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ABSTRACT

This paper proposes criteria for determining "intermediate sustainability" over a 500-year horizon. We apply
these criteria to Light Water Reactor (LWR) technology and the LWR industry. We conclude that LWR
technology does not violate intermediate sustainability criteria for (1) environmental externalities, (2) worker and
public health and safety, or (3) accidental radioactive release. However, it does not meet criteria to (1) efficiently
use depletable uranium and (2) avoid uranium enrichment technologies that can lead to nuclear weapons
proliferation. Finally, current and future global demand for LWR technology might be below the minimum
needed to sustain the current global LWR industry.
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1. NUCLEAR ENERGY IN A NEW CONTEXT

Nuclear energy and the international nuclear power industry have experienced a tremendous
transformation in the last half-decade. These changes include the following.

• The deregulation of wholesale and retail electricity markets in many states in the US and several
countries in Europe and Latin America.

• The consolidation of the nuclear steam supply system (NSSS) manufacturers in North America, Europe,
and Japan.

• The consolidation of nuclear power plant operators in the US and the UK.
• A turn-around in the US industry from early retirements to the issuance of license renewals, extending

plant operation from 40 to 60 years.
• First the emergence of markets for new nuclear power plants in Asia, particularly China, then a slow-

down after the Asian Crisis.
• The release of excess weapons plutonium and uranium from weapons stockpiles in the US and Russia,

depressing the market for enrichment services and leading to the announced closing of half the
enrichment capacity in the US.

• The detonation of nuclear devices by both India and Pakistan, raising proliferation issues.

These changes signal a new vitality in the industry. To reevaluate the industry this paper examines
whether the light water reactor (LWR) nuclear power technology is sustainable for the foreseeable future.
(Although we could apply the sustainability criteria to other nuclear power technologies, we do not attempt to
draw conclusions regarding the sustainability of the nuclear energy industry or nuclear power technologies beyond
LWR technology.)

We begin by developing a consensus definition of sustainability in the economics literature. We suggest
criteria by which to judge the sustainability of LWR technology. We conclude that LWR technology does not
violate intermediate sustainability criteria for environmental emissions (including LWR plant health and safety) or
accidental radioactive release. However, it does not satisfy all of the intermediate sustainability criteria because of
(1) its inefficient use of nuclear fuel and (2) its reliance on uranium enrichment technologies that can be used for
nuclear weapons production. While future work must be done to determine the minimum efficient size for LWR
manufacturers, we can conclude that the industry is not economically sustainable unless the cost of new LWR
capacity is such that global equilibrium demand for LWR technology is greater than current capacity. While we
do not find LWR technology to meet all of the intermediate sustainability criteria, we suggest new nuclear power
research focus on (1) increasing nuclear fuel efficiency, (2) reducing enrichment requirements, and (3) reducing
the cost of constructing new capacity.
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2. SUSTAINABILITY

First, it is generally acknowledged that "sustainable development" refers to "development that meets the
needs of present generations without compromising the ability of future generations to meet their needs," as stated
by the World Commission on Environment and Development (WCED 1987a, better known as the Brundtland
Commission). Here, we review some of the more prominent definitions of "sustainability" since WCED's
characterization (for an extensive earlier discussion, see Pezzey 1989). Since the emergence of a large number of
definitions of "sustainability" has not always reduced ambiguity, we attempt to extract a consensus from the
economics literature on this topic. (We focus on the definition of "sustainability," rather than that of "sustainable
development"; for more discussion on the latter, see Bromley 1998, Daly and Costanza 1992, Woodward and
Bishop 1995).

To define sustainability one needs to differentiate between at least three forms of capital: social capital,
technical capital, and natural capital. Social capital is the set of economic, political, and social constructs that
define property rights (e.g., all forms of financial capital) and facilitate the formation of human capital, including
"intellectual capital" and tacit knowledge. Technical capital refers to structures and equipment used in the
production and distribution of goods and services. Natural capital refers to the stock of renewable and non-
renewable environmental assets (Daly and Cobb 1994).

