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Abstract

This report assesses the economics of reprocessing versus direct disposal of spent
nuclear fuel. The breakeven uranium price at which reprocessing spent nuclear fuel from
existing light-water reactors (LWRs) and recycling the resulting plutonium and uranium
in LWRs would become economic is assessed, using central estimates of the costs of
different elements of the nuclear fuel cycle (and other fuel cycle input parameters), for a
wide range of range of potential reprocessing prices. Sensitivity analysis is performed,
showing that the conclusions reached are robust across a wide range of input parameters.
The contribution of direct disposal or reprocessing and recycling to electricity cost is also
assessed. The choice of particular central estimates and ranges for the input parameters
of the fuel cycle model is justified through a review of the relevant literature. The impact
of different fuel cycle approaches on the volume needed for geologic repositories is
briefly discussed, as are the issues surrounding the possibility of performing separations
and transmutation on spent nuclear fuel to reduce the need for additional repositories. A
similar analysis is then performed of the breakeven uranium price at which deploying
fast-neutron breeder reactors would become competitive compared with a once-through
fuel cycle in LWRs, for a range of possible differences in capital cost between LWRs and
fast-neutron reactors. Sensitivity analysis is again provided, as are an analysis of the
contribution to electricity cost, and a justification of the choices of central estimates and
ranges for the input parameters. The equations used in the economic model are derived
and explained in an appendix. Another appendix assesses the quantities of uranium likely
to be recoverable worldwide in the future at a range of different possible future prices.
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Executive Summary

For decades, there has been an intense debate over the best approach to managing
spent fuel from nuclear power reactors—whether it is better to dispose of it directly in
geologic repositories, or reprocess it to recover and recycle the plutonium and uranium,
disposing only of the wastes from reprocessing and recycling. The relative costs of
reprocessing vs. not reprocessing are one important element of these debates. Economics
is not the only or even the principal factor affecting decisions concerning reprocessing
today. But economics is not unimportant, particularly in a nuclear industry facing an
increasingly competitive environment. At a minimum, if reprocessing is being done to
achieve objectives other than economic ones, it is worthwhile to know how much one is
paying to achieve those other objectives.

While some analysts have argued in recent years that the costs of reprocessing
and direct disposal are similar, and that reprocessing will soon be the more cost-effective
approach as uranium prices increase, the data and analyses presented in this report
demonstrate that the margin between the cost of reprocessing and recycling and that of
direct disposal is wide, and is likely to persist for many decades to come.

In particular:

e Atareprocessing price of $1000 per kilogram of heavy metal (kgHM), and with our
other central estimates for the key fuel cycle parameters, reprocessing and recycling
plutonium in existing light-water reactors (LWRs) will be more expensive than direct
disposal of spent fuel until the uranium price reaches over $360 per kilogram of
uranium (kgU)—a price that is not likely to be seen for many decades, if then.

e At a uranium price of $40/kgU (comparable to current prices), reprocessing and
recycling at a reprocessing price of $1000/kgHM would increase the cost of nuclear
electricity by 1.3 mills/kWh. Since the total back-end cost for the direct disposal is in
the range of 1.5 mills/kgWh, this represents more than an 80% increase in the costs
attributable to spent fuel management (after taking account of appropriate credits or
charges for recovered plutonium and uranium from reprocessing).

e These figures for breakeven uranium price and contribution to the cost of electricity
are conservative, because, to ensure that our conclusions were robust, we have
assumed:

— A central estimate of reprocessing cost, $1000/kgHM, which is substantially
below the cost that would pertain in privately financed facilities with identical
costs and capacities to the large commercial facilities now in operation.

— A central estimate of plutonium fuel fabrication cost, $1500/kgHM, which is
significantly below the price actually offered to most utilities in the 1980s and
1990s.

— Zero charges for storage of separated plutonium or removal of americium.

— Zero additional security, licensing, or shut-down expenses for the use of
plutonium fuels in existing reactors.

— A full charge for 40 years of interim storage in dry casks for all fuel going to
direct disposal, and no interim storage charge for fuel going to reprocessing—
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even though most new reactors are built with storage capacity for their lifetime
fuel generation, so few additional costs for interim storage need be incurred.

— Geological disposal of spent MOX fuel at the same cost as disposal of spent LEU
fuel.

e Reprocessing and recycling plutonium in fast-neutron reactors (FRs) with an
additional capital cost, compared to new LWRs, of $200/kW. installed will not be
economically competitive with a once-through cycle in LWRs until the price of
uranium reaches some $340/kgU, given our central estimates of the other parameters.
Even if the capital cost of new FRs could be reduced to equal that of new LWRs,
recycling in FRs would not be economic until the uranium price reached some
$140/kgU.

e At a uranium price of $40/kgU, electricity from a plutonium-recycling FR with an
additional capital cost of $200/kW,, and with our central estimates of the other
parameters, would cost more than 7 mills/kWh more than electricity from a once-
through LWR. Even if the additional capital cost could be eliminated, the extra
electricity cost would be over 2 mills/kWh.

e As with reprocessing and recycling in LWRs, these figures on breakeven uranium
price and extra electricity cost for FRs are conservative, as we have assumed:

— Zero cost for providing start-up plutonium for the FRs.

— Zero additional cost for reprocessing higher-plutonium-content FR fuel.

— Zero additional cost for manufacturing higher-plutonium-content FR fuel.

— Zero additional operations and maintenance costs for FRs, compared to LWRs.

e Costs for the far more complex chemical separations processes and more difficult fuel
fabrication processes needed for more complete separation and transmutation of
nuclear wastes would be substantially higher than those estimated here for traditional
reprocessing. Therefore the extra electricity cost, were these approaches to be
pursued, would be even higher. Arguments for separations and transmutation to limit
the need for additional repositories rest on a number of critical assumptions that may
or may not be borne out in practice.

e World resources of uranium likely to be economically recoverable in future decades
at prices far below the breakeven price amount to tens of millions of tons, probably
enough to fuel a rapidly-growing nuclear enterprise using a once-through fuel cycle
for a century or more.

In this report, we have focused only on the economic issues, and have not
examined other issues in the broader debate over reprocessing. Nevertheless, given (a)
the costs outlined above; (b) the significant proliferation concerns that have been raised
(particularly with respect to those reprocessing approaches that result in fully separated
plutonium suitable for use in nuclear explosives); and (c) the availability of safe, proven,
low-cost dry cask storage technology that will allow spent fuel to be stored for many
decades, the burden of proof clearly rests on those in favor of investing in reprocessing in
the near term.



1. Introduction

For decades, there has been an intense debate over the best approach to managing
spent fuel from nuclear power reactors—whether it is better to dispose of it directly in
geologic repositories, or reprocess it to recover and recycle the plutonium and uranium,
disposing only of the wastes from reprocessing and recycling. These debates have become
even more salient in recent years, as increasing accumulations of both spent nuclear fuel and
separated plutonium from reprocessing generate increasing concern worldwide. Countries
that have chosen to reprocess are facing high costs and rising political controversies, while
many of those that have chosen not to reprocess are facing significant political obstacles to
providing adequate storage space for spent fuel. No country in the world has yet opened a
permanent repository for either spent nuclear fuel or the high-level wastes from reprocessing.
In several countries, proposals to separate and transmute not only plutonium and uranium,
but other long-lived radioactive materials in spent fuel as well, have gained increasing
attention in recent years.

The relative cost of reprocessing vs. direct-disposal is an important element of these
debates. Economics, of course, is not the only or even the principal factor affecting decisions
concerning reprocessing today—the inertia of fuel-cycle plans and contracts initiated long
ago, hopes that plutonium recycling will contribute to energy security, lack of adequate
storage space for spent fuel, environmental concerns, and other factors also play critical
roles." But economics is not unimportant, particularly in a nuclear industry facing an
increasingly competitive environment, where the difference between producing electricity at
slightly higher or lower cost than competitors is the difference between bankruptcy and
profit, and where fuel-cycle costs are among the few costs reactor operators can readily
control. At a minimum, if reprocessing is being done to achieve objectives other than
economic ones, it is worthwhile to know how much one is paying to achieve those other
objectives.

There is general agreement in recent studies that with today’s low uranium and
enrichment prices, reprocessing and recycling is more expensive than direct disposal of spent
fuel.? The only argument is over the magnitude of the difference and how long it is likely to

! For a useful (though now somewhat dated) overview of reprocessing and recycling of plutonium in countries
around the world, with projections for the future and some suggestions for policies to address the relevant
issues, see David Albright, Frans Berkhout, and William Walker, Plutonium and Highly Enriched Uranium
1996: World Inventories, Capabilities, and Policies (Oxford, UK: Oxford University Press for the Stockholm
International Peace Research Institute, 1997).

% The studies on this topic are too numerous to list here. Official studies are of particular interest. For example,
a recent study for the French government compared a scenario in which all of the low-enriched uranium fuel
produced in French reactors was reprocessed to a hypothetical scenario in which reprocessing and recycling had
never been introduced, and found that not reprocessing would have saved tens of billions of dollars compared to
the all-reprocessing case, and would have reduced total electricity generation costs by more than 5 percent. See
Jean-Michel Charpin, Benjamin Dessus, and René Pellat, Economic Forecast Study of the Nuclear Power
Option (Paris, France: Office of the Prime Minister, July 2000, available as of December 16, 2003 at
http://fire.pppl.gov/eu_fr fission plan.pdf), Appendix 1. The 1994 study by the Nuclear Energy Agency of the
Organization for Economic Cooperation and Development, The Economics of the Nuclear Fuel Cycle (Paris,
France: OECD/NEA, 1994), while finding a total fuel cycle cost only about 14% greater for the reprocessing
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persist. Advocates of reprocessing often argue that the extra cost of reprocessing is small
today, and will soon disappear as uranium supplies become scarce and their price rises.” The
data and analyses presented in this report, by contrast, demonstrate that the margin between
the cost of reprocessing and recycling and that of direct disposal is wide, and is likely to
persist for many decades to come.

These issues are increasingly important, as a number of countries face major
decisions about future management of their spent fuel. In the United States in particular, the
Bush administration has supported development of new reprocessing approaches that, it is
argued, might be more proliferation-resistant than previous ones, while minimizing nuclear
wastes; the Department of Energy plans to spend several hundred million dollars over the
next several years on research and development related to reprocessing in the Advanced Fuel
Cycle Initiative,* although the idea of building a large (1500 metric tons of heavy metal per
year) aqueous reprocessing plant in the United States around the middle of the next decade
has apparently been abandoned.’

1.1. What Is Reprocessing?

Reprocessing does not eliminate any of the radioactive material in spent fuel—it
merely divides that material into several categories (plutonium, uranium, and various types of

option, found a back-end cost twice as high for the reprocessing option as for the direct disposal option. In
2003, a major study from the Massachusetts Institute of Technology (MIT) (in which one of the present authors
(Holdren) participated) came to conclusions quite similar to those we reach in this study. See John Deutch and
Ernest J. Moniz, co-chairs, The Future of Nuclear Power: An Interdisciplinary MIT Study (Cambridge, MA:
Massachusetts Institute of Technology, 2003, available as of December 16, 2003 at
http://web.mit.edu/nuclearpower). The MIT study presents its results by considering the cost of reprocessing as
part of the cost of preparing plutonium fuel (and the plutonium fuel therefore appears several times as expensive
as uranium fuel of equivalent energy value), while we present our results with reprocessing counted as part of
the cost of waste management — but this difference in presentation does not affect the contribution of
reprocessing and recycling to total electricity cost. (The MIT study’s central estimate of the increase in
electricity price resulting from use of reprocessing rather than once-through fuel cycles is higher than the one in
this study, primarily because they do not assign an extra cost for several decades of dry cask storage of spent
fuel for the once-through cycle, as we do.) The RAND corporation also produced a commonly cited study of
this subject in the early 1990s: see Brian G. Chow and Kenneth A. Solomon, Limiting the Spread of Weapons-
Usable Fissile Materials (Santa Monica, CA: RAND, 1993). A useful summary of statements and studies on
this subject from the mid-1990s and before can be found in Ingo Hensing and Walter Schulz, An Economic
Comparison of Different Disposal Methods Used by Nuclear Power Plants: A Cost Simulation of Alternative
Strategies From the German Point of View Energiewirtschafliches Institute (EWTI), University of Cologne
(Olenbourg-Vourlag,1995), which also finds significantly higher costs for the reprocessing fuel cycle.

3 For a typical version of the argument, see James Lake (president of the American Nuclear Society), “Outdated
Thinking is Holding Us Back,” The Washington Post, May 12, 2001, which asserts that “the economic trade-off
is approximately equal” today, and that for the future, reprocessing offers “significant advantages in sustaining
low-cost nuclear fuel supplies.”

* See, for example, U.S. Department of Energy (DOE), FY 2004 Detailed Budget Justifications—Office of
Nuclear Energy, Science, and Technology (Washington, D.C.: DOE, February 2003; available as of December
16, 2003 at http://www.mbe.doe.gov/budget/04budget/content/es/nuclear.pdf), p. 18 and p. 45; see also DOE,
Office of Nuclear Energy, Science, and Technology, Report to Congress on Advanced Fuel Cycle Initiative:
The Future Path for Advanced Spent Fuel Treatment and Transmutation Research (Washington, DC: DOE,
January, 2003, available as of December 16, 2003 at http://www.nuclear.gov/reports/AFCI_CongRpt2003.pdf).
> Ernest J. Moniz, presentation at the Second Moscow International Conference on Nonproliferation, September
20, 2003, summarizing Deutch and Moniz, co-chairs, The Future of Nuclear Power, op. cit.
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radioactive wastes). In a current-technology reprocessing plant, the spent fuel from nuclear
reactors is chopped into pieces and dissolved in boiling nitric acid. The uranium and
plutonium in the spent fuel are extracted from this nitric acid solution using organic solvents
(typically tributyl phosphate). Since this extraction is accomplished by manipulating the
chemical reduction-oxidation (redox) states of the plutonium and uranium ions in solution,
this process (the only one that has been operated at commercial scale) is called the
Plutonium-Uranium Redox Extraction (Purex) process.6

The result is that the original spent fuel is transformed into reprocessed uranium
(representing approximately 95% of the mass of the original fuel material), plutonium
(roughly 1%), and a nitric acid solution containing the intensely radioactive fission products
and other isotopes that make up the remaining 4% or so of the original spent fuel—a solution
known as high-level waste (HLW). In addition, a variety of low-level and intermediate-level
wastes (LLW and ILW, some of which are referred to in the U.S. system as transuranic
wastes, or TRU) also result from the process. During the processing operation, a small
portion of the radioactivity is released into the atmosphere or into liquid wastes from the
reprocessing plant—releases which have been the focus of considerable controversies
regarding the operation of existing plants.

The liquid HLW from reprocessing must eventually be solidified (usually by mixing
it with molten glass, which is then hardened, a process known as vitrification), and is then
slated for disposal in a geologic repository, the same destination as is planned for spent fuel
in countries where spent fuel is not reprocessed, such as the United States. Despite
occasional claims to the contrary,’ in traditional reprocessing many of the long-lived isotopes
that pose particularly serious threats to the environment and human health remain in the
HLW. Hence a repository would have to be designed to contain the material for many
millennia, whether the material disposed of was spent fuel or HLW from reprocessing. The
ILW from reprocessing also requires isolation in a geologic repository, because of its
plutonium content. Substantially modified approaches—currently expected to have still
higher costs—would be needed to separate out and recycle the other long-lived isotopes from
spent fuel, for possible transmutation in a reactor or in an accelerator-reactor system. (Such
concepts for separations and transmutation are discussed in Chapter 3.)

