cooling without pumps for at least 72 hours following a reactor shutdown, even in the
absence of onsite or offsite sources of electricity. This emergency system would operate
without operator intervention, but would require some source of electricity after 3 days.
Hence there is still the need for onsite emergency backup generators that are protected from
flooding.
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Another new design by General Electric Hitachi (GEH) is a boiling water reactor, the
ESBWR (Economic Simplified Boiling Water Reactor). Like the Westinghouse design, the
ESBWR has a passive emergency core cooling system that can provide cooling for 72
hours following a reactor shutdown.
Although not as advanced as the AP1000 and ESBWR designs, additional new designs
include: the European Pressurized Reactor (EPR) and a U.S. version, the USEPR, designed
by the French company, Areva; and the Advanced Boiling Water Reactor (ABWR) with
designs by both General Electric and Toshiba.
In addition to the new construction permits for the 2 AP1000 reactors in Georgia, there are
applications pending with the NRC for a total of 26 additional nuclear plants in the U.S.
Figure 3 shows the location of the proposed sites for these new reactors and the design
request at each site.

Figure 3
Locations and design of proposed new reactors in the U.S. with applications to the NRC
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Advanced Generation Reactor Designs
Nearly all of the reactors worldwide, as well as those in the U.S., are of a design that uses
U235 as the fuel, and water for the moderation of fast neutrons as well as the core cooling
and heat transfer medium. There are numerous next-generation designs under consideration
that use different fuels and/or different materials for the cooling or moderation functions.
The most common fuels are thorium, uranium, and plutonium. While naturally occurring
thorium (Th232) is not fissionable, it can be converted to Th233 by neutron bombardment in
a reactor core, which decays promptly to U233, which is fissionable. An advantage of
thorium is its high abundance in nature; there is a sufficient supply to provide fuel for more
than 1,000 years. The fissionable isotope of plutonium, Pu239, is not abundant in nature,
but is created in uranium-fueled reactors by the neutron bombardment of U238. As pointed
out previously, Pu239 could be used as a fuel in current water-cooled reactors if spent fuel
rods were reprocessed. Core coolants in some of these advanced designs include: helium,
carbon dioxide, molten salts, and even molten metals, such as sodium, mercury and lead.
While the designs are too numerous to detail here, a few are worth mentioning. The
Traveling Wave Reactor (TWR) design uses thorium and uranium as the fuel in a mixture
with molten sodium that also serves as the coolant. The design is relatively far along and is
being supported by Terrapower, a company that receives support from the Bill and Melinda
Gates foundation. There are plans to build a pilot plant in China. Advantages of this
design include:
• A single fuel load can last more than 50 years
• Greatly reduced waste volume and proliferation concerns
• TWR reactors can also burn spent fuel from conventional reactors
• Although it has yet to be built, the design appears to be safer than current reactors
[Since you haven’t used bullet points anywhere else, I wonder if it would be better to turn
these into complete sentences?]
Another design, the Liquid Fluoride Thorium Reactor (LFTR), is similar to the TWR in
that it uses the thorium fuel cycle in a fluoride base liquid salt to achieve high operating
temperatures at atmospheric pressures.
Although many of the advanced designs look very promising, it will take at least 3-5 years
to acquire the support and permits and to construct a pilot plant, and another 5-10 years to
get the necessary experience for “proof of principle”. Only if all goes well will any of
these designs get approval for widespread use. In any case, it is unlikely that advanced
technology reactors would be available before ~2025-2030.
[How about a concluding sentence or two on why these are better designs?]
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APPENDIX
The Physics and Design of Current Nuclear Power Plants
There are only a few naturally occurring fissionable nuclei. The element most commonly used in
nuclear reactors is Uranium-235 (U235). U235 is radioactive, but with a very long half-life, in
excess of 700 million years. . It was formed in the supernova explosion of a giant star, the
material of which the Earth was formed approximately 4.54 billion years ago, or more than 6
half-lives ago. Hence only about 1% of the U235 that existed when the Earth was formed remains
today.