Goodland and Daly (1996) distinguish between three types of sustainability: social, economic, and
environmental. Social sustainability refers to the maintenance and regeneration of social capital. Economic
sustainability generally has referred to the maintenance and regeneration of technical capital, although recently
some authors have included natural capital. Environmental sustainability refers to the maintenance and
regeneration of natural capital, both as a resource of raw materials and as a sink for wastes.

A fundamental aspect of environmental sustainability is that the two basic environmental services - the
environment both as a source and a sink - must be maintained during the period over which sustainability is
required to hold. Goodland and Daly (1996) argue that emphasis ought to be placed on "maintenance." First,
because future generations should have available as much choice to guarantee their well being as we possess to
ensure ours. This expresses the need to establish a satisfactory level of intergenerational equity. Second,
production should serve maintenance, not growth. This can be understood by realizing that to establish
sustainability, production and consumption should be equal, allowing capital stocks to be maintained. In the long
run, production ought to be considered as the cost of maintaining capital stocks and consumption. (For efficiency,
maintenance costs - hence production - ought to be minimized.)

This definition of environmental sustainability can be captured by the "output and input rules." The
output rule affirms that waste emissions resulting from any project should not exceed the assimilative capacity of
the local environment. The latter should be capable to absorb waste emissions without unacceptable degradation
of its future waste-absorptive capacity or other important services. The input rule applies to both renewables and
non-renewables: whereas the harvest rates of renewable resources should be within the regenerative capacity of the
natural system that generates them, the depletion rates of non-renewable resources should be equal to the rate at
which renewable substitutes for them can be developed to replace them. Part of the net revenues from liquidating
non-renewables should be allocated to research in pursuit of sustainable substitutes. See, for example, El Serafy
(1993) and Dasgupta and Heal (1979).

Further, Goodland and Daly delineate four levels of environmental sustainability: weak, intermediate,
strong, and very strong sustainability (identified as "absurdly strong" by Goodland and Daly). The difference
between these definitions depends on how much substitution one assumes between the various forms of capital,
notably between technical and natural capital (see, for example, Neumayer 1999).

Weak sustainability refers to the maintenance of the total level of capital, without regard to the form of
capital (see, e.g., Hartwick 1977, and Solow 1993 a&b). It implies that technical and natural capital are perfect
substitutes, so the loss in one kind of capital can be compensated by a gain in the other, without affecting overall
social welfare. Although this form of sustainability could be a significant improvement over current practice vw-
a-vis the use of natural resources, it would be only a modest step toward environmental sustainability.

Intermediate sustainability means that in addition to attempting to keep the total level of capital stable,
attention ought to be paid to levels of both natural and technical capital. This implies that some natural resources
can be depleted, as long as net revenues are reinvested to maintain the same level of natural capital. A case in
point would be the depletion of fossil fuels (coal, oil, and natural gas) with net revenues used, for example, to
develop renewable energy resources. Critical levels of natural capital complement social and technical capital.
Hence, whereas social, technical, and natural capital are substitutable over a limited range, they are
complementary beyond it. Therefore, intermediate sustainability requires monitoring development so that one
form of capital is not entirely depleted while achieving an accumulation of other forms of capital.

Strong sustainability implies that both technical and natural capital should be maintained separately (see,
for example, Daly and Costanza 1992). This means that technical and natural capital are not substitutes; they are



complements. Also, critical levels of various types of natural capital should be maintained. In the case of non-
substitutability, the "compensation principle" is rejected, that is, environmental losses imposed on future
generations cannot be compensated through the benefits to those generations, such as advances in technology or
increases in the stocks of social or technical capital (for the expression of this idea in the context of climate
change, see Spash 1994).

With very strong sustainability, no natural resource can be depleted. Non-renewable resources should not
be used at all, and only net growth of renewable resources can be harvested. Most economists reject this level of
sustainability. See, for example, Solow (1993a).