In principle, both the uranium and plutonium separated from spent fuel during
reprocessing can be made into new reactor fuel and recycled. In practice, this is done for
only a small fraction of the uranium recovered from reprocessing today, because freshly
mined uranium is cheap enough that the uranium recovered from reprocessing (which is less

S For a useful description, see M. Benedict, T.H. Pigford, and H.-W. Levi, Nuclear Chemical Engineering, 2™
Ed. (New York, NY: McGraw-Hill, 1981).

7 For a typical claim that after reprocessing it is only necessary to dispose of “shorter-lived fission products,”
which can be held in storage designed to last “for a few hundred years,” see Lake, “Outdated Thinking is
Holding Us Back,” op. cit. In reality, expected doses from a nuclear repository over hundreds of thousands of
years are dominated by long-lived fission products such as technetium and iodine, which are not removed in
traditional reprocessing approaches. For a discussion of the effect of various reprocessing approaches on
repository requirements and performance, see U.S. National Research Council, Committee on Separations
Technology and Transmutation Systems, Nuclear Wastes: Technologies for Separations and Transmutation
(Washington DC: National Academy Press, 1996), Appendix G, “Effects on Repository,” pp. 315-353.
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desirable because of various isotopes created during irradiation in the reactor, including U-
234 and U-236) is not competitive for use in fresh fuel. So nearly all of the uranium
recovered from reprocessing every year simply remains in storage.

Similarly, a substantial fraction of the plutonium recovered each year from
reprocessing also remains in storage. The fabrication of uranium-plutonium mixed-oxide
(MOX) fuel from this plutonium and its use in reactors has not kept pace with the continued
separation of additional plutonium through more reprocessing. The result is that today, there
are more than 200 metric tonnes of separated civilian plutonium in storage around the world.®
This separated plutonium, while “reactor-grade,” is usable in nuclear weapons (by any state
or group capable of making a nuclear weapon with weapon-grade plutonium),” and the
current world stock is enough for tens of thousands of nuclear weapons. For this reason, this
growing accumulation—which will soon exceed the amount of separated plutonium in all of
the world’s nuclear weapon stockpiles combined—has been the subject of considerable
controversy. Unfortunately, as this report will describe in detail, fabricating fuel from this
plutonium is more expensive than making fuel from freshly mined uranium. The use of
MOX from reprocessed plutonium has also been the subject of substantial political
controversy, focused particularly on safety concerns. These economic and political factors
continue to delay the use of MOX fuel in a number of countries, and alternatives such as
immobilizing separated plutonium as waste have not yet been adopted. As a result it is not
yet clearllolow or when the large world stockpile of separated plutonium will ultimately be
reduced.

Originally, no one intended that the plutonium recovered from reprocessing light-
water reactor (LWR) spent fuel would be recycled as fuel in LWRs. Rather, the nuclear
power industry expected that there would be a rapid transition to fast-neutron reactors, which
would use this plutonium as their start-up fuel. Commercialization of fast-neutron “breeder”
reactors (so-called because they can be configured to produce more plutonium from uranium
than they consume in their fuel) has been delayed decades longer than originally expected,
however. Therefore, in addition to comparing once-through use of uranium to reprocessing
and recycling in light-water reactors, this study will also compare once-through use of
uranium fuel in light-water reactors to reprocessing spent fuel and using the plutonium (and,
perhaps, other actinides) in future fast-neutron reactors.

1.2. Data and Sources

For some industries, reasonably good data on costs and prices are readily available.
Data on uranium prices, enrichment prices, and conversion prices, for example, are widely

¥ See, for example, David Albright and Mark Gorwitz, “Tracking Civil Plutonium Inventories: End of 1999”
(Washington, DC: Institute for Science and International Security, October 2000, available at http://www.isis-
online.org/publications/puwatch/puwatch2000.html).

? For an authoritative discussion, see U.S. Department of Energy, Office of Arms Control and Nonproliferation,
Final Nonproliferation and Arms Control Assessment of Weapons-Usable Fissile Material Storage and Excess
Plutonium Disposition Alternatives, Washington DC: DOE/NN-0007, January 1997, pp. 37-39.

12 See for example, Kevin O’Neill, ed., Addressing Excess Stocks of Civil and Military Plutonium: Proceedings
of the December 10, 2001 Conference (Washington, DC: Institute for Science and International Security, 2002,
available as of December 16, 2003 at http://www.isis-online.org/publications/2001civilpu/2001 civilputoc.html).
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available from several reliable sources. This is not the case, however, for the reprocessing
and MOX fuel fabrication industries. Dominated by a small number of state-owned firms,
these industries have maintained strict secrecy over both their costs and their contract prices,
in an effort to maintain a variety of commercial advantages.

Data are nevertheless available from several sources, which we have combined in
preparing this report. First, some official data on costs associated with specific existing or
proposed plants are available, and we have relied on these data where possible. Second, a
variety of national or international studies over the years have provided cost estimates based
on data provided by the industry, and we have relied heavily on these figures as well. Third,
a variety of reported costs have found their way into the nuclear industry trade press, and
where particular figures could be confirmed from other sources, we have also made use of
these. Finally, we have had the opportunity to review generic, representative cost data
prepared by the Nuclear Assurance Corporation (NAC), a major nuclear industry consulting
firm, for the Department of Energy, and these figures have been helpful in confirming the
estimates available from other sources.'

Fortunately, the sensitivity analysis provided in this report demonstrates that our
conclusions are robust over a broad range of variations in the input parameters. Even
changing the cost of reprocessing or of MOX fuel fabrication by a factor of two, for example,
would not make the reprocessing fuel cycle more cost-effective than the once-through cycle
under current conditions. Thus differences in estimates from different sources should not
have any substantial effect on our conclusions.

Estimating the costs of disposal of spent fuel or high-level nuclear waste poses an
even more knotty problem. No repository for spent fuel or high-level waste has yet been
completed or operated anywhere in the world. Hard data on real costs are therefore
nonexistent, and cost estimates inherently uncertain. Different countries are planning quite
different types of repositories with a wide range of capacities, and hence their estimated unit
costs (per ton of spent fuel or of solidified high-level waste) vary significantly; the quality
and detail of the available estimates also varies. When comparing direct disposal of spent
fuel to disposal of the wastes that would result from reprocessing it, one is comparing
approaches that generate different volumes of waste, different physical and chemical forms
of waste, different rates of heat generation from the wastes, and different degrees (and
lifetimes) of the wastes’ radiotoxicity. There is only a very modest literature analyzing how
these different waste characteristics might affect repository cost. We have done our best with
the literature available—focusing primarily on the projected cost for the U.S. repository,
which is the one for which the most detailed and consistent cost information is available—
but this is clearly an area for additional research. Fortunately, here, too, even very broad
variations in assumptions about the relative cost of disposing of spent fuel vs. disposing of
reprocessing wastes do not change the basic conclusions of this study.

! Geoff Varley and Dan Collier, Fuel Cycle Cost Data (Atlanta, GA: NAC, October 1999). This report was
prepared on contract to the U.S. Department of Energy, and while it includes no proprietary information on
costs or prices at existing reprocessing or plutonium fuel fabrication plants, the compilation of available data it
does contain is proprietary to NAC; hence the report is not publicly available.
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1.3. Cost vs. Price

In the classic model of a fully competitive market, the cost of providing a good or
service and its market price are very closely related. The price is simply the long-run
marginal cost of providing the good or service plus a rate of profit similar to what could be
made by taking similar risks elsewhere in the economy. If the market price rises to a higher
level, this will create opportunities for unusually high profits that will lead more producers to
enter the market, and the resulting competition will drive the price back down to the
competitive level. If the market price is below marginal cost plus a competitive profit,
producers will choose to produce other, more profitable goods and services, and the decline
in supply will drive the price back up again.

Few nuclear markets, however, match this classic competitive equilibrium model
particularly well. The uranium and enrichment markets match the model at least slightly
better than some of the other nuclear markets, in that competition in these markets is
sufficiently intense that no producer can afford to charge greatly more than its costs for very
long. Hence, in this report we will rely on price data for these elements of the nuclear fuel
cycle, rather than attempting to separately assess the underlying costs of providing these
goods and services.

The reprocessing and MOX fabrication industries, however, have been dominated by
an oligopoly of only two or three firms, which have set prices that may in some cases be
quite different from real long-run marginal costs. Originally, they were able to set
reprocessing prices at levels above the full capital plus operating cost of reprocessing,
because customer utilities faced government requirements to reprocess and had no other
choice. Today, by contrast, with the capital costs of the reprocessing plants already paid for,
they are able to set prices at levels that reflect only operating cost, future capital and
decommissioning costs, and profit—and are therefore below a realistic estimate of the full
cost of providing the reprocessing service. (These paid-off plants will not last forever,
however, and if reprocessing were to continue, prices would have to rise to levels that would
pay for both capital and operating costs for new plants to replace the existing facilities.)
Thus, the fact that one of these services is being offered at a particular price does not in itself
demonstrate that its full cost must be at that price or below—a common misconception.
Hence, in this report, with respect to reprocessing and MOX fabrication, we will attempt to
estimate both the cost to provide the service and the prices that have been charged in recent
times for providing the service. As discussed below, what it actually costs to provide the
service depends not only on the capital and operating costs of the plant, but on who owns it
and what rate of return the investors who provided the money to build the plant expect to
receive.

Similarly, we have focused on underlying cost rather than market price for the cost of
waste disposal, as there is no market for this service as yet. In most countries, geologic
disposal of nuclear waste is to be done either by the government or by a company owned by
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the generators of the waste, and hence one would expect that it would be done at cost or close
to it.

1.4. Currency Conversion

The nuclear fuel markets are effectively global-—and thus costs are reported in a wide
range of currencies. Converting these estimates to dollars inevitably introduces some
uncertainty, as currency fluctuations can easily change the apparent cost of a facility or the
price of a contract (when that cost is converted into dollars) by 20 percent or more, with no
underlying change in its real cost within the economy in which the cost was paid. In
addition, costs that were incurred or reported at different times must be converted to the
dollars of a particular year for fair comparison, to take account of inflation that has taken
place in the interim.

In this study, the method we use is to convert estimates originally expressed in
foreign currency to dollars using exchange rates prevailing at the time the estimate was
made, and then inflate the resulting dollar estimates to 2003 dollars using U.S. GDP
deflators. We use a three-year average of the currency exchange rate, centered on the year
when the estimate was made, to smooth the effect of currency fluctuations somewhat. "

1.5. Cost of Money, Discount Rate, and Taxes

Estimates of the costs of services provided from large capital facilities (such as
reprocessing plants or MOX fuel fabrication facilities—or power plants, for that matter) must
take into account the cost of paying back the money used to build the plant, and providing a
return on that investment.”> The amount of money needed to pay these capital costs, the
operating costs, and other costs of the plant is known as the “revenue requirement’; the price

">The World Bank also uses a three-year average approach for converting estimates of costs from different
currencies, but uses a complex formula known as Atlas that adjusts for changes in inflation and growth in the
two economies being compared over the three years. (A discussion of the method was available as of
December 16, 2003 at http://www.worldbank.org/data/working/working-meth.html.) For the purposes of this
paper, the small possible increase in accuracy from using this method is not worth the large increase in
complexity. Another possibility would be to use purchasing power parity (PPP) exchange rates, developed to
reflect the actual cost of buying a typical basket of goods within different economies. (For a discussion of PPP
rates and their uses, see, for example, OECD, “PPP Frequently Asked Questions,” available at
http://www.oecd.org/oecd/pages/home/displaygeneral/0,3380,EN-faq-513-15-no-no-322-513,FF.html.) We
have chosen to use currency exchange rates rather than PPP rates in this study because (a) nuclear fuel services
are internationally traded on a global basis, requiring frequent use of different currencies traded at market rates;
(b) the basket of goods compared to produce PPP estimates is not appropriate for judging the costs of the large
technical facilities considered in this paper; and (c) essentially all other nuclear fuel cycle cost estimates of
which we are aware use currency exchange rates rather than PPP. The use of PPP rates rather than currency
exchange rates would have the effect of significantly reducing the very high cost estimates for the Japanese
reprocessing plant at Rokkasho-mura (though these would remain much higher than the costs of other
comparable plants). Estimates of the cost of European facilities and services would also be reduced, but more
modestly.

1 See relevant equations in Appendix A.
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of the service provided by the plant must be set high enough to meet the revenue
requirement.

The return that lenders and investors will demand depends on the risk of the project—
and thus the revenue requirement and the minimum price that can be charged for the service
depend on the risk as well. For a government-owned facility, money can be borrowed at an
effectively risk-free rate (we use 4% above inflation in this s‘[udy).14 A facility owned by a
regulated utility with a rate of return effectively guaranteed by government regulators (or a
group of such utilities) also represents a relatively low-risk investment, though the risk (and
the resulting rate that lenders and stock investors will demand) would be higher than for
government borrowing."> A private venture subject to the whims of the competitive market,
by contrast, would represent a significantly higher risk, and would have to offer still higher
rates of return to lenders and investors to raise funds on commercial markets.'° Thus,

' For the United States, official instructions for discounting for government-financed programs can be found at
Office of Management and Budget, “Guidelines and Discount Rates for Benefit-Cost Analysis of Federal
Programs,” Circular A-94, October 29, 1992, available as of December 16, 2003 at
http://www.whitehouse.gov/omb/circulars/a094/a094.html. This document points out that government
investments use funds that would otherwise have been available for private investments, and therefore
recommends that for all projects that have an impact in the private sector or on the public (a category that
certainly includes processing of spent nuclear fuel), a 7% real discount rate be used, which it says
“approximates the marginal pretax rate of return on an average investment in the private sector in recent years.”
Only for “internal” government investments, designed purely to increase government revenue or decrease
government expenses (such as the purchase of a more energy-efficient government building) does it allow the
use of a rate based on the real rate of return on U.S. government bonds (that is, the government’s cost of
borrowing). Nevertheless, we use a rate based on the government bond rate here, to distinguish the
government-financed case more clearly from the privately-financed case. The bond rates to be used for such
discounting are updated every year (see Office of Management and Budget, “OMB Circular No. A-94:
Appendix C: Discount Rates for Cost Effectiveness, Lease-Purchase, and Related Analyses,” updated February
2003, available as of December 16, 2003 at http://www.whitehouse.gov/omb/circulars/a094/a94 appx-c.html);
while the real rate recommended for projects of 30 years or more duration in February, 2003, was 3.2%,
noticeably less than the figure we use, the rate recommended the previous year was 3.9%, very close to our
government rate. A tabulation of the government rates recommended for use in such discounting over the years
was available as of December 16, 2003 at http://www.whitehouse.gov/omb/circulars/a094/DISCHIST-2003.pdf.
' In this study, we use the peer-reviewed estimates for financing arrangements in NAS, Nuclear Wastes:
Technologies for Separations and Transmutation, op. cit., Appendix J, “Fuel Reprocessing Economics,” pp.
413-446. For regulated utilities, this means facilities financed with 46% debt, 8% preferred stock, and 46%
common stock, with real-dollar returns of 4.8% per year on debt, 4.1% on preferred stock, and 8.5% on
common stock. With an income tax rate of 38%, a tax depreciation period of 15 years, and a total facility life of
30 years, and with 2% per year added for property taxes and insurance, this leads to a fixed charge rate—the
fraction of the initial capital requirement that has to be paid each year to cover taxes, interest on debt, and return
to equity investors—of 12.3%. See discussion and relevant equations in Appendix A. This rate is actually
somewhat lower than the rates the Electric Power Research Institute (EPRI) recommends for regulated utilities:
EPRI envisions a real debt rate of 5.8%, a preferred stock rate of 5.3%, and a common stock rate of 8.7%. See
Technical Assessment Guide: Volume 3, Revision 8: Fundamentals and Methods - Electricity Supply, TR-
100281-V3RS8 (Palo Alto, CA: EPRI, 1999). The authors are grateful to George Booras of EPRI for discussions
of these topics.