Sustained Nuclear Fission Chain Reactions
Although U235 has a long half-life, it will undergo a fission almost immediately if it is struck by a
slow-moving neutron. The fission products are generally two large fission fragments plus
several neutrons, usually three in number. If one or more of these neutrons, on average, strikes
another U235 nucleus, then the reaction will be self-sustaining. If k is defined as the average
number of neutrons from a single fission that cause a subsequent fission, then:
k=1 is the requirement for a sustained reaction at a steady (constant) rate
k<1 is the requirement for the reaction rate to decrease (exponentially)
k>1 is the requirement for the reaction rate to increase (exponentially)
The factor k depends on many important factors. One factor is the density of the U235 nuclei in
the reactor core, hence its geometry. [I’m not sure that they lay reader will understand what
“geometry” means here.] Nuclear reactor cores must therefore be designed with a geometry that
establishes the proper value for k. Another important factor is the energy (or speed) of the
neutrons. Whereas the fission neutrons are generally very fast moving, their speed must be slow
in order to cause a subsequent fission. Hence the reactor core must contain “moderator”
materials that slow, or “moderate” the neutrons. Water is an effective moderator, and since it is
the heat transfer material in which the core is embedded, has the added benefit of shutting down
the reaction automatically if there is a loss of the water due to a reactor vessel rupture. Finally
the value of the factor, k, can be controlled by neutron absorbing “control rods” that can be
inserted or removed from core of the reactor. Withdrawing the control rods allows the reaction
rate to increase, and reinserting them causes the reaction rate to decrease. Figure 4 is an
illustration of a nuclear chain reaction, showing the role of moderator and control rods.
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Figure 4
Components of Current Reactors
All nuclear reactors currently operating in the U.S. have the following design components:
A steel Reactor Vessel, (RV) that is 6 to 10 inches thick, containing pressurized water, and
the nuclear core of fuel rods, and control rods. Included inside the RV is an emergency
core cooling system (ECCS) that sprays water on the nuclear core in case the vessel
ruptures and the water in the vessel is lost. (N.B. It should be noted here that even if a long
term sustained nuclear reaction is terminated by the insertion of the control rods the nuclear
material in the core will continue to generate heat due to the radioactive decay of the of the
fission products. This “decay heat” diminishes with time, but requires cooling for several
months to prevent damage or melting of the fuel rods).
A containment building surrounds the reactor vessel. The walls of the containment structure
are constructed of steel reinforced concrete up to 10 feet thick. The structure is reinforced
sufficiently to contain the entire contents of the reactor vessel, including the radioactivity,
if there should be a rupture of the reactor vessel. It has been calculated that the
containment building could withstand a direct hit by a terrorist attack flying a Boeing 767
directly at the structure.
A generator building that houses the steam turbines and the electricity generators.
Current Nuclear Reactor types
Boiling Water Reactors (BWR): In a BWR the water in the reactor vessel is allowed to boil
2
o
(at a pressure ~1,000 lbs/in , and temperature ~550 F) and the steam flows out of the
reactor vessel through steam pipes that go directly to the steam turbines that drive the
generators. The low-pressure steam coming out of the turbines is then cooled and
condensed to liquid water that is pumped back into the reactor vessel to be re-heated in
the reactor core. Figure 5 below gives a schematic representation of the major elements in
a Pressurized Water Reactor.

Figure 5
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The layout of the major elements in a Boiling Water Reactor
Pressurized Water Reactors (PWR): In a PWR, the water is kept under higher pressure
2
o
(~2,000 lbs/in ) and temperature (~600 F). The superheated water is then pumped out of
the reactor vessel to a steam generator which, in a separate loop, creates the high
temperature, high pressure steam that is pumped to the turbines that drive the electricity
generators.
The PWR reactor has more complexity but it has the added feature that it keeps the
reactor water, potentially contaminated by the radioactive elements that leach out of the
nuclear fuel rods, out of the turbines and the generator building. On the other hand, the
reactor core in a PWR operates at a higher temperature than the reactor core in a BWR.
Another safety feature of the PWR design is that the control rods are inserted from above.