Many authors advocate a level of sustainability between intermediate and strong sustainability. Writers
like Pearce, Barbier, and Markandya (1990) adhere to a limited form of non-substitutability: they point out that
some level of substitution is possible. Nevertheless, each generation should leave intact the overall stock of
natural capital for which other kinds of capital cannot be substituted. Dasgupta (1994) argues, on the other hand,
that a trade-off exists between the material enjoyment of manufactured commodities and natural resources. Not to
allow, for example, the use of fossil fuels, would mean depriving humanity of the material benefits technological
progress has made possible, while allowing their use at no cost would be economically irrational. On the other
hand, Aghion and Howitt (1998) argue that since the primary forms of capital that succeeding generations inherit
are technical and intellectual capital, any assessment of the demands for intergenerational equity must be defined
in terms of an obligation to leave an adequate capacity for material development, represented by a comprehensive
measure of capital.

We hope to be able to assess the current consensus regarding the appropriate level of sustainability in the
economics literature. Most agree that technical and natural capital are not perfect substitutes, but are
complementary. Although some authors consider that almost no bounds exist regarding the substitution
opportunities between technical and natural capital, the view that by converting too much natural capital into
technical capital, humanity will eventually be worse off, is becoming more accepted.

Further, weak sustainability does not appear to be an appropriate guideline. At the other extreme,
because very strong sustainability does not allow any natural resource depletion, it is generally considered
unrealistic. In choosing between intermediate and strong sustainability, the relative abundance of technical and
natural capital is one of the determining factors. In the early stages of human development, when natural capital
was more available than technical capital, the obvious choice would probably have been intermediate
sustainability, since humanity was living far from the natural limits of the planet. However, now that the limiting
factor in production is more often natural capital than technical capital, the arguments for aiming at strong
sustainability are becoming increasingly more pertinent. Further, while those advocating strong sustainability
would define the time horizon to be far into the future (e.g., 10,000 years), we will assume that intermediate
sustainability criteria must be met for at least 500 years to be satisfied. While we limit the time horizon in this
paper, we agreed that as natural limits are approached that strong sustainability and longer time horizons would be
more appropriate.

Today, a consensus seems to be forming that the social welfare maximum lies on a path between
intermediate and strong environmental sustainability. However, it is difficult to determine the critical levels for
the various kinds of natural capital, as required by strong sustainability. Therefore, at a minimum, intermediate
sustainability should constitute the proper welfare objective. The basic conditions for intermediate sustainability
can be summarized as follows [1]:

• Maintenance of per capita technical capital.
• Maintenance of per capita renewable natural capital; this implies harvesting within regenerative capacities

of renewable resources, such as forests, fish stocks, or healthy air, water, and soils.
• Maintenance of per capita non-renewable, substitutable natural capital based on the value of the services

of the present stock of natural capital.
• Maintenance of non-renewable, non-substitutable natural capital, implying no net increases in waste

emissions beyond absorptive or assimilative capacities.

Further, consumption should be priced to reflect the full cost of capital depletion and waste creation, the cost of
which is equal to the cost of reducing an equivalent amount of a particular waste. This is also known as the
"Polluter Pays Principle." To determine whether an energy system exhibits intermediate sustainability, we propose
four criteria [2]:

(1) Non-Renewable Resource Depletion: Does the energy system rely on fuels or materials that could be
depleted within 500 years?

(2) Environmental Externalities: Do emissions from the energy system accumulate faster than the absorption
capacity of the environment?



(3) Social Externalities: Does the energy system impose externalities on populations (current or future) that do
not benefit from it?

(4) Economics: Can the energy system maintain its capital stock?

To be sustainable, answers to the first three questions should be "no" and the answer to the last question should be
"yes."

3. SUSTAINABILITY AND LWR TECHNOLOGY

Here, we address two issues: (1) the sustainability of LWR technology and (2) the sustainability of the
LWR industry. The sustainability of LWR technology refers to whether this technology meets the first three of the
four sustainability criteria defined above. Regarding the fourth criterion of economic viability, the LWR industry
must be profitable enough to replace its capital stock. Following these criteria, we address the following questions
regarding LWR technology.