' For this unregulated case, NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit.,
Appendix J, “Fuel Reprocessing Economics,” pp. 413-446 assumes 70% common stock financing and 30%
debt, with a 9.0% real annual interest on debt and a 16.0% annual return on stock. With the same assumptions
on taxes and life of the facility, this leads to an annual fixed charge rate of 20.8%. See discussion in Appendix
A. These are described as financing arrangements typical of large chemical facilities, and therefore do not
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following the approach taken by the Committee on Separations Technology and
Transmutation Systems of the National Research Council,!” we will take these three types of
entities (government, regulated utility, and private venture) as representative of the spectrum
of possible financing approaches for facilities of this type, and estimate what the costs of
reprocessing, MOX fabrication, and reactor-generated electricity would be for plants built
and owned by each of these three.

Of course, actual financing arrangements for specific plants will differ from the
representative cases we discuss here. The French UP3 reprocessing plant at La Hague and
the British Thermal Oxide Reprocessing Plant (THORP) at Sellafield were both built with
unique financing arrangements in which the customers paid the capital costs of the plants
through pay-ahead contracts—meaning that the reprocessors themselves put very little of
their own capital at risk and paid essentially no return on the capital invested in the plants.
This was only possible because foreign utilities faced legal requirements to reprocess their
spent fuel and no one else was offering the service. This seller’s market for reprocessing
services has disappeared, and such financing arrangements are therefore not likely to be
repeated. (The same firms, for example, were unable to obtain similar financing
arrangements for the construction of their MOX fuel fabrication facilities.) Similarly, the
firm building the Japanese reprocessing plant at Rokkasho-mura is largely (though not
entirely) owned by the utilities that will make use of its services, who face a combination of
legal and political requirements to get the spent fuel out of the spent fuel pools at their
reactors: while the financing arrangements for this plant remain confidential, it seems likely
that the return on investment the utility owners expect is the solution of their spent fuel
problems, not a profitable financial rate of return (and public estimates of the cost of
reprocessing at this facility make no allowance for any return on investment). Here, too,
however, with the increasing availability of dry cask storage, it appears unlikely that such a
favorable financing package could be structured again in the future.'®

Taxes are another important difference between government-owned and private
facilities. Privately owned facilities must provide sufficient revenue to pay both corporate

reflect the unique political risks to investors that would be associated with building a privately financed
reprocessing plant in the United States, or in most other developed countries.

"NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit., Appendix J, “Fuel
Reprocessing Economics,” pp. 413-446.

'8 One way of conceptualizing such pay-ahead contracts with a zero rate of return is to consider that the utilities
are effectively treating the cost of reprocessing (including the capital cost of building the necessary plant) as an
ordinary fuel expense, much like purchasing uranium — though in this case an expense incurred long before the
service is actually used. The money for these pay-ahead contracts would have to come from somewhere —
either from (a) the utility being allowed to charge higher electricity rates to cover the cost (in the case of a
regulated utility whose rates are set by the government); (b) utility borrowing (or, equivalently, paying off
existing debts at a reduced rate), or (c) reduced returns to the utility’s equity investors (for example, a reduction
in dividend payments). Thus, while the cost of money might be zero from the point of view of the firm building
the reprocessing plant for the utilities, a proper accounting from the point of view of the utilities even in that
case would assign a cost of money at least as high as the rate at which the utility could borrow funds, and
possibly as high as the average investors’ discount rates. If reprocessing were analyzed on the assumption that
the facility would be built with pay-ahead contracts paid for through utility borrowing, the resulting effective
reprocessing price would be intermediate between the government case and the regulated utility case considered
in this study. If the facility were paid for through a combination of utility borrowing and reduced returns to
investors, the result would be effectively the same as the regulated utility case used in this study.
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income taxes and property taxes, as well as providing a competitive return to lenders and
investors, while government-owned facilities are not subject to tax. This can make an
enormous difference in the capital component of cost: if $100 million a year is needed to pay
investors, and the tax rate is 33%, then $150 million in revenue will be needed to pay taxes
and still have enough left over to pay the investors—increasing the capital contribution to the
price by 50% compared to what it would be with no taxes. The costs of property taxes are
smaller, but still significant—and private firms typically have to pay insurance costs as well,
while the government insures itself.

As we will show, the effect of these differences can be surprisingly large. For a
reprocessing plant with the same capacity and costs as THORP, for example, the minimum
price in a government-owned case (making reasonable assumptions for such matters as time
to build and start-up costs) would be in the range of $1350 per kilogram of spent fuel
reprocessed. Ownership by a regulated utility paying taxes and higher rates to lenders and
investors would put the total over $2000/kgHM, and ownership by a private venture with no
guaranteed rate of return would add more than $1000 beyond that."

Estimating how much must be set aside today to finance future obligations that there
is a legal requirement to meet—such as funds for disposal of nuclear wastes or for
decommissioning nuclear facilities—poses a somewhat different problem. In this case,
rather than using the rates one would have to offer investors to finance a commercially risky
new facility, one must use “risk free” rates—the rates of return that could be earned by
effectively guaranteed investments, such as U.S. government bonds—because there is a legal
obligation to ensure that the money will be there when the time comes. (Many analyses
make the mistake of using one discount rate for these quite different situations.) In this
study, we will use a rate of 3% above inflation (representing the U.S. government bond rate)
for this risk-free discount rate. Indeed, while one can have good confidence that such
investments will continue to provide the expected rate of return over the time required if that
time is several decades, if the time involved is measured in centuries, then both the
confidence in the investments and the uncertainties in estimating the future costs grow
substantially. For this reason, and because of arguments related to inter-generational equity,
a number of analysts argue that a zero discount rate should be used for times beyond a single
generation.”’ We will not use this zero discount rate in this report; if we did, the costs of
reprocessing and MOX fabrication would increase (because the long-term costs of
decommissioning these facilities would not be discounted) and the costs of geologic
repositories would also increase (because the costs of operations at these facilities during the
long times they will remain open would also not be discounted).

1.6. Real vs. Nominal Dollars

1 See discussion in Chapter 2.
2 For a useful discussion, see Charpin, Dessus, and Pellat, Economic Forecast Study of the Nuclear Power
Option, op. cit. Appendix 8, “The Choice of a Discount Rate.”
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Inflation is a fact of life in most economies—and it makes a substantial difference
when thinking about the costs and revenues of facilities that may take a decade to build and
may operate for thirty years or more.

There are two methods for presenting economic estimates in such situations—using
the actual number of dollars that will be spent or received in a given year, without adjusting
for the fact that those dollars in the future will each buy less than a dollar does today (so-
called “nominal” or “then-year” dollars), or adjusting for the effects of inflation so that all
dollar values are quoted in the dollars of a particular year, and can be directly compared
against each other (so-called “constant” or “real” dollars). In this report, all estimates of
costs and prices are in constant 2003 dollars.

1.7. Plan of the Report

In the remainder of this report, we proceed as follows. In Chapter 2, we provide an
analysis comparing the costs of reprocessing and recycling vs. those of direct disposal in
existing light-water reactors, using central estimates and estimated ranges for the costs of the
various elements of the fuel cycle. This section answers the question: “if these central
estimates and ranges are correct, how expensive would uranium have to become before
reprocessing became economic, at various reprocessing prices?” The reverse (but
equivalent) way of posing the question is: “how cheap would reprocessing have to get to be
economic, over a range of possible future uranium prices?” We also analyze the contribution
of the back end of the fuel cycle to electricity cost for both approaches, at various
reprocessing and uranium prices. We then outline the reasons behind each of our cost
estimates for the input parameters for the calculation, assessing both current prices and the
likelihood of substantial and long-lasting changes in the future (either upward or downward).

In Chapter 3, we take the same approach for comparing the economics of LEU-fueled
light-water reactors with direct disposal of spent fuel, to future fast-neutron breeder reactors
with reprocessing and complete recycling of the recovered plutonium and uranium (and,
perhaps, other actinides). Here a very important (and uncertain) factor is the future
differential in capital cost between breeder reactors (which have traditionally been expected
to have higher capital costs) and light-water reactors. This section answers the question:
“how expensive would uranium have to become before building and operating plutonium-
fueled breeder reactors became economic, at various capital costs for these plants?”—or,
equivalently, “how much would the capital costs of breeders have to be reduced before they
could offer a future energy alternative that was economically competitive with once-through
use of uranium fuel in light-water reactors?” Chapter 3 also briefly discusses possible future
fast-neutron systems built more for the purpose of transmutation of wastes than for breeding
additional nuclear fuel.

In Chapter 4 we briefly outline the conclusions we draw from these analyses.
Appendix A provides a complete description and derivation of the equations used in these
analyses, while Appendix B discusses estimates of the quantity of uranium likely to be
recoverable worldwide at various possible future prices.






2. Direct Disposal vs. Reprocessing and Recycling in Thermal Reactors

2.1. How to Compare Costs of Different Fuel Cycles

A valid comparison of the costs of direct disposal of spent nuclear fuel to those of
reprocessing and recycle requires a full life-cycle cost assessment for each route, not just an
assessment of the costs of individual services. One cannot simply compare, for example, the
cost of reprocessing to the cost of direct disposal, for this ignores other costs for both fuel
cycles (as well as the potential value of the uranium and plutonium recovered by
reprocessing). In short, the right question is: what are the full costs that a reactor operator
making a decision between reprocessing and recycling the spent fuel from a light-water
reactor or disposing of it directly could expect to face on each route?

On the reprocessing route, the reactor operator will have to pay the costs of: (a)
transporting the fuel to the reprocessing plant; (b) reprocessing; and (c¢) conditioning and
disposal of the high-level, intermediate-level, and low-level wastes from reprocessing. The
operator will then have available plutonium and uranium recovered from reprocessing, which
can be used as fuel (once the costs of fabricating the plutonium into mixed-oxide (MOX) fuel
and of enrichment and fabrication of the recovered uranium are paid). There may also be
other costs associated with using these materials as fuel, such as the costs of transporting and
safeguarding MOX fuel, licensing MOX use in reactors, changes in burnup strategy that may
be required if the MOX is not licensed to go to as high burnups as LEU fuel, and so on.

On the direct disposal route, the reactor operator will have to pay the costs of: (a)
interim storage of the spent fuel pending geologic disposal, (b) eventual transport to a
repository site, and (c) encapsulation, conditioning, and disposal of the spent fuel. In
addition, the operator in this case must continue to pay the cost of fueling the entire reactor
core with fresh fuel (including the costs of natural uranium, enrichment services, and low-
enriched uranium (LEU) fuel fabrication), rather than being able to replace some of it with
plutonium and uranium recovered from reprocessing.

In general, if reprocessing and MOX fabrication prices are low, uranium and enrichment
prices are high, and if the storage, encapsulation, and geologic disposal of the vitrified HLW
from spent fuel would be significantly cheaper than storage, encapsulation and geologic
disposal of the spent fuel itself, then the reprocessing-recycle option will be cheaper than the
direct-disposal option. If reprocessing and MOX fabrication prices are high, the costs of
waste disposal for the two approaches are similar, and uranium and enrichment costs are low,
it will be cheaper to pursue the direct-disposal route. The value of the plutonium and uranium
recovered by reprocessing—which needs to be high enough to make up for the extra cost of
reprocessing—increases as the price of natural uranium increases, since the value of these
recovered materials results from their potential to displace fuel that would be made from
natural uranium. The price of uranium at which the net present cost of the two fuel cycles is
exactly equal is the “breakeven” price, represented notionally by the following equation:

_ | cost of reprocessing value of recovered

B [& disposal of wastes} _[plutonium & uramum} (2.1)

cost of interim storage
& disposal of spent fuel
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If the uranium price is below the breakeven price, direct disposal is cheaper; if it is above the
breakeven price, reprocessing and recycling is cheaper.

The terms on the left-hand side of equation (2.1), for interim storage and disposal of
spent fuel, are simply the costs of particular services, whose costs are discussed in detail
below (see sections 2.5.3-5). The same is true for the cost of reprocessing and the cost of
disposal of reprocessing wastes, which is represented by the first set of brackets of the right-
hand side of the equation.

Matters become more complex for the right-most term of equation (2.1), as the value of
the recovered plutonium and uranium depends on a wide range of factors. The value of the
recovered plutonium and uranium is the value of the fuels that can be made from them minus
the costs of making and using these fuels. Because the fuels made with recovered plutonium
and uranium would substitute for LEU fuels made using natural uranium, their value is
determined by the price of equivalent LEU fuel (i.e., fuel with the same design burnup). Thus
the value of these recovered materials can be represented by:

value of recovered | _ | cost of LEU fuel made | | cost of equivalent fuel made 2.2)
plutonium & uranium | | with natural uranium with recovered Pu & U ’

Consider a concrete (though simplified) example. Imagine that a utility is considering
whether to reprocess a load of spent fuel from its reactor or place it in interim storage
pending eventual direct disposal. The utility estimates that the present value of the cost of
storing the material until a repository is ready (that is, the amount of money that must be paid
today to get the job done for the entire period) is $200 per kilogram of heavy metal (kgHM)
in the spent fuel, and the present value of the cost of direct disposal, including transport to
the repository site and encapsulation, is $400/kgHM. (Our estimates for the prices of various
fuel cycle services are discussed in detail later in this study; the numbers in this paragraph are
round figures intended only for illustrative purposes.) The utility estimates the cost of
reprocessing the spent fuel at $1000/kgHM, and the present value of the cost of eventually
disposing of the radioactive wastes from reprocessing at $200/kgHM—Iess than the cost of
direct disposal, but not by any means enough less to pay for the cost of reprocessing. So the
total cost on the direct disposal route is $600/kgHM, while that on the reprocessing route is
$1200/kgHM—$600/kgHM more. Hence, in this case reprocessing would begin to make
economic sense when the value of the plutonium and uranium recovered from the
reprocessing was $600/kgHM or more.