In case of an accident, the fuel rods will insert automatically by gravity. In the BWR
design, the fuel rods are inserted from below the reactor core, necessitating an active
insertion mechanism in the case of an accident. Of the 104 operational reactors in the
U.S., 35 are BWR and 69 are PWR. Figure 6 below shows a schematic representation of
the major elements in a Pressurized Water Reactor

Figure 6
The layout of the major elements in a Pressurized Water Reactor
Nuclear Reactor Requirements
Fuel Enrichment:
Uranium is found in the earth’s crust, but only 0.7% is the fissionable U235 is only 0.7%
abundant, the remainder being U238. In order to achieve nuclear reaction sustainability the
abundance of the U235 in the core of a reactor must be raised (enriched) to 3-5% or greater.
Because they are isotopes, there is no chemical process that separates out the U238. Instead the
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enrichment process uses a diffusion process that requires many passes through centrifuge
diffusion machines, a time consuming and energy absorbing process.
Isolation of Nuclear Reaction Waste Products:
As mentioned earlier, the reaction products in nuclear reactors are smaller and less massive than
in fossil fuel plants by a factor of a million or more. On the other hand, the nuclear waste
products are no less hazardous and must be kept out of the environment. To achieve this
isolation, safety systems must be designed into nuclear reactors to prevent accidental releases of
the waste products during plant operation. Fortunately the reaction products are kept almost
entirely within the fuel rods in the reactor core until refueling takes place, approximately every
18 to 24 months. At that time about 1/3 of the rods are replaced with new fuel rods, and the
“spent” rods are stored in pools in or adjacent to the plant.
Reprocessing or Long Term Storage of Spent Fuel:
The spent fuel rods contain fission daughter products that are radioactive and hazardous, some
with half-lives in excess of many thousands of years. These must be kept isolated from the
environment for millennia. The spent fuel also contains unburned fissionable uranium-235 and
fissionable plutonium-239 that is bred by neutron bombardment of uranium-238 during reactor
operation. Reprocessing the fuel rods could remove the fission daughter products for long term
storage, and recover the fissionable uranium and plutonium for reuse in reactor fuel rods;
however reprocessing is hazardous and there is worry that the bomb-grade plutonium could too
easily be separated out and used by terrorists to make and distribute weapons of mass
destruction. As mentioned previously, the U.S. has no solution to the long term storage problem
and spent fuel rods from more than 50 years of operation at the U.S. fleet of reactors are still
being stored in cooling ponds at the plants where they were generated. So this is still a problem
in search of a solution.
Long Term Cooling Following Plant Shutdown
As mentioned above, heat is still generated after the nuclear chain reaction is completely shut
down. The residual decay heat is generated from the fission products that remain in the fuel rods
from the previous period when the core was operating and the nuclear chain reaction was
ongoing. These fission products are radioactively decaying and generating heat in the process.
Although this heat decays with time it is quite substantial immediately after shutdown as shown
in Figure 7.
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Figure 7
Decay Heat Rate (as a percentage of full power) following core shutdown
[What are referred to by “retran” and “todreas”?]
From Figure 5 7?, the heat generation rate following shutdown at a 1,000 Megawatt plant would
be 65 megawatts immediately, 20 Megawatts after 10 minutes, 10 Megawatts after 5 hours, 6
Megawatts after 1 day, 1 Megawatt after 10 days and decreasing further after that. During this
time it is critical that cooling systems remain operational to remove this heat and prevent the core
from overheating and melting down. It is obvious that core cooling during the initial hours and
days after shutdown is crucial. All currently operating PWR and BWR reactors have Emergency
Core Cooling Systems (ECCS) in addition to the normal systems in order supply core cooling
following shutdown in case of a failure of the normal cooling system. However both of these
systems have pumps and control systems that require a supply of electricity. The Fukushima
accident resulted from a loss of both the onsite and offsite sources of electricity. As pointed out
previously the AP1000 and ESBWR reactor designs have totally passive ECCS systems that can
operate without electricity for up to 3 days. The presence of the residual heat following core
shutdown along with core cooling systems that require electricity represents the single largest
safety hazard at nuclear generating plants.
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