1. Non-Renewable Resource Depletion: Is LWR fuel consumption sustainable for the foreseeable future?
2.1. Environmental Externalities from Nuclear Waste Disposal: Can the environment assimilate low and high

level radioactive waste from the LWR fuel cycle and LWR facilities?
2.2. Environmental and Social Externalities from Accidental Release of Radioactive Materials: Can the

natural and social environment be protected from accidental releases of radioactivity from LWR plants?
3.1. Social Externalities (Health and Safety): Can industry personnel and the public be protected from exposure

to radioactivity from LWR fuel cycle, generating plant, and waste management and disposal facilities?
3.2. Social Externalities from Nuclear Weapons Proliferation: Can LWR technologies facilitate the

proliferation of nuclear weapons?
4. Economic Viability: Can the LWR industry maintain its capital stock?

3.1. IS LWR FUEL CONSUMPTION SUSTAINABLE?

Could LWR fuel be consumed at current levels for 500 years? All but a few of the world's LWRs are
fueled with uranium (primarily as U3O8). Two related sources, IEA (1998) and Stevens (1997), based on the
Nuclear Energy Agency's "Red Book" (NEA 1997), calculate the years of uranium supply at current levels of
consumption.[3] To quote, IEA (1998, p. 15):

"Yet, at current rates of use of about 70 thousand tons per year in world nuclear reactors, known resources of 4.3
million tons (NEA 1997) amount to only 60 years of supply. If 11 million tons of additional speculative
(undiscovered) resources are included, some 220 years of resource can be identified."

There are several options to extend the availability of LWR nuclear fuel resources. First, efficiency could
be increased at the current stock of LWR plants through improvements in productivity, thermal efficiency, and
higher burnup of uranium. Second, additional uranium could be retrieved from less uranium-rich resources at
higher extraction costs. Third, other nuclear fuels could be used, including thorium (see Prasad 1998 on the Indian
program to use thorium and Chung 1997) and plutonium. Yet for longer-term sustainability (e.g., for several
centuries) the nuclear energy industry must develop advanced nuclear technologies, see IEA (1998, p. 15-16):

"The key to long-term energy supply from nuclear power is not uranium ore reserves, or even reserves of fertile
materials like thorium. Rather it is new, as yet non-commercial, nuclear technology that could allow nuclear
power to be sustained over a very long period. Today the first step appears to be the use of breeder reactors.
Thermal reactors use only 2% of the energy available from natural uranium."

Therefore, we conclude that LWR technologies are not (intermediate) sustainable because of their
inherent fuel inefficiency and the limited supply of uranium. Although other nuclear technologies could be
sustainable on currently identified uranium supplies, LWR technology is not sustainable because it depends too
heavily on uranium, a non-renewable resource.

3.2.1. ENVIRONMENTAL EXTERNALITIES FROM NUCLEAR WASTE DISPOSAL

Can the environment assimilate low and high level radioactive waste from the LWR fuel cycle and LWR
facilities? (See IEA 1998, Rogner 1999, Stevens 1997, and WCED 1987b.) While low-level waste management
technologies have been reducing low-level radioactive waste and emissions from LWR plants and while there is
controversy as to how low-level waste should be properly managed and disposed, the natural environment is likely
able to assimilate LWR low-level waste. More problematic is high-level waste, i.e., Spent Nuclear Fuel (SNF).
No country has yet implemented a permanent management and disposal solution for LWR SNF. The most viable
option for SNF disposition beyond the foreseeable future is in deep geological repositories. While it is unknown
whether the geological isolation available in underground repositories is sufficient for periods of thousands of



years, over shorter time periods (e.g., 500 years) there are few uncertainties regarding integrity of geologic
disposal of LWR SNF. Therefore, while geological disposal of LWR SNF could present an environmental
externality to generations beyond the foreseeable future, LWR does not present a waste burden that cannot be
assimilated by the natural environment.