How much would this recovered plutonium and uranium be worth? For the rough
purposes of illustration, we can assume that 1% of the spent fuel—10 grams of every
kilogram—is plutonium and 95% is uranium (with the remaining 4% being radioactive
fission products and minor actinides). Let us assume that the uranium is worth the same
amount as fresh natural uranium (as discussed below, this is not the case, because of the
buildup of undesirable uranium isotopes during irradiation, but this is not important for the
illustrative purposes of this discussion). If the utility estimates that the uranium price is
$50/kg, then the uranium recovered from reprocessing a kilogram of spent fuel will be worth
about $48.
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Estimating the value of the recovered plutonium requires a bit more work. To make fuel
from the plutonium equivalent in energy content to typical LEU fuel, roughly 6 kilograms of
fuel would have to be reprocessed for every kilogram of fresh fuel fabricated. The utility
estimates that fabricating each kilogram of fresh plutonium fuel (after mixing the plutonium
oxide with uranium oxide to form a mixed oxide, or MOX) would cost $1500. Each such
kilogram of plutonium fuel could replace a kilogram of LEU fuel, whose costs include the
cost of the natural uranium that goes into making it (let us say 7 kilograms, for this example,
at $50/kg), the cost of converting that uranium from the form in which it is mined to the form
in which it is enriched (7 kilograms again, at a cost the utility estimates at $5/kg), the cost of
enriching it to a level usable in the reactor (6 separative work units, or SWU—the unit by
which enrichment work is measured, at a cost the utility estimates at $100/SWU), and the
cost of fabrication, about $250/kg:

Uranium 7kg @ $50/kg $350
Conversion Tkg@ $5/kg $35
Enrichment 6 SWU @ $100/SWU  $600
Fabrication 1 kg @ $200/kg $250
Total $1235

Unfortunately for the utility, at these prices the recovered plutonium not only will not
provide enough value to pay the extra cost of reprocessing, it poses an additional liability,
since making fuel from it costs $1500 and the fuel the plutonium fuel replaces costs less than
$1300. In this simplified case, if all other prices stayed the same, the uranium price would
have to increase to $88/kg before the plutonium would have any value at all. The total value
of the recovered uranium and plutonium in this simplified case, as a function of the price of
uranium, C,, is:

_ | value of recovered + value of recovered
uranium plutonium

value of recovered
uranium & plutonium

(cost of LEU) —(cost of MOX)
6

=0.95C, +

(2.3)

=0.95C, +

(7¢, +885)—1500}
6

=2.12C, -102.5
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Substituting this into equation (2.1), we have

_ | cost of reprocessing value of recovered

- [& disposal of wastes} - [uranium & plutonium}

cost of interim storage &
disposal of spent fuel

[600]=[1200]-[2.12C, ~102.5]
2.4)
2.12C, =702.5

C, =332

In this simplified case, the uranium price would have to rise to over $330/kg—roughly
ten times current prices, a price no one realistically expects to see for many decades—before
the value of the recovered plutonium and uranium would be sufficient to cover the $600 extra
cost of the reprocessing approach. This would be the “breakeven” uranium price at which
reprocessing would be economically competitive with direct disposal.

Of course, there are a wide variety of economic factors a complete calculation has to take
into account that are not included in this simple illustration—carrying charges on the cost of
the material during its processing and use, changes in the quantities of uranium and
enrichment work that would be used to produce each kilogram of LEU as the uranium price
increased, the isotopic composition of the uranium and plutonium recovered from
reprocessing and the resulting plutonium concentrations or uranium enrichment levels
required to achieve given burnups, and so on. The equations we have used in this study,
which take these other factors into account, are explained and derived in Appendix A.*'

Rather than holding other prices constant and varying the uranium price until the costs of
the two fuel cycles are equal, it is also possible to hold the uranium price constant and find
the “breakeven” price for some other commodity or service—for example, how low the price
of reprocessing would have to go for reprocessing and recycle to be economic at a particular
uranium price. In the simplified case we just examined, if the uranium price is $50/kg, and
all the remaining prices remain the same, the reprocessing price would have to be reduced
from $1000 to roughly $400/kgHM before reprocessing would be economically competitive.
Like a uranium price of $350/kg, a total reprocessing cost (including pay-back of
reprocessing plant capital) of $400/kgHM is not likely to be seen for a very long time to
come.

Another way to analyze the problem, besides considering such “breakeven” prices, is to
consider the total contribution to electricity price from each of the two fuel cycles, for given
sets of estimates of the costs of the various services and commodities concerned. This
answers the question: how much extra electricity cost is incurred by choosing one fuel cycle
rather than another? In this case, the costs on each side of Equation (2.1) are simply

2! In the interests of openness and reproducibility, we have made the Excel file in which we have implemented
these equations available on the internet, at http://www.puaf.umd.edu/faculty/papers/fetter/publications.htm.
Anyone with an interest in doing so can review the equations, input their own assumptions about the cost of
different elements of the fuel cycle, and come to their own conclusions.
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converted into dollars per kilowatt-hour of electricity produced. (The specific equations used
for calculating the contribution to electricity cost are also explained in detail in Appendix A.)

In the remainder of this chapter, we will (a) show the breakeven uranium price as a
function of the cost of reprocessing, for a given set of central, high, and low estimates of the
costs of other parameters; (b) provide an analysis of the sensitivity of that result to the
various different cost parameters of the fuel cycle; (c) show the contribution of each fuel
cycle to the cost of electricity, again as a function of reprocessing price, for the same set of
parameters; (d) analyze the sensitivity of the cost of electricity to changes in selected input
cost parameters; and (e) justify our estimates of the prices of all the various parameters
involved, with discussions of near-term price projections and their possible longer-term
evolution.

2.2. Calculating Breakeven Prices

Figure 2.1 plots the breakeven uranium price as a function of the price of
reprocessing (including transportation of fuel to the reprocessing plant, short-term storage of
spent fuel and plutonium, treatment and disposal of low- and intermediate-level wastes, and
interim storage of HLW). Table 2.1 displays our central estimates of various parameters in
the calculation, as well as estimates that reflect best and worst cases for reprocessing:

(a) the cost savings from geologic disposal of reprocessing wastes compared to geological
disposal of spent fuel ($/kgHM of original spent fuel);

(b) the cost of fabricating MOX fuel ($/kgHM of MOX fuel);

(c) the cost of interim storage of spent fuel pending ultimate disposal on the direct disposal
route ($/kgHM);

(d) the price of enrichment (dollars per separative work unit, $/SWU);

(e) the burnup of the spent fuel being reprocessed and of the fresh fuel to be produced
(thermal megawatt-days per kilogram of heavy metal, MWy/kgHM);

(f) whether or not the enrichment work is done using laser isotope separation, which
would make it possible to remove the undesirable isotopes from the uranium recovered
from reprocessing without extra work;

(g) the discount rate used for the carrying charges (%/y);
(h) the price of LEU fuel fabrication ($/kgHM);

(1) the premiums charged for conversion, enrichment, and fabrication of recovered
uranium rather than natural uranium ($/kgU, $/SWU, $/kgHM); and

(j) the price of uranium conversion ($/kgU).
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Figure 2.1. Breakeven uranium price as a function of the cost of reprocessing, for
various sets of assumptions about the cost of other fuel-cycle services.

800 i ‘
/ R .
/ o
5 s -
E’ Worst Case _for / Lt L’ Lol
S 600 - Reprocessing .’ 50% .
o ’ L ‘ ‘ b ‘ ‘ /
8 . 'Monte\ 5% | 7
5 Carlo_ - 0 7
£ - d
3 400 ’ -
2 7
S 7
5 7
% 7 Best Case for
g .
g 200 | Reprocessing
©
o
m 4
) .- _ $50/kgU
e -
o
500 1000 1500 2000

Reprocessing Price ($/kgHM)

The estimates for these parameters we have used are based on a review of the recent
literature; current prices and projections for the future, with sources for these figures, are
described in more detail in a subsequent section of this chapter.**

The solid central line in figure 2.1 shows the breakeven uranium price as a function of
the price of reprocessing, using the central estimates given in table 2.1 for other fuel-cycle
prices and parameters. The dotted lines labeled “Monte Carlo” show the result of a
simulation in which the values of other parameters are selected randomly from independent
normal distributions with 5™ and 95" percentiles defined by the values given in table 2.1 for
the best and worst case for reprocessing. (This is a very rough estimate of the uncertainty in

> We have not included explicitly charges for the various transportation steps included in the fuel cycle—
ranging from transportation of uranium from the mine to the mill and from there to the conversion facility to
transportation of spent fuel to a reprocessing plant or a permanent repository—instead incorporating these into
our estimates of the prices of the individual services. Hence, the reprocessing cost estimate includes transport
to the reprocessing plant, and the estimate of the difference in disposal cost between disposing of spent fuel and
disposing of reprocessing wastes includes differences in the cost of transporting these materials to their final
repositories.
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the calculation, since there is no formal justification for assuming independent normal
distributions for each parameter.) The outer dashed lines on the figure represent the result of
setting all of the parameters equal to those we estimated as either the best case for
reprocessing or the worst case for reprocessing.

Table 2.1. Estimates of fuel-cycle costs (2003 dollars) and other parameters and sensitivity
analysis for the breakeven uranium price for a reprocessing price of $1000/kgHM.

* Breakeven U price change
Parameter Value (central = $368/kgU)  compared
Parameter low central high low high to central
Disposal cost diff. ($/kgHM) 300 200 100 298 438 70
MOX fuel fabrication ($/kgHM) 700 1500 2300 302 434 166
Interim fuel storage ($/kgHM) 300 200 100 310 425 +57
Enrichment ($/SWU) 150 100 50 338 404 ¥
Spent-fuel burnup (MWd/kgHM) 33 43 43 313 368 -54
Fresh-fuel burnup (MWd/kgHM) 53 43 43 350 368 -18
Laser enrichment Yes No No 329 368 -39
Discount rate (%/y, real) 8 5 2 353 380 ;}g
LEU fuel fabrication ($/kgHM) 350 250 150 359 376 18
Premium for recovered uranium
Conversion ($/kgU) 5 15 25 362 373 +5
Enrichment ($/SWU) 0 5 10 364 371 3
Fuel fabrication ($/kgHM) 0 10 20 367 369 +1
Conversion ($/kgU) 8 6 4 367 639 +1

* . . .
low = best case for reprocessing, high = worst case for reprocessing

As can be seen, including the additional complications of a full calculation leads to a
result similar to the illustrative calculations provided above. At the same $1000/kgHM
reprocessing price considered in the illustration, the breakeven uranium price is about
$370/kgU for our central estimates of the other parameters. Again, this is a price far higher
than any likely to be seen for many decades to come. Even the 5% boundary of the Monte
Carlo simulation represents a breakeven uranium price of about $220/kgU for a $1000/kgHM
reprocessing price. The reason that uranium prices must increase so much to reach
breakeven is that the cost of purchasing uranium is only a small fraction of the overall fuel
cost in the once-through fuel cycle, and hence to affect the overall fuel cycle price very
much, the uranium price has to increase dramatically.



20 ECONOMICS OF REPROCESSING VS. DIRECT DISPOSAL OF SPENT NUCLEAR FUEL

Table 2.2 shows the results of breakeven calculations for selected cost parameters,
holding uranium price at $50/kgU and setting other costs equal to the central values listed in
table 2.1. Thus, if the price of uranium price is $50/kgU, the reprocessing price would have
to be reduced to about $420/kgHM for reprocessing to be as cost-effective as direct disposal.
As will be discussed below, achieving such a low reprocessing price would be an
extraordinary challenge, particularly for privately-owned facilities which must pay both taxes
and higher costs of money on invested capital.

Table 2.2. Breakeven prices of selected parameters, assuming a uranium price of
$50/kgU and central values for other parameters.

Central Breakeven Breakeven
Parameter Estimate Value Central
Disposal cost difference ($/kgHM) 200 630 3.2
Interim spent fuel storage ($/kgHM) 200 780 3.9
Enrichment ($/SWU) 100 1200 12
Reprocessing ($/kgHM) 1000 420 0.42
Uranium ($/kgU) 50 370 7.4

2.3. Breakeven Price Sensitivity Analysis

Figure 2.2 illustrates the sensitivity of the breakeven uranium price to changes in the
various fuel-cycle parameters. It shows how much the breakeven price would increase or
decrease when each of the parameters is varied from our central estimate to our worst-case
and best-case estimates, for reprocessing prices of $500/kgHM, $1000/kgHM, and
$2000/kgHM.

The parameters that have the largest impact on the outcome are the reprocessing
price, the difference in price between disposal of spent fuel and high-level wastes from
reprocessing, and the price of MOX fuel fabrication. The costs of each of these particularly
important parameters are discussed in detail below. (The costs of interim storage of spent
fuel pending disposal are also important; they are addressed briefly below, and more
extensively in an earlier report on interim storage of spent fuel, by a different group of co-
authors.)> Appendix B reviews the resources of uranium likely to be economically
recoverable in the future at different prices.

2 Matthew Bunn, John P. Holdren, Allison Macfarlane, Susan E. Pickett, Atsuyuki Suzuki, Tatsujiro Suzuki,
and Jennifer Weeks, Interim Storage of Spent Nuclear Fuel: A Safe, Flexible, and Cost-Effective Approach to
Spent Fuel Management (Cambridge, MA: Managing the Atom Project, Harvard University, and Project on
Sociotechnics of Nuclear Energy, University of Tokyo, June 2001, available as of December 16, 2003 at
http://besia.ksg.harvard.edu/BCSIA _content/documents/spentfuel.pdf).



http://bcsia.ksg.harvard.edu/BCSIA_content/documents/spentfuel.pdf

DIRECT DISPOSAL VS. REPROCESSING AND RECYCLING IN THERMAL REACTORS 21

Figure 2.2. Sensitivity of the breakeven uranium price to changes in various parameters,
relative reference-case values of about $90, $370, and $950/kgU for reprocessing costs of
$500, $1000, and $2000/kgHM, respectively.
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Reprocessing price. Given the wide range we have chosen to display, the breakeven
uranium price is extremely sensitive to reprocessing price, ranging from roughly $90/kgU for
a “best case” reprocessing price of $500/kgHM, to $370/kgU for a reprocessing price of
$1000/kgHM, to $950/kgU for a reprocessing price of $2000/kgHM. As will be discussed
below, this is by no means the upper limit of plausible reprocessing prices (the plant now
under construction in Japan is expected to have a higher reprocessing cost, even if no
allowance is made for return on capital invested), but there is little point in calculating
breakeven uranium prices at higher reprocessing costs, since there is no prospect that such
uranium prices would be reached in this century.

Difference in waste disposal costs. The next most sensitive parameter is the savings
in waste disposal costs resulting from disposing of the high-level wastes from reprocessing,
as compared with the direct disposal of the spent fuel. In a best case for reprocessing, if the
savings is $300/kgHM (75 percent of the $400/kgHM estimated net present cost of disposal
of spent fuel at the time of discharge), then the breakeven uranium price would be reduced by
some $70/kgU dollars below the $370/kgU breakeven price for our central estimate of
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$200/kgHM in disposal cost savings, at a $1000/kgHM reprocessing price. If the savings
was only $100/kgHM, the breakeven price would be increased by a similar amount.

MOX fuel fabrication cost. The other particularly sensitive parameter is the MOX
fuel fabrication price. If this price was $2300/kgHM, the breakeven uranium price would
increase by some $65/kgU; if the MOX price were $700/kgHM, breakeven price would be
reduced by $65/kgU.

2.4. Contribution to the Cost of Electricity

Figure 2.3 shows the additional electricity cost involved in reprocessing and
recycling, compared to direct disposal of spent fuel, as a function of uranium price, for
several reprocessing prices. (The other fuel cycle cost parameters are set at the central
estimates described above.) As can be seen, at a reprocessing price of $1000/kgHM and a
uranium price of $40/kgU (modestly above recent prices), reprocessing would involve an
additional electricity cost of 1.3 mill/kWh. (A mill is a tenth of a cent.) Even at a uranium
price of $130/kgHM—a price not likely to be seen for many decades, if not longer—the
penalty for reprocessing is still about 1 mill/kWh. If the reprocessing price were
$1500/kgHM, the electricity price penalty at a uranium price of $40/kgU would be nearly
doubled, to about 2.5 mill/kWh.

Figure 2.3. The additional cost of electricity (COE, mill/KWh) for the reprocessing-
recycle option, for reprocessing prices of $500, 1000, 1500, and $2000/kgHM, compared
to the cost of electricity for the direct-disposal option.
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While 1-2 mill/kWh does not represent a large fraction of total electricity costs, it is a
significant fraction of the costs that owners of existing plants can control—particularly the
back-end costs. At $1000/kgHM and $40/kgU, the full costs attributable to spent fuel
management (after taking account of appropriate credits or charges for the recovered
plutonium and uranium from reprocessing) are 87% greater for reprocessing and recycling
than for direct disposal, and amount to an additional expense of roughly $1 million per year
for a typical LWR.**

2.5. Component Costs of the Fuel Cycle

In this section, we discuss our estimates of the various prices and other parameters
that enter into the fuel cycle cost calculation. In most cases, we focus on the near term
(which we take to be the next 10-15 years); in the case of uranium prices and reprocessing
costs (which are, in a sense, the key factors to be traded off against each other in considering
whether it makes economic sense to recycle), we offer some more speculation about the
longer term.

2.5.1. Uranium Prices

Uranium prices are particularly important in our analysis, since we have focused
significantly on estimating how much the uranium price would have to increase for
reprocessing and recycling in existing LWRs to be economic.

Near Term

Current uranium prices are generally in the range of $25-$35/kgU, some ten times
lower than the breakeven price we estimate for a reprocessing price of $1000/kgHM. The
average uranium price paid by U.S. utilities in 2002 was $26.93/kgU.> In the European
Union, the average price paid for deliveries under long-term contracts in 2002 (the most
recent year for which averages are available) was higher, at $32.30.° Uranium sold under
long-term contracts is usually more expensive than uranium sold on the “spot” market—
reflecting a premium paid for the added security to the utility of having long-term contracts
in place for its fuel supply. In the United States in 2002, for example, the average long-term

** With a $200/kgHM charge for interim storage pending geologic disposal, and a $400/kgHM charge for direct
disposal (including transport to the repository), the total back-end cost of direct disposal is in the range of 1.5
mill/kWh. With a reprocessing price of $1000/kgHM (including transport to the reprocessing plant), a
$200/kgHM charge for disposal of reprocessing wastes, and adjustments for the net value/cost of both the
recovered plutonium and the recovered uranium, the total back-end cost of reprocessing and recycling is almost
2.9 mill/kWh. (For the details of the equations used in these calculations, see Appendix A.) For a 1-GW,
reactor operating with an 85% capacity factor, an extra 1.3 mill/kWh is equal to $1 million/y.

» U.S. Department of Energy, Energy Information Administration, Uranium Industry Annual 2002
(Washington DC: Department of Energy, May 2003, available as of December 16, 2003 at
http://www.eia.doe.gov/cneaf/nuclear/uia/uia.pdf), Table D6. Such prices are often expressed in dollars per
pound U308; such figures must be multiplied by 2.6 to find the price in dollars per kilogram of uranium. For
the rest of the chapter, all prices are in constant 2003 dollars, converted using GDP deflators, unless otherwise
specified.

2% Euratom Supply Agency, Annual Report 2002 (Brussels: Euratom Supply Agency, 2003, available as of
December 16, 2003 at http://europa.cu.int/comm/euratom/ar/ar2002.pdf), p. 22, converted from euros to dollars
at the 0.95%/euro average rate for 2002.
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contract price was $29.00, while the average spot price was $24.15, and spot purchases
represented 17% of deliveries.”” In the European Union, the average long-term contract price
was $32.30, the average spot price was $24.22, and only 8% of deliveries were spot
purchases—both the modestly smaller amount of the spot purchases and the modestly higher
price for the long-term contracts reflecting European utilities’ preference for the security of
long-term contracts (though these differences are much less than they once were).”® As of the
summer of 2003, the spot uranium price was in the range of $28-$28.50/kgU.%

Indeed, as shown in Figure 2.4, while uranium prices are somewhat volatile, on
average world uranium prices have been declining steadily for two decades. Also notable in

the figure is that the gaps between U.S. and European prices, and between spot and long-term
prices, have declined significantly in recent years.

Figure 2.4. Uranium prices, 1972-2000.
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Uranium prices are still being depressed by the use of both military and civilian
uranium inventories: while world uranium production increased by 12% in 2000, that still

*" Uranium Industry Annual 2002, op. cit., p. 19.

¥ Euratom Supply Agency, Annual Report 2002, op. cit., Annex 3.

% Spot uranium prices are freely available from Ux Consulting, at http://www.uxc.com.

30 Reproduced from Organization for Economic Cooperation and Development, Nuclear Energy Agency, and

International Atomic Energy Agency, Uranium 2001: Resources, Production, and Demand (Paris, France: NEA
and IAEA, 2002), p. 68.
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filled only 56% of world reactor requirements of some 64,000 metric tons of uranium (tU).”'
It is expected that this situation will continue to exist for some time. The initial 500-ton
U.S.-Russian Highly Enriched Uranium (HEU) Purchase Agreement is scheduled to continue
to provide LEU blended from 30 tons a year of HEU through 2013, and there are widespread
expectations that additional excess HEU may enter the market after that; estimates suggest
that commercial uranium inventories still amounted to 140,000 tU at the end of 2000, having
declined from 168,500 at the end of 1998.% Ultimately, as existing inventories are
consumed, prices will have to rise sufficiently to bring additional production onto the market
to meet demand. Relatively modest price increases would be sufficient to result in producers
supplying additional material to the market: already demonstrated reserves recoverable at
$40/kgU or less are reported to include more than 2 million tU, and more resources would
surely be converted to reserves as prices increased.”> Hence it is quite unlikely that uranium
prices will increase above $50/kgU for any sustained period over the next couple of
decades.** One projection in the summer of 2003 suggested that uranium prices in long-term
contracts would rise to $32.50/kgU in 2005, and to $41.60/kgU by 2013, where they would
remain for an extended period.”

We have not chosen central or high and low estimates for uranium prices, instead
treating breakeven uranium price as the dependent variable resulting from the other factors in
the fuel cycle cost equation.

Longer Term

Longer-term price predictions are notoriously difficult. For much of the nuclear age,
forecasters have routinely predicted that the uranium price would imminently begin a steady
rise, and have just as routinely been proved wrong. Throughout the 20" century, the world
has been finding more of most resources and developing new and cheaper ways to recover
them faster than these resources have been consumed. The result, for a wide range of non-
renewable resources, has been prices that have been declining in real terms rather than
increasing. In the United States, for example, the real price of a broad range of metals
declined throughout the 20™ century (just as the uranium price has been doing for the last 20
years).”® Based on the estimates of uranium resources described in Appendix B, there is
clearly enough uranium available at costs far below the breakeven price for reprocessing at
$1000/kgHM to last for many decades; indeed, as described in Appendix B, it appears
unlikely that the uranium price will rise to the breakeven price anytime in the 21* century,

3V Uranium 2001 ; Resources, Production, and Demand, op. cit., p. 10.

32 Uranium 2001: Resources, Production, and Demand, op. cit., p. 59, citing a 2001 study by the World Nuclear
Association (formerly the Uranium Institute).

3 Uranium 2001: Resources, Production, and Demand, op. cit., p. 21.

3* See, for example, U.S. Department of Energy, Energy Information Administration, Nuclear Power
Generation and Fuel Cycle Report 1997 (Washington, DC: DOE, September 1997), p. 116, projecting a spot
market price essentially stable at between $40/kgU and $41/kgU (1996 dollars) from 2004-2010. This is the
last year for which this report is available.

35 See Michael Knapik, “LES Hires Advisers to Prime Renewed Push to Site Tennessee Plant; PACE Slams
USEC,” Nuclear Fuel, May 26, 2003, reporting projections from Energy Resources International.

3¢ Daniel E. Sullivan, John L. Sznopek, and Lorie A. Wagner, «qh Century U.S. Mineral Prices Decline in
Constant Dollars” (Washington DC: U.S. Geological Survey, Open File Report 00-389, available as of
December 16, 2003 at http://pubs.usgs.gov/openfile/of00-389/0f00-389.pdf).
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even with substantial growth in nuclear power. Appendix B also addresses the long-term
possibility of recovery of the huge uranium resource in seawater, which, if it could be done
on an industrial scale at a price comparable to or less than the breakeven price, would
provide a long-term competitor to reprocessing and recycling of plutonium for fueling the
future of fission-based nuclear energy.

2.5.2. Reprocessing Costs and Prices

Our analysis is also particularly sensitive to the price of reprocessing, and therefore
we discuss reprocessing costs and prices in some detail. Commercial reprocessing is
expensive. Chemically processing intensely radioactive spent fuel while maintaining
adequate safety standards requires large, complex facilities and substantial numbers of highly
trained personnel, and results in significant quantities of radioactive and chemical wastes that
must be managed. For example, the French UP2 and UP3 facilities at La Hague, the world’s
largest commercial reprocessing center, cost 90 billion francs to build (over $16 billion 2003
dollars) and employ 6,000-8,000 people.”’

Exactly how expensive reprocessing is depends, of course, on the specifics of
individual facilities. The actual experience of existing facilities provides a far better basis for
judging the cost of future facilities than paper studies by optimistic designers, but this actual
experience is limited: only two companies outside the former Soviet Union operate large
commercial reprocessing plants today (COGEMA, now part of the Areva group, in France,
and British Nuclear Fuels Limited (BNFL) in the United Kingdom), and these plants only
began operation in the 1990s. More is known about the costs at BNFL’s Thermal Oxide
Reprocessing Plant (THORP), because of the extended debates that have surrounded that
facility since its inception. Unlike cost parameters such as uranium and enrichment prices,
for which published prices are widely available, virtually all aspects of the economics of
reprocessing are considered proprietary information. The cost estimates in this study are
therefore based on the limited statements that are available from the reprocessors, studies
from other sources, and press reports. The sections below discuss costs and prices charged at
existing plants, followed by a discussion of possible costs at new facilities in the longer-term
future.

Costs

The THORP facility cost some $5.9 billion (2003 dollars) to build.*® While there has
been considerable controversy over its annual reprocessing capacity (arising from its frequent

37 Christian Bataille and Robert Galley, L’Aval du Cycle Nucléaire (The Back End of the Nuclear Fuel Cycle),
Part 1, General Study, Report to the Parliamentary Office for the Evaluation of Scientific and Technological
Choices (Paris, France: French Senate, June 1998, available as of December 16, 2003 at
http://www.senat.fr/rap/097-612/097-612.html). As discussed in Chapter 1, the cost estimate in francs has been
converted to dollars using a three-year average of exchange rates centered on the year of the estimate, and then
inflated to 2003 dollars using U.S. GDP deflators. The employment figure covers both employees of
COGEMA and subcontractors.

3¥ British Nuclear Fuels Limited, The Economic and Commercial Justification for THORP (Risley, UK: BNFL,
1993), p. 22. BNFL states that the “construction cost of THORP, spread over the ten years 1983-1992, equates
to around £1.9Bn. However, taking account of other projects which are directly related to THORP, the overall
capital cost of the programme was around £2.85 Bn.” These estimates have been converted to dollars using a
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failure to meet targets), we will use an estimate of 800 tons of heavy metal per year (tHM/y).
BNFL has never provided an official figure for THORP’s operating costs, but before THORP
began operating, BNFL provided a public estimate that a similar plant would cost some $560
million per year (2003 dollars) to operate (or roughly $700/kgHM).” BNFL in this period
frequently underestimated future costs, and indeed, on a per-kilogram basis BNFL has
concluded that costs are higher than originally anticipated, and has asked for additional
payments from customers to cover these higher costs.*” Nevertheless, to be conservative, we
will rely on this early BNFL estimate.

Both THORP and UP-3 were built with very favorable financing arrangements—pay-
ahead contracts from their utility customers paid essentially the entire capital cost over a 10-
year “baseload” period, with no interest or return to investors required. Amortizing a $5.9
billion capital cost over 10 years of operation at 800 tHM/y would result in a capital
contribution to reprocessing cost of $740/kgHM. With capital and operating costs added
together, this comes to $1440/kgHM. If we assume (conservatively) that start-up costs
amount to one year of operational costs (also amortized over the ten-year baseload), this adds
some $70/kgHM; conservative allowances for refurbishment and decommissioning add a
further $100/kgHM. Thus the total cost under this financing arrangement would be in the
range of $1760/kgHM.*!

The cost of reprocessing at new facilities with capital and operating costs comparable
to THORP would depend crucially on how they were financed (see appendix A.) Financing
with pay-ahead contracts and without requirements for return on investment was possible
only because the reprocessors’ customers were legally obliged by their governments to enter
into reprocessing contracts and BNFL and Cogema were the only firms offering the service;
this seller’s market for reprocessing services will not occur again. A government-owned
facility able to borrow money at low, risk-free government rates, and amortize the capital

three-year average of exchange rates centered on the time of the estimate, and then inflated to 2003 dollars
using U.S. GDP deflators. Other estimates (including from BNFL) lead to somewhat higher figures in 2003
dollars, but these variations may be more a matter of currency fluctuations than real differences in the estimated
cost of the facility when built. In 2000-2001, BNFL asked customers to cover £100 million in additional capital
costs not initially anticipated (approximately $150 million in 2003 dollars), but to be conservative, we have not
added these additional costs to our estimates of THORP capital costs. See, for example, Ann MacLachlan,
“BNFL, Overseas Customers Agree on New Reprocessing Contract Terms,” Nuclear Fuel, October 15, 2001.
3% Organization for Economic Cooperation and Development, Nuclear Energy Agency, The Economics of the
Nuclear Fuel Cycle (Paris: NEA, 1994), p. 113. The costs estimated in that study are in 1991 money values (p.
23), and have been converted to 2003 dollars using the same method as used for capital costs.

40 See, for example, MacLachlan, “BNFL, Overseas Customers Agree on New Reprocessing Contract Terms,”
op. cit.

*'The assumptions used here for capital, operating, refurbishment, startup, and decommissioning costs lead to a
total cost, if the plant were only to operate for the 10-year baseload, of $11.8 billion, quite comparable to
BNFL’s estimate, before the plant began to operate, of total costs of $11.3 billion. (See BNFL, The Economic
and Commercial Justification for THORP, op. cit., p. 22, converted to current dollars by the same methods
described above). The difference is likely attributable largely to our assumptions on capital refurbishment
costs, which we treat as levelized throughout the plant’s life, but BNFL may have assumed could largely be
postponed until after the baseload period (and hence these costs may have not have been fully included in an
accounting limited to costs incurred during the baseload period); refurbishment is not even mentioned in this
BNFL document, and in the OECD study, major refurbishments are assumed to occur at 10 years (just after the
baseload) and 20 years after the plant begins operations (OECD/NEA, The Economics of the Nuclear Fuel
Cycle, op. cit., p. 120.
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cost over 30 years rather than only 10, would have a total cost, using otherwise similar
assumptions, just under $1350/kgHM; a private facility with a guaranteed rate of return (and
therefore a low cost of money, though not as low as the government’s rate, and also facing a
requirement to pay taxes and insurance) would have a total cost of over $2000/kgHM; and a
private facility with no guaranteed rate of return would have a total cost of over
$3100/kgHM—all for the same capital and operating costs as BNFL estimated for THORP.**
These figures are consistent with those estimated by a committee of the National Academy of
Sciences in the mid-1990s (also on the basis of reported THORP costs), when those estimates
are converted from 1992 to 2003 dollars.* Such private-capital costs would take the cost of

* These figures assume, in addition to the capital and operating costs for THORP described in the text: (a) a 10-
year construction time, as assumed in OECD/NEA, The Economics of the Nuclear Fuel Cycle, op. cit., p. 120,
comparable to the construction times for UP3 and THORP; (b) an annual refurbishment cost of 1% of overnight
capital cost; (c) property taxes and insurance for the private facilities of 2% of overnight capital cost; (d) an
annuity for decommissioning, with decommissioning costing 30% of overnight capital cost, and occurring 20
years after the 30-year operational life of the plant, and funds set aside in a fund that generates a 3% real interest
rate, resulting in a decommissioning charge of roughly $26/kgHM; (e) continuous operation at 800 tHM/yr
throughout the 30-year life of the plant; and (f) startup costs equal to one year of operations costs, adding just
over $560 million to total capital costs. As discussed in Chapter 1, annual fixed charge rates are assumed to be
5.8% for government financing, 10.3% for a private entity with a guaranteed rate of return, and 18.8% for a
private entity with no guarantee of revenues—plus 2%, as just noted, for property taxes and insurance in the
case of the private facilities. Describing the spend-out of funds during construction with the beta-binomial S-
curve described in Appendix A, and assuming real rates for interest during construction (IDC) of 4%, 6.4%, and
9% for the government-owned, regulated-utility-owned, and private-venture-owned cases, respectively, leads to
adding 18%, 31%, and 46% to the overnight construction costs to find the total capital cost including interest
during construction. (Although it seems very unlikely that lenders would be willing to finance 100% of the cost
of building such a facility with no equity investment, even if equity shares were to be sold to pay off some of
the debt once the facility was operational, we have nonetheless used the lower rate for all-debt financing for the
private venture case, as otherwise the cost of interest during construction over 10 years of construction would be
prohibitive. This follows the approach taken in U.S. National Research Council, Committee on Separations
Technology and Transmutation Systems, Nuclear Wastes: Technologies for Separations and Transmutation
(Washington DC: National Academy Press, 1996), Appendix J, “Fuel Reprocessing Economics,” pp. 413-445.)
Thus for a government-owned facility, the total capital cost, including overnight cost, IDC, and startup costs,
would be roughly $7.5 billion; the annual capital contribution to the revenue requirement would be nearly $440
million; and the capital contribution to per-kilogram cost would be just under $550/kgHM. Adding just over
$700/kgHM in operations cost would bring the per-kilogram cost to some $1250/kgHM, and refurbishment and
decommissioning set-asides would bring the total to some $1350/kgHM. For a facility owned by a regulated
utility, the total capital cost would be $8.3 billion, contributing an annual revenue requirement of some $850
million, or just over $1060/kgHM; operating, refurbishment, and decommissioning costs are assumed to be the
same, but there would also be a cost of some $150/kgHM for property taxes and insurance, bringing total costs
to some $2020/kgHM. For a facility owned by a private venture without a regulated rate of return, the total
capital cost would be $9.2 billion, the annual revenue requirement would be $1.7 billion, the capital
contribution to per-kilogram cost would be over $2150/kgHM, and the total reprocessing cost would be over
$3100/kgHM. Assumptions on fixed charge rates, refurbishment, property insurance, and taxes, are drawn
from U.S. National Research Council, Committee on Separations Technology and Transmutation Systems,
Nuclear Wastes: Technologies for Separations and Transmutation, Washington DC: National Academy Press,
1996, Appendix J, “Fuel Reprocessing Economics,” pp. 413-445; assumptions on decommissioning are drawn
from BNFL’s own assumptions in OECD/NEA, The Economics of the Nuclear Fuel Cycle, op. cit., p. 114. We
have charged property taxes and insurance separately from the fixed charge rate on total capital cost (so as to
apply these charges only to overnight cost, not to total capital cost), and our annual fixed charge rates are
therefore 2% lower for both of the private cases than the figures used by the NAS panel. Thee NAS panel
appears not to have included its estimated 1% annual charge for refurbishment in its fixed charge rates. (Ray
Sandburg, private communication, July 2003.)

# See NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit., pp. 413-445.
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reprocessing to the edge of Figure 2.1 and beyond, to a region where the breakeven uranium
price would be in the range of $1000/kgU, or far higher than that for reprocessing at a private
facility without a guaranteed rate of return.

Costs for the French UP3 plant, built at roughly the same time to meet essentially the
same market, have been reported to be generally similar to those for THORP, though much
less detail is available.** Costs for the most recent large reprocessing plant, the Rokkasho-
Mura plant nearing completion in Japan, have been astronomically higher—despite the
design having been modeled on UP3—not lower, as might be expected from having the
benefit of the experience of the plants in France and the United Kingdom. The capital cost of
the Rokkasho-Mura plant is now expected to be 2.14 trillion yen (roughly $18 billion at
exchange rates that prevailed in the first half of 2003) and the operations cost over 40 years is
expected to be 6.8 trillion yen (over $1.4 billion per year)*—both about three times the
THORP costs discussed above. Even amortized over 40 years, with zero return on capital
and no allowances for interest during construction, startup costs, refurbishment, or
decommissioning, this would come to over $2300/kgHM. Total costs including these other
costs are expected to be dramatically higher still, at over $4100/kgHM—though it is not
entirely clear which components of the reprocessing-recycling-waste disposal program are
included in that huge total—prompting the Japanese utilities to ask for a government subsidy
to pay all costs other than operations.

In short, the $1000/kgHM reprocessing cost we have used as our central estimate is
quite conservative. For facilities with capital and operating costs comparable to THORP,
per-kilogram costs in this range could only be achieved for facilities whose capital cost has
already been paid off, or which are government-financed. If, as seems likely, future plants
would not be built by governments, but would have to raise funds on private capital markets
(and pay taxes and insurance), then simply achieving our central estimate of $1000/kgHM
would require more than a 50 percent reduction in the capital and operating costs experienced

* One press report indicates that COGEMA estimated the capital cost of UP3 at 27.8 billion francs in 1992,
roughly $6.2 billion 2003 dollars. See Ann MacLachlan, “COGEMA Inaugurates UP3 with Promise of More
Upgrades,” Nuclear Fuel, April 27, 1992. Similarly, an earlier press account reported that COGEMA had
estimated the total cost of building the UP3 plant (with a capacity of 800 MTHM/yr) and expanding UP2 from a
capacity of 400 MTHM/yr to 800 MTHM was 50 billion francs; if two-thirds of this, or 33.3 billion francs, was
for UP3, that would be roughly similar to the 27.8 billion franc estimate reported in MacLachlan. See NAS,
Nuclear Wastes: Technologies for Separations and Transmutation, op. cit., p.418, quoting Reprocessing News,
“Design and Characteristics of the UP-3 Plant,” Hanover, Germany: United Reprocessors, 1990. While
COGEMA has not revealed operating costs, BNFL has indicated that UP3 operating and decommissioning costs
are “comparable” to those estimated for THORP. See BNFL, The Economic and Commercial Justification for
THORP, op. cit., p. 18. More recently, a French study relying on figures from COGEMA has reported that the
capital cost of UP3’s sister plant, UP2, was 37 billion francs (2000 money values, some $5.7 billion in 2003
dollars, quite similar to the THORP estimate), and the continuing variable cost is 4 million francs per ton
reprocessed (some $619/kgHM in 2003 dollars). See Yves Marignac, “Briefing: Results of the *Charpin-
Dessus-Pellat’ Mission Economic Forecast Study of the Nuclear Power Option” (Paris, France: World
Information Service Energy-Paris, January 18, 2001), p. 7. Marignac was one of two authors of the supporting
study to the Charpin et al. study, on the economics of the existing nuclear power infrastructure in France.

* See, for example, “Nuke Fuel Reprocessing to Cost 15 Trillion Yen,” Japan Economic Newswire, May 15,
2003.

% Total cost for reprocessing at Rokkasho-mura is estimated at 15.9 trillion yen. See “Nuke Fuel Reprocessing
to Cost 15 Trillion Yen,” op. cit.
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at past large commercial reprocessing plants (excluding Rokkasho-Mura)—even if the
facility had the advantage of the low investor risks associated with a guaranteed rate of
return.

It is also important to note that for simplicity, in our model the reprocessing cost
includes the cost of transport to the reprocessing plant, which is not in fact included in the
above estimates of the per kilogram costs at existing facilities. Over modest distances, spent
fuel transport is typically estimated as costing an additional $50/kgHM.*’ Transport between
Europe and Japan is significantly more expensive.

Prices

BNFL figures indicate that the “baseload” contracts for THORP, designed to retire
the entire capital cost of the plants in the first 10 years of operation, were in the range of
$1600/kgHM (1989 dollars), over $2300 in 2003 dollars.*® This would be consistent with
suggestions that the baseload contracts were based on expected costs plus a fee in the range
of 20%. UP3 contract prices have been reported to be similar to THORP’s. Some sources,
however, suggest somewhat lower baseload contract prices, in the range of $1700-
1800/kgHM (2003 dollars); this difference may be attributable more to uncertainties
introduced by currency conversion in the presence of currency fluctuations than by real
differences in estimations of the prices paid.”® In some cases, domestic customers (such as
Eléctricité de France for COGEMA, both largely owned by the French government) received
modestly lower prices. These baseload contracts were not fixed-price contracts, but cost-plus
contracts, allowing BNFL and COGEMA to pass on cost increases to the customers. Both
have sought increases over the prices originally negotiated, as a result of higher than
expected costs (though in COGEMA'’s case, this occurred before the plant began
operations).”

7 See, for example, Organization for Economic Cooperation and Development, Nuclear Energy Agency,
Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles: A Comparative
Study (Paris, France: NEA, 2002, available as of December 16, 2003 at
http://www.nea.fr/html/ndd/reports/2002/nea3 109-ads.pdf), p. 211.

*See, for example, BNFL, The Economic and Commercial Justification for THORP, op. cit., p. 18. The 1990
BNFL analysis referenced therein indicated that roughly 6000 metric tons heavy metal (MTHM) of baseload
contracts were worth £6 billion (1989 money values), meaning that the average price was 1000 £/kgHM, or
over $1600/kgHM at the average exchange rate for the three years centered on 1989. An identical figure of
$1600/kgHM was provided in an interview by one of the authors with an industry participant in March 1994,
referring to contract offers from both COGEMA and BNFL as being roughly similar. A number of other
studies from the early 1990s refer to prices in the range of $1600/kgHM (then-year dollars).

¥ For example, a 1995 German study done by authors with access to data from the German utilities reported a
baseload price of 2400 DM/kgHM. If we assume that this is in 1994 money values (rather than the amount at
the time the baseload contracts were concluded, more than a decade earlier), then this comes to just over
$1800/kgHM (2003 dollars); see Ingo Hensing and Walter Schulz, An Economic Comparison of Different Back-
End Paths of Nuclear Power Plants: A Cost Simulation of Different Strategies From a German Point of View,
Energiewirtschafliches Institute (EWI), University of Cologne (Olenbourg-Vourlag,1995). Similarly, the
Nuclear Assurance Corporation (NAC) reports typical baseload prices at $1500-$1700/kgHM in 1999 dollars
($1630-$1850 2003 dollars); see Geoff Varley and Dan Collier, Fuel Cycle Cost Data (Atlanta, GA: NAC,
October 1999). As noted in Chapter 1, this NAC report was prepared on contract to the U.S. Department of
Energy, and is not publicly available because it contains information that is proprietary to NAC.

% MacLachlan, “BNFL, Overseas Customers Agree on New Reprocessing Contract Terms,” op. cit.
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Early post-baseload contracts, no longer including payback of capital costs, were
reportedly concluded in 1989-1990 at prices in the range of $1000-$1500/kgHM (2003
dollars).”’ More recently, however, with significant competition between BNFL and
COGEMA for post-baseload contracts, prices offered for new reprocessing contracts have
reportedly fallen to the range of $600-900/kgHM,’ representing, in essence, the operations
cost of the plants plus a modest allocation for profit. These prices are only possible because
amortization of capital is no longer included, and therefore do not represent long-term
sustainable prices for reprocessing services.

Longer Term Prospects in New Facilities

If reprocessing is to play any significant part in the nuclear future, new plants would
have to be built to replace the existing plants. An obvious question is: can the cost of
reprocessing be reduced substantially compared to the cost experience in existing facilities?
As noted earlier, at a uranium price of $50/kgU, for our central estimates of the other
parameters, the breakeven reprocessing price would be in the range of $425/kgHM; if the
uranium price rose to $80/kgHM decades from now, the breakeven reprocessing price would
be in the range of $480/kgHM. These figures represent a reduction by 75% or more
compared to the reprocessing price that would pertain at a facility with identical capital and
operating costs to THORP, financed at the rates that would pertain for a regulated utility with
a guaranteed rate of return. Is it plausible that reprocessing prices this low might be achieved
in the future?

The Plutonium Redox Extraction (PUREX) process used in existing commercial
reprocessing facilities has been used and perfected over more than five decades, for both
military and commercial reprocessing. While refinements are possible (and ongoing), the
technology is highly mature. It seems unlikely, therefore, that dramatic cost reductions could
be achieved using this same technology, or other variants that would also involve chopping
the spent fuel, dissolving it in acid solutions, and using organic solvents to extract the
plutonium and uranium from the fission products. BNFL and COGEMA have argued that,
using the experience gained from their existing plants, and taking advantage of process

>! See, for example, Mark Hibbs, “More Downward Pressure Expected By Germans on Reprocessing Price,”
Nuclear Fuel, February 9, 1998, reporting post-baseload German contracts with BNFL at 5500 french francs per
kilogram of heavy metal, or roughly $1275/kgHM in 2003 dollars; BNFL, The Commercial and Economic
Justification for THORP, reports that if the 275 MTHM of reserve capacity were sold at the “same price” as the
first post-baseload contracts with German utilities, signed in 1989, it would be worth £200 million in additional
profit (1992 money values), or 727 £/kgHM (roughly $1500/kgHM in 2003 dollars)—note that BNFL appeared
to be assuming that with the plant operating in any case, there would be minimal or zero additional costs from
reprocessing this additional amount of fuel; the EWI study reported a post-baseload price of 1800 DM/kgHM,
or about $1350/kgHM in 2003 dollars (Hensing and Schulz, An Economic Comparison of Different Back-End
Paths); and in OECD/NEA, The Economics of the Nuclear Fuel Cycle, op. cit., it is reported that contracts were
available to utilities at a price in the range of 720 ECU/kgHM, roughly $1150 in 2003 dollars. Here again, the
NAC study provides figures on the low end, estimating $900-$1100/kgHM (1999 dollars, roughly $980-$1170
2003 dollars), Varley and Collier, Fuel Cycle Cost Data, op. cit.

52 See, for example, Varley and Collier, Fuel Cycle Cost Data, op. cit, who indicate that offers have been made
(though never concluded in a contract) in the range of $700/kgHM (1999 dollars), and describe $600-
$900/kgHM (1999 dollars) as a “plausible” range for future offers from these plants.
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simplifications that might be possible if they were allowed to leave a somewhat larger
portion of the plutonium in the waste, costs could be reduced by some 30%.>> On the other
hand, increasingly stringent environmental and safety regulations could put upward pressure
on costs; in negotiations over marine pollution of the Atlantic, for example, there has been
substantial pressure on Britain and France to agree to reduce emissions from their
reprocessing plants toward zero, and both BNFL and COGEMA have argued that extreme
emissions requirements could drive up their costs.>* It appears that more stringent safety and
environmental requirements (particularly seismic safety requirements, which may be less
severe in other countries) may have been a significant factor in driving the enormous cost of
the Rokkasho-Mura reprocessing plant.”> In the end, the official estimate in a recent report to
the French government, based on COGEMA data, concluded that building a new plant
similar to UP3 would still cost $6.0 billion (2003 dollars), the same as the cost of the original
plant.”® In short, if the cost is to be reduced four-fold, PUREX and similar aqueous processes
are not likely to be the answer.

Economies of scale may have a significant impact on per-kilogram costs, depending
on the size of new plants. A common rule of thumb is that both capital and operating costs
scale roughly with the 0.6 power of throughput. (This may or may not be the case for
reprocessing plants even larger than the large commercial facilities now in operation: the fact
that COGEMA chose both to double the capacity of the UP2 facility and to build the new
UP3 facility at the same time suggests that it did not believe that substantial economies of
scale would be achieved by having all the new capacity in one facility.) If this rule of thumb
did hold, then a new 2000 tHM/yr reprocessing plant, if scaled from the capital and operating
costs for THORP described above, would have reprocessing costs in the range of
$940/kgHM if government-financed, $1400/kgHM if privately financed with a guaranteed
rate of return, and $2150 if privately financed without a guaranteed rate of return.”’ By
contrast, the new 50 tHM/yr reprocessing plant in China would be expected to have much
higher per-kilogram costs, even if it achieved the same technological level as THORP: at a
government-financed rate, the cost scaled from THORP would be in the range of
$4200/kgHM, while for a privately financed facility with a guaranteed rate of return, the cost
would be over $6700/kgHM.”® (Actual costs at that facility may not be quite so high, as both

>3 See, for example, discussion in Oxford Research Group, Nuclear Reprocessing: Has it a Future? Views
From Inside and Outside the Industry (Oxford, UK: Oxford Research Group, October 1999).

> These discussions have been taking place primarily in the context of the Oslo Paris Commission (OSPAR),
which oversees implementation of the Convention for the Protection of the Marine Environment of the North-
East Atlantic, which has directed that by 2020, emissions be reduced to the point that additional concentrations
resulting from them are “close to zero.” See OSPAR Commission, “Strategy With Regard to Radioactive
Substances,” 1998, available as of December 16, 2003 at http://www.ospar.org/eng/html/sap/radstrat.htm.

> Shiro Sasaki, “Changes in the Construction Program of Rokkasho Reprocessing Plant,” Plutonium, No. 13,
Spring 1996, Council for the Nuclear Fuel Cycle, Tokyo, available as of December 16, 2003 at
http://www.cnfc.or.jp/pdf/plutonium_013e.pdf.

°% Bataille and Galley, The Back End of the Fuel Cycle, op. cit., estimate of 32 billion francs.

>7 Authors’ calculations.

¥ Authors’ calculations. The Chinese plant is government-financed—but in a rapidly growing economy where
availability of capital is a major constraint, estimates of the real cost of a government project should be based on
a discount rate that reflects the opportunity cost of not spending those resources elsewhere. Hence, we report
both the cost for a facility financed at the U.S. government borrowing rate and the cost for a privately financed
facility.
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labor rates and the costs of construction materials in China are presumably substantially
lower than they are in the United Kingdom.)

A wide range of alternative chemical separations processes have been proposed over
the years, which might contribute to reducing costs.” The family of non-aqueous processes
that has been the focus of most research and development has been eletrometallurgical
processing or pyroprocessing, in which the spent fuel would be dissolved in some type of
molten salt, to which a voltage would be applied, and some of the constituents would gather
on the anode and others on the cathode. Because the chemistry of the minor actinides tends
to be similar to that of plutonium in such a molten salt environment, using such methods it is
difficult to separate “clean” plutonium from spent fuel, and therefore such systems have
generally been proposed for use in systems for separations and transmutation for nuclear
waste, where both the plutonium and the minor actinides would be incorporated in fresh fuel
for irradiation. Proponents have argued that eletrometallurgical processes could dramatically
reduce reprocessing costs. A 1996 review by a committee of the National Academy of
Sciences, however, concluded that the cost estimates provided in studies of new separations
processes in the mid-1990s were “inexplicably low,” that “it is by no means certain that
pyroprocessing will prove more economical than aqueous processing,” and that the costs of
current plants such as THORP and UP-3 “provide the most reliable basis for estimating the
costs of future plants.”®® More recently, official reviews have concluded that even using such
techniques, the types of reprocessing required for separations and transmutation are likely to
be substantially more expensive than traditional aqueous reprocessing—a nominal estimate
of $2000/kgHM (2.5 times higher than their too-low nominal estimate of $800/kgHM for
traditional reprocessing) in two of the most recent analyses.®’ At the same time, however,
there continue to be official analyses whose estimates can only be described as “inexplicably
low,” in the words of the NAS committee.®

% For a useful review, see NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit.,
Appendix D, “Separations Technology—Additional Information,” pp. 147-190.

S'NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit., p. 417 and p. 421.

6! See NEA, Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles, op.
cit., p. 211 and p. 216, and U.S. Department of Energy, Office of Nuclear Energy, Generation IV Roadmap:
Report of the Fuel Cycle Crosscut Group (Washington, DC: DOE, March 18, 2001, available as of July 25,
2003 at

http://www.ne.doe.gov/reports/GenlVRoadmapFCCG.pdf.), p. A2-6 and p. A2-8. For a discussion of the
remaining difficulties facing pyroprocessing also N. Donaldson, G. Lamorlette, R. Thied, and D. Greneche,
“Pyroprocessing: From Flowsheet to Industrial Facility,” in Proceedings of Global 2001: Back End of the Fuel
Cycle: From Research to Solutions, Paris, France, September 9-13, 2001 (Paris: Commissariat a I’Energie
Atomique, 2001).

62 For example, in R.I. Smith et al., Estimated Cost of an ATW System (Richland, WA: Pacific Northwest
Laboratory, October 1999), which provided the background for the $280 billion undiscounted cost figure for
deployment of an Accelerator Transmutation of Waste (ATW) system in U.S. Department of Energy, 4
Roadmap for Developing Accelerator Transmutation of Waste (ATW) Technology: A Report to Congress
(Washington, DC: DOE, October 1999), it is estimated that design and construction of a 685 tHM/yr
reprocessing plant using UREX technology (a variant on PUREX which is designed to separate only the
uranium) and pyroprocessing of the resulting raffinate with plutonium, minor actinides, and fission products,
would cost $1.5 billion (1999 dollars, some $1.6 billion 2003 dollars). This amounts to some $2400/kgHM of
annual capacity, two-thirds less than THORP’s $7400/kgHM of annual capacity—despite a lower throughput
(which should result in higher per-kilogram costs) and the need to add two quite separate chemical processes
together. Operations were estimated at $114 million per year (1999 dollars, $124 million/yr in 2003 dollars), or
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The discussion to this point has been entirely about reprocessing that simply separates
the plutonium and the uranium from everything else. In the case of aqueous separations
processes, also separating the minor actinides (and, perhaps, those fission products that make
major contributions to estimated doses from a geologic repository, such as technetium and
iodine) would involve adding additional complex separations steps, inevitably involving
additional costs.”” In the case of pyroprocessing, as just described, the minor actinides come
with the plutonium as a matter of course, but current official estimates still suggest that costs
for the complete separation of actinides from fission products will be substantially higher
than the costs of traditional reprocessing.**

In short, while future technological developments hold some promise, it does not
appear likely that within the next few decades the cost of reprocessing, including payback of
capital costs of facilities (likely at commercial costs of money), will be reduced to prices that
would allow reprocessing to compete economically with uranium at prices likely to pertain
for most of this century. As noted earlier, it is also conceivable that costs could increase
significantly—as suggested by the remarkable increase in cost of Rokkasho-Mura compared
to THORP and UP-3—driven by the costs of meeting more stringent requirements as societal
attitudes change.

2.5.3. Costs of Disposal of Spent Fuel and Reprocessing Wastes

The costs for treatment and final disposal of wastes are perhaps the most uncertain of
the various fuel cycle costs, and vary from country to country depending on national
approaches.”” Neither geologic disposal of spent fuel nor geologic disposal of HLW has yet
been done, making cost estimates inherently uncertain. In most countries, geologic disposal
of nuclear wastes is to be managed either by the government, or by a monopoly firm reactor
operators are required to contribute to: hence there is not really a market for disposal services
with real prices offered, and this section will discuss only costs, not prices. For the present
purposes, the difference in costs between the two fuel cycles is more important than the

$180/kgHM, compared to THORP’s $700/kgHM. Decommissioning was estimated at only 10% of
construction cost, one-third BNFL’s expectation for THORP. These cost estimates are totally implausible.
Moreover, the levelized costs per-kilogram costs are then determined using a 3% real discount rate with no
allowance for taxes and insurance, appropriate only to a government-owned operation.

83 See, for example, the discussion in NAS, Nuclear Wastes: Technologies for Separations and Transmutation,
op. cit., pp. 147-190. See also D. Greneche, P. Rance, and C. Zimmerman, “The Partitioning and
Transmutation Issue: An Industrial Point of View,” in Proceedings of Global 2001: Back End of the Fuel Cycle:
From Research to Solutions, Paris, France, September 9-13, 2001 (Paris: Commissariat a I’Energie Atomique,
2001).

% In the NEA review, for example, not only was their central estimate for reprocessing the main plutonium-
bearing fuels 2.5 times higher than their estimate for reprocessing LEU LWR fuel, their estimate for
reprocessing specialty transuranic or minor actinide fuels that might be needed in an accelerator-driven
transmutation system was 7,000/kgHM, more than 8 times their estimate of the cost of reprocessing in existing
PUREX facilities. See NEA, Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear
Fuel Cycles, op. cit., p. 211 and p. 216.

6> See, for example, OECD Nuclear Energy Agency, The Cost of High-Level Waste Disposal in Geologic
Repositories (Paris, France: OECD/NEA, 1993).
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absolute magnitude of these costs, as costs that are the same for each fuel cycle do not affect
the comparison between them.

To estimate the costs of disposal of spent fuel and those of reprocessing wastes, it is
important first to understand what activities are included. For either approach, a permanent
high-level waste repository must be sited, licensed, built, operated, and eventually closed;
depending on the specific circumstances, more than one such repository in a particular
country may eventually needed, if nuclear energy is to continue into the future. In the case of
direct disposal of spent nuclear fuel, the fuel must be transported to the repository, packaged
for disposal (often referred to as “encapsulation”), and emplaced in the repository. In some
national programs, it is also expected that spent fuel will be conditioned before
encapsulation, for example by removing the fuel pins from the fuel assemblies to reduce the
overall fuel volume and the size of the needed final disposal containers. In the case of
disposal of reprocessing wastes, canisters of vitrified high-level waste (HLW) must similarly
be transported to the repository, placed in appropriate waste packages for permanent
disposal, and emplaced in the repository. Much of the low-level wastes generated by
reprocessing can be buried in cheaper low-level waste disposal sites. For those intermediate-
level wastes contaminated with plutonium and other long-lived species, however—referred
to in the U.S. waste classification system as transuranic or TRU wastes—disposal in a
permanent geologic repository, with its attendant costs, is likely to be needed.

Spent Fuel Disposal Costs

The U.S. geologic repository program has prepared some of the most detailed and up-
to-date cost analyses of any program in the world. The most recent (May, 2001)
undiscounted cost estimate for the entire U.S. geologic waste disposal program is $57.5
billion (2000 dollars—$59.8 2003 dollars).®® Of this $57.5 billion total, $41.84 billion is for
an assumed total of 83,800 tHM of civilian spent fuel (the remainder being for disposal of
military spent fuel and reprocessing wastes). In 2003 dollars, this comes to $520/kgHM as
the total cost of direct disposal of spent fuel. This is financed by charging utilities a fee of 1
mill (a tenth of a cent) per kilowatt-hour. With a burnup of 43,000 megawatt-days per ton of
heavy metal MWd/tHM), an efficiency of 33%, four years in the reactor, and the fee
discounted to time of discharge at a 5% real annual rate, this comes to $370/kgHM (the
central estimate of spent fuel disposal costs used in this study is $400/kgHM). With interest
accumulated over the time between discharge and disposal, this is expected to be sufficient to
fund the full costs of transport to the repository, encapsulation, and disposal of the spent fuel,
including all future repository construction and operations costs.”” Indeed, DOE is required
by law to periodically reassess whether this fee will be sufficient. (The relatively modest
difference between the $520/kgHM undiscounted figure and the $370/kgHM figure for
present value of the cost at time of discharge arises because a substantial portion of the

66 U.S. Department of Energy, Office of Civilian Radioactive Waste Management, Analysis of the Total System
Life Cycle Cost of the Civilian Radioactive Waste Management Program (Washington, DC: DOE, May 2001,
available as of December 16, 2003 at http://www.ocrwm.doe.gov/pm/pdf/tslcer].pdf).

57 Office of Civilian Radioactive Waste Management, Nuclear Waste Fund Fee Adequacy: An Assessment,
DOE/RW-0534 (Washington DC: U.S. Department of Energy, May 2001, available as of December 16, 2003 at
http://www.ocrwm.doe.gov/documents/feeadr/index.htm).
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disposal costs—initial repository development and construction, transportation of spent fuel,
and the like—occurs early on in the program, rather than decades later when the fuel is
actually emplaced in the repository.)

While in the past, a number of other countries with smaller nuclear power programs
had projected per-kilogram waste disposal costs far higher than U.S. projected costs, U.S.
costs have, in essence, grown to match other countries’ estimates. Sweden, for example,
which in earlier studies had some of the highest per-kilogram disposal cost estimates in the
world,”® because of its small nuclear program (with fewer economies of scale), and its plan to
use of particularly expensive waste packages, released a cost estimate in 1998 that comes to
$300-$350/kgHM, more or less comparable to the U.S. estimates.®” While it remains possible
that these total cost estimates will continue to grow in the future, the figure of $400/kgHM
present value at time of discharge is a reasonable current benchmark for total disposal cost.
Thus, our central estimate of $200/kgHM as the cost savings for disposal of wastes from
reprocessing as compared to direct disposal of spent fuel implies that reprocessing would
reduce waste disposal costs a full 50 percent. This cost saving would have to rise to almost
$700/kgHM—far more than current estimates of the total cost of disposal of spent fuel—for
reprocessing at $1000/kgHM to be economic at a uranium price of $50/kgU.

Factors Affecting Costs of Disposal of Spent Fuel and Reprocessing Wastes

Spent fuel and the wastes that result from reprocessing it differ in a number of ways
that could affect the costs of their disposal—in volume, in heat generation, in the number of
waste packages per ton of original spent fuel, in types of materials, in radiotoxicity, and so
on. In general, the most important of these variables in determining disposal cost are likely
to be the heat, the volume or mass, and the number of waste packages to be handled.

Heat. The heat output from waste packages determines how close to each other they
can be placed while remaining within the repository’s maximum temperature constraints
(which in turn are set based on judgments related to the effect of temperature on repository
performance and behavior of the various materials within the repository).” Thus, size and
number of repository tunnels that have to be dug out for a given amount of waste is driven
not by the waste’s physical volume, but by its heat output. At thirty years after discharge, the
heat output from the vitrified HLW from a given amount of spent fuel is about 70% of the
heat output of the original spent fuel—and the heat output of the HLW declines more rapidly
than that from the spent fuel thereafter.”' This reduction of almost one-third in heat output at

% See NEA, The Cost of High-Level Waste Disposal in Geologic Repositories, op. cit.

% Cited in Shigekazu Matsuura, Analysis of the History of Cost Evaluation of High-Level Radioactive Waste
Disposal (Cambridge, MA: Harvard University Managing the Atom Project, forthcoming 2003).

70 See discussion in NAS, Nuclear Wastes: Technologies for Separations and Transmutation, pp. 323-328. As
described there, this appears to apply to both dry repositories (like Yucca Mountain) and wet ones (as planned
in Sweden and some other countries).

' See NAS, Nuclear Wastes: Technologies for Separations and Transmutation, op. cit., p. 325. In fact, this
comparison is for “actinide free” HLW, whereas HLW from reprocessing as currently practiced includes all of
the heat-generating minor actinides. Hence the heat from the HLW for this traditional type of reprocessing
would be closer to that from spent fuel than this calculation would indicate. Even at 100 years after discharge
from the reactor—that is, after more than two more 30-year half-lives of the dominant heat-generating fission
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30 years may offer much more than 30% packing efficiencies, as (a) some of the thermal
limits on repository capacity are dependent on integrated long-term heat output, rather than
on thermal power when first emplaced, and (b) strategies for emplacement of the waste over
the decades that a repository would be operating could take advantage of the roughly 30-year
half-life of the thermal power of the HLW (for example leaving spaces between HLW
packages empty at first, and then filling them decades later when the heat of the original
packages had declined substantially). (While a similar strategy could be pursued with spent
fuel, it does not offer as dramatic a benefit, as the spent fuel cools more slowly.) Thus,
particularly if the actinides were removed from reprocessing wastes entirely (as is not the
case with current reprocessing approaches, but might be if more extensive separations were
performed in the future as part of a nuclear waste separations and transmutation program), it
may be possible to multiply by many times the amount of waste a repository of given volume
could hold.”

products—HLW from traditional reprocessing retains roughly half the heat output of spent fuel. See NEA, The
Cost of High-Level Waste Disposal in Geologic Repositories, op. cit.

> How much more HLW could be disposed in a given volume, if limited only by heat, depends on a wide range
of factors that go beyond the scope of this study, including repository design (dry vs. wet, actively cooled vs.
not, what temperature constraints are considered binding, and the like), what radioactive isotopes remain in the
HLW (e.g., how much americium and curium was in the spent fuel when reprocessed, and whether these go to
the HLW),, the strategy for emplacing the wastes, and more. For the Yucca Mountain repository, there are a
variety of different thermal limits that may be binding in different cases: for example, the constraint on the
maximum temperature the waste packages may reach limits the thermal power of the waste at the time
(currently projected as about 75 years) when active cooling would be turned off, which is when this peak
temperature is likely to occur; by contrast, the constraint on the maximum temperature in the rock between the
emplacement tunnels is limited more by the total heat output over the first couple of millennia after
emplacement. These constraints therefore have very different effects on spent fuel and on HLW with actinides
that dominate heat after the first 100 years removed. One early treatment of this subject estimated that in a dry
repository such as Yucca Mountain, removing the actinides and leaving only fission products, combined with
clever approaches to emplacing the wastes over time to take advantage of the 30-year half-life of the dominant
fission products, could increase repository capacity by 4-9 times compared to disposal of unreprocessed spent
fuel. See Lawrence D. Ramspott et al., Impacts of New Developments in Partitioning and Transmutation on the
Disposal of High-Level Nuclear Waste in a Mined Geologic Repositor, UCRL-ID-109203 (Livermore, CA:
Lawrence Livermore National Laboratory, March 1992), pp. 7-5-7-11; NAS, Nuclear Wastes: Technologies for
Separations and Transmutation, op. cit., p. 325 estimates a factor of 4-5, including HLW emplacement
strategies that take advantage of the cooling over time, compared to an “aggressive” schedule for emplacement
of unreprocessed spent fuel; a more recent study, using a repository model based on the current design of Yucca
Mountain, with active cooling finds that waste from 3.2-3.4 times as much spent fuel could be emplaced in each
length of tunnel if 99-99.9% of the actinides were removed. This estimate assumes all the waste is emplaced at
once (hence does not use an emplacement strategy taking advantage of the cooling of the HLW over time), and
it is clear from the analysis that, in addition to the 3-fold increase in linear loading in the tunnels, the tunnels
could also be placed closer together while meeting the criterion that the space between them must remain below
the boiling point of water, so the total factor by which capacity could be increased might be as much as 10 or
more. See Roald A. Wigeland, Theodore H. Bauer, Thomas H. Fanning, and Edgar E. Morris, Repository
Benefit Analyses — Series I Impact, ANL-AFCI-089 (Argonne, IL: Argonne National Laboratory, August 2003).
Only if the major heat-generating fission products (cesium and strontium) are allowed to decay before
emplacement (which could be accomplished by an additional separation focused on managing these
radionuclides separately, or simply by delaying disposal of the HLW from processing by some 300 years) can
the even larger packing factors that are sometimes discussed be achieved, such as the factor of 20-59 for 90-
99.9% efficient separations of the major heat generating species estimated in Wigeland et al.
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There are, however, a wide variety of strategies other than reprocessing that could be
pursued to increase repository capacity—allowing longer storage periods before
emplacement, expanding the area covered by a given repository, adding a second or third
emplacement layer, mixing older and newer spent fuel, and the like. These approaches could
provide alternative means of expanding the available repository volume within fixed
temperature limits. At the same time, these other approaches can be complements to, rather
than alternatives to, the heat reduction offered by disposing of HLW rather than spent fuel.”

In repositories in geologic media such as the volcanic tuff of Yucca Mountain, the
cost of digging additional tunnels is a relatively modest part of the overall waste disposal
program cost. Even in hard rock repositories, this cost is not very large. In the 1987 U.S.
document laying out the method for calculating the assignment of costs to different types of
waste, for example, the portion of the cost related to the “areal dispersion” of the waste
within the repository—driven by the heat output—came to only 10-17% of the total waste
program cost (depending in part on whether the envisioned repository was to be in hard rock,
granite, tuff, or salt).”* In the latest design of the Yucca Mountain repository, the amount of
area that had to be covered by the expensive titanium drip shield would also be related to the
spacing of the packages and thus to the heat. (In the latest cost estimate, the entire cost of
actual underground construction at the repository and of the drip shield—the two cost
elements most determined by heat—comes to 19% of total waste disposal program cost.)’”
Thus, if considers the costs that do not change with the type of fuel emplaced are fixed, even
a four-fold improvement in the amount of waste that could be packed into a given area of the
repository would only result in a 7-13% overall cost reduction. If, on the other hand, one
assumes that the total cost does not change with the type and amount of waste, a four-fold
packing improvement would imply a 75% reduction in unit cost, at least for those waste
program costs related to the repository itself (as opposed to the manufacture of the waste
packages, transport to the repository, and the like).

For the United States, which has chosen a repository site in a mountain with fixed
sides (and therefore a limit on the ultimately available capacity), a substantial packing
improvement would also lead to a large increase in the amount of nuclear energy that could
be generated before taking on the political uncertainties and economic costs of building
another repository. Some have argued that the cost of a second repository would likely be
significantly higher than the cost of the first, and is in any case highly uncertain—and that
therefore a substantial uncertainty premium should be factored in to the cost of disposal if the
United States is going to continue to rely on direct disposal of spent fuel.”® While siting and
building a second repository in the United States would certainly be a task fraught with
uncertainities, we would argue that (a) a second repository is likely to be cheaper than the
first, per unit of capacity (though politically controversial), given the extensive experience

73 See discussion in Ramspott et al., Impacts of New Developments in Partitioning and Transmutation, op. cit.

™ «Civilian Radioactive Waste Management: Calculating Nuclear Waste Fund Disposal Fees for Department of
Energy Defense Program Waste: Notice,” Federal Register, Vol. 52, No. 161, August 20, 1987, pp. 31,507-
31,524.

" OCRWM, dnalysis of the Total System Life Cycle Cost, op. cit. The drip shield is expected to cost $4.8
billion (p. B-1), and subsurface construction and emplacement operations combined $6.1 billion (p. A-2), out of
$57.5 billion total program cost.

76 Per Peterson, personal communication, August 2003.
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developed in analyzing, licensing, building, and operating the first facility; (b) even with
continued reliance on direct disposal, it is very likely that the capacity of the first repository
can be extended sufficiently to be adequate for many decades to come (for example, by
adding one or more additional emplacement levels, extending the area of the repository, and
the like); and (c) the political, technical, and cost uncertainties involved in proposals for
advanced separations and transmutation are at least as large, and probably larger, than those
involved in continued reliance on direct disposal—meaning that any risk premium that might
be considered should be added to both approaches, not just to direct disposal. (See
“Reprocessing to Reduce the Need for Additional Repositories,” p. 64.)

An important point to keep in mind when considering issues related to heat output is
that the uranium and plutonium separated by reprocessing do not simply disappear, but are
returned to the fuel cycle. Most countries today are recycling plutonium only once, because
of the buildup of undesirable isotopes in plutonium in spent MOX fuel. If spent MOX fuel is
to be disposed of in geologic repositories, its heat output is dramatically higher than the
output of spent LEU fuel (over 2,200 watts per ton of heavy metal for MOX fuel of 43
MWd/tHM burnup 50 years after disposal, compared to just over 700 w/tHM for LEU fuel of
comparable burnup and storage time).”” Indeed, the fotal heat output from the combination
of HLW from reprocessing and disposal of MOX spent fuel is higher, per unit of electricity
generated, than the total heat output from the LEU spent fuel from a direct disposal fuel
cycle.” Even if the MOX spent fuel is recycled continuously in a “self-generated recycle”
mode, so that no spent fuel is ever disposed of, the total heat output from the HLW from that
fuel cycle is still higher than the once-through heat, per unit of electricity generated, for the
first 50 years after discharge from the reactor.”’ (This results from the buildup of long-lived,
heat-generating actinides such as americium and curium.) Only if the recycling soon
switches to fast-neutron reactors or more complete separation and transmutation of the
wastes would the near-term heat output from the HLW be less than from spent fuel from a
once-through cycle.

Thus, reprocessing and recycle as traditionally practiced would likely increase, not
decrease, the heat-determined waste disposal costs. A future separations and transmutation
program might substantially decrease total per-kilogram repository costs, but at the expense
of reprocessing and recycle costs estimated in the most recent official studies to be much
higher than those discussed in this chapter. A recent review concluded that currently
envisioned approaches to separations and transmutation would multiply total fuel cycle costs
several fold, increasing total nuclear electricity generation costs by 10-50 percent.*

Volume. The physical volume of the wastes to be disposed of affects waste package
costs (though as noted above it does not determine the needed repository volume). In the
case of the U.S. Yucca Mountain repository, the costs of waste packages amounts to 15% of

77 Calculations by Jungmin Kang, using ORIGEN software. Personal communication.

¥ See Brian G. Chow and Gregory S. Jones, Managing Wastes With and Without Plutonium Separation, Report
P-8035 (Santa Monica, CA: RAND Corporation, 1999).

" Ibid. This is because of the buildup of heat-generating minor actinides in the HLW as the plutonium is
recycled multiple times.

%' NEA, Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles, op. cit.
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the total waste program costs.®' In some other repository designs (such as the Swedish and
Finnish designs), the waste packages may be even more expensive and represent a larger
total fraction of cost. Waste package cost will not scale linearly down as the volume of waste
contained gets smaller, however: a substantial fraction of the waste package cost is devoted
to having a waste package robust enough to prevent radionuclides from getting out for
thousands of years, and this involves a substantial fixed cost even for a relatively small
volume of contained material. Volume (and mass) presumably also affect transportation
costs, which account for another 10% of total project costs in the U.S. case. The volume of
vitrified HLW waste containers with no final waste package around them is roughly one
quarter the volume of the spent fuel the HLW came from, also with no final waste package
included. When the volume of the waste packages for each type of waste is included, the
total volume per ton of original heavy metal in fuel ranges from roughly equal to roughly half
as large for the HLW; this is presumably the better comparison, if the concern is the cost of
fabricating and transporting the necessary volume of waste packages. (See sidebar, “Volume
of Wastes From Direct Disposal and Reprocessing.”) If ILW that also requires permanent
geologic disposal is included, the volumes are actually larger for reprocessing wastes—but if
spent fuel and HLW waste packages are expensive, one would expect that ILW would be put
in cheaper, less impressive packages. If spent fuel and HLW waste packages are expensive,
however, presumably ILW will be put in less impressive packages. Hence, it is reasonable to
think that the smaller volume of reprocessing wastes might reduce these aspects of disposal
costs by as much as 50 percent.

Number of packages and canisters. There are some costs which are associated with
the sheer number of “piece parts” that must be handled—fuel assemblies or HLW canisters to
be loaded into waste packages, waste packages to be emplaced, and the like. Where the
advantage lies here depends on the design of HLW canisters and waste packages; in general,
since each canister of HLW glass typically contains HLW from reprocessing somewhat more
than one fuel assembly, one might expect a modestly lower number of packages for HLW
than for spent fuel. In the 1987 U.S. analysis of cost allocation for the U.S. repository, costs
driven by “piece count” represented approximately 10% of total program costs.*” The real
number is presumably higher than this, as this