3.2.2. EXTERNALITIES FROM ACCIDENTAL RADIOACTIVE RELEASE

Can the natural and social environment be protected from accidental releases of substantial quantities of
radioactivity materials from LWR power plants? While the probability of a catastrophic LWR accident is
extremely small, it is greater than zero. This probability involves the failure of three levels of defense against
large releases of radioactivity to the environment: (1) the cladding surrounding the fuel, (2) the reactor vessel and
piping surrounding the nuclear fuel elements, and (3) the containment structure surrounding the reactor. A
significant release of radioactive materials requires the failure of all these levels of defense. The accident at Three
Mile Island, Unit 2, in March 1979, involved the failure of the fuel cladding (melting) and a partial failure of the
reactor vessel, but no failure of the containment structure. (The accident at Chernobyl, Unit 2, in May 1986,
involved the failure of all these levels of defense. However, Chernobyl is not an LWR. It is an RBMK reactor
with graphite moderation and light water cooling.)

Empirically, there have been over 6,000 reactor years of experience with LWR nuclear power plants
(NPPs). LWR NPPs (by capacity) include 64% pressurized water reactors (PWRs), 26% boiling water reactors
(BWRs, 22%), and 10% (Soviet-design) water-water electrical reactors (WWERs). Not considering new reactors
of this type and assuming an average 30-year life of all currently operating LWRs and only one fuel/reactor failure
accident (i.e., TMI), the empirical probability of fuel failure accident for LWRs has been approximately 1 in
10,000 reactor-years or 1 • 10"4.

Theoretically, the probability of a catastrophic failure can be calculated using Probability Risk
Assessment (PRA) techniques. While there has certainly been a decline in the probability of fuel, reactor, and
containment failures in US nuclear power plants since the US Nuclear Regulatory Commission (NRC) conducted a
series of PRAs in the late 1980s (see US NRC 1991), at that time median reactor failure (core melt down)
frequencies ranged from 1.5 • 10"4 to 8.2 • 10"6. These analyses also considered the consequences of containment
failure, particularly for nuclear power plants with "pressure suppression" containment systems, and concluded that
off-site releases could occur during the operating lives of the current generation of LWRs. PRA studies of Soviet-
designed reactors have also concluded that off-site releases could occur for reactors without adequate containment.

Therefore, while most currently operating LWRs (for example, those in OECD-member countries with
adequate containment structures) do not impose significant environmental and social risks, LWRs now being
designed and built could have core damage accident frequencies of less than 1 • 10"6 per reactor-year (e.g., 2000
reactors operating for 500 years) with no accidental release of radioactive materials to the environment, i.e., no
containment failure. Even though the currently operating LWR NPPs do not pose a significant risk of catastrophic
release, as the LWR capital stock is replaced, the risk of catastrophic release will decline further.

3.3.1. HEALTH AND SAFETY AT LWR FACILITIES

How do LWR facilities emissions compare to those occurring naturally? [4] Neither LWR power plant
and fuel cycle facility employees nor the general public can be fully protected from exposure to radioactivity
during normal operation. The doses that people receive from LWR sources, however, should be compared to
those originating from natural background radiation. The average annual dose to workers in all LWR fuel cycle
activities is around 3 mSv. Populations living around LWR power plants receive doses in the range from 1 to
20 u\Sv, while conservative estimates for the most highly exposed individuals living near fuel reprocessing plants
can range from 200 to 500 uSv (UNSCEAR 1994). These doses are much smaller than the limits recommended
by the ICRP of 20 mSv for workers in the nuclear industry and 1 mSv for the public. More importantly, even for
workers in the nuclear industry these doses do not normally significantly exceed those that are received from
natural sources, which amount to an exposure of about 1 -3 mSv on average per year.

Of the total annual radiation to which the public is exposed some 48% originates from radon, some 26%
from terrestrial sources, about 14% from cosmic sources, and the remaining 12% from man-made sources. Of the
man-made sources, most exposure comes from medical sources, and only about 0.5% from nuclear power (NEA
2000). Indeed, public and employee exposure at nearly all facilities (located in OECD countries) is below
radioactive emissions in areas with high radon gas, for example, in some locations in Brazil and India. It seems
reasonable to conclude that LWR emissions will remain below naturally occurring ones.

Ongoing radioactive emissions and occupational employee exposure at nuclear power plants, and those
within all fuel cycle facilities (e.g., at uranium mines and mills, at conversion and enrichment plants, during fuel
fabrication and transportation, and with spent fuel handling and disposal) have been declining for the last ten
years, such that current levels of the annual collective dose per reactor in 1999 are less than half what they were in



1987 (NEA 2000). Today, the dose commitment from the entire nuclear power industry is around 300 times lower
than that resulting from the natural background, and there is a trend of decreasing radioactive emissions per kWh
(NEA 2000). Further progress is expected with improvements in operating procedures, and fuel-cycle
developments, so that LWR technology does not impose a significant health and safety risk to its workers or the
public.

3.3.2. NUCLEAR WEAPONS PROLIFERATION

Can LWR technologies and materials be used to produce nuclear weapons? (See IEA 1998, Rogner
1999, and WCED 1987b.) LWR technology's main proliferation risks are (1) its reliance on uranium enrichment
technologies (which can be used to produce weapons-grade uranium) and (2) its production of fissile materials,
such as plutonium, in its SNF (which can be reprocessed to produce weapons-grade plutonium). While some
nuclear technologies reduce the production of weapons-grade plutonium (e.g., by employing the thorium fuel
cycle), the LWR technology does not appear well suited to the production of weapons-grade plutonium. Most
weapons-grade plutonium has been produced in dedicated (non-LWR) reactors. Further, the production of a
plutonium-based weapon is more difficult to construct than one based on highly enriched uranium.

Therefore, it is not the LWR creation of plutonium in its SNF that poses the primary proliferation risk; it
is its reliance on uranium enrichment. Continued improvement in enrichment technologies (through advanced
instrumentation and control, robotic manufacturing and operations, and the development of corrosion-resistant
materials) increases the possibility of nuclear weapons proliferation. Given the lack of intrinsic control over this
proliferation risk, reliance on extrinsic control (e.g., through the International Atomic Energy Agency) cannot be
assured for 500 years. Therefore, LWR technologies cannot be considered sustainable based on this criterion.

3.4. LWR INDUSTRY ECONOMIC VIABILITY

Can LWRs compete with other forms of electricity generation so that the industry maintains its capital stock? (See
IAEA 1999, IEA 1998, Rogner 1999, Stevens 1997, and Tomain 1994.) The current global capacity of LWRs is
about 320 GW. Assuming a 40-year life, in equilibrium, to maintain 320 GW of LWR capacity, the LWR industry
must bring into commercial operation approximately 8 GW per year.

However, this level of total capacity and incremental additions might not sustain the global LWR
industry. Total capacity must be large enough to sustain the LWR fuel and LWR services industries. Incremental
capacity must be large enough to sustain the LWR (NSSS) manufacturing capability. Recent consolidations and
joint ventures between LWR manufacturers in the US, Europe, and Japan indicate that LWR industry is not
profitable at current levels of industry activity. On the other hand, there are still at least six established or
emerging industrial groups competing to provide LWR capacity: American-British PWR, French-German PWR,
American-Japanese BWR, Russian WWER, American-Korean PWR, and Chinese-French PWR.

Could six groups divide a global market of 8 GW/year? Given current over capacity in the LWR industry
and the strong scale economies in LWR production, competition is likely to reduce profit margins and hence the
number of competitors. Competitors with strong government support (and financing) and adequate domestic
demand to pay the costs of industry maintenance are more likely to gain market share. Therefore, further
consolidations are likely. While future work must be done to determine the minimum efficient size for LWR
manufacturers, we can conclude that the industry is not economically sustainable unless the cost of new LWR
capacity is such that global equilibrium demand for LWR technology is greater than 320 GW.

4. SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH

While LWR technology meets some of the criteria for intermediate sustainability over a 500-year
horizon, it fails to meet the following criteria:

(1) Non-Renewable Resource Depletion: It relies on depletable uranium fuel.
(2) Social Externalities: It requires extrinsic social institutions to restrict proliferation of uranium

enrichment technologies.
(3) Economics: It cannot maintain its capital stock at the current cost of LWR construction.



THEREFORE, LWR TECHNOLOGY MUST BE CHEAPER, MORE FUEL EFFICIENT, AND LESS
RELIANT ON URANIUM ENRICHMENT SERVICES. IF IT CANNOT MEET THESE CHALLENGES,
IT CANNOT BE CONSIDERED SUSTAINABLE. EITHER NEW NUCLEAR TECHNOLOGIES MUST
MEET THESE CRITERIA OR THE NUCLEAR POWER INDUSTRY, AS CURRENTLY
CONSTITUTED, CANNOT BE SUSTAINED FOR THE FORESEEABLE FUTURE.

ENDNOTES

Acknowledgements: We thank the Center for International Security and Cooperation (CISAC) for the opportunity
to write this paper and acknowledge D. Bodansky, C. Braun, S. Fetter, M. May, P. Peterson, B. Rasin, D. Rossin,
W. Sailor, J. Taylor, and the Evaluation Methodologies Group of the Generation IV Roadmap Committee for their
encouragement and comments.

1. To stop consumption from growing, population ought to be stabilized. In principle, sustainability
could require that capital stocks grow at the same rate as the population (since this would imply per capita
maintenance of capital stocks). In practice, the rate of growth of both population and stocks of capital should go to
zero. This condition, distinctly identified by Goodland and Daly, is relevant to our analysis since it relates to the
distribution of capital, which is linked to potentials for conflict and causes for war. In the context of nuclear
energy, such subjects ought to be addressed, considering nuclear power's intimate link to nuclear weapons. Note
that, even with zero population growth, distribution of capital is important and ought to be addressed under this
condition.

2. Note that these criteria are clearly open to discussion. Our purpose is not to determine the correct
criteria, but merely to have a set of operational ones, allowing categorizing of an energy system as supporting
intermediate sustainability.

3. This ignores the use of "surplus" defense inventories of highly enriched uranium (HEU) and
plutonium. US EIA (1998) calculates that Russian surplus inventories of HEU will provide the equivalent of
about 400 million pounds of uranium. Also, US inventories of surplus of HEU, low enriched uranium (LEU), and
plutonium in the form of Mixed Oxide (MOX) fuel will provide the equivalent of about 100 million pounds. This
is equivalent to about 225 thousand tons or about 3 years of supply. If all nuclear weapons were converted to
commercial nuclear fuel, many more years of supply would be available, but could not extend nuclear resources
beyond one century.

4. The health effect of low-dose radioactivity is an area of controversy in health physics. Determining
whether specific emissions from a sector of the nuclear power industry are acceptable depends on the health
effects of exposure to radioactivity. It is beyond the scope of this paper to resolve the debate surrounding the
"Linear-No-Threshold" (LNT) hypothesis (for a more extensive treatment of this, see, for example, van der Zwaan
1999, pp. 64-77). The LNT model states that (1) it is likely that no limit exists below which radiation exposure
becomes harmless for human health and (2) the effect of ionizing radiation on humans and/or human tissue is
possibly approximately linear. Doubts remain as to whether exposure to small radiation doses might not be
harmful at all, or, as some claim, might even be beneficial. Recently, however, the majority of the scientific
community and the international institutions involved with radiation risks and radiation protection have accepted
the LNT model as a precautionary principle. In 1991, the International Commission on Radiation Protection
(ICRP 1991) accepted the LNT model. Since the LWR industry will probably never be able to avoid radioactive
emissions entirely, it is possible that advances in health physics will change the conclusion that LWR technology
is sustainable on this criterion. (For further discussion on this matter, see also IEA 1998, Rogner 1999, Stevens
1997, and Tomain 1994).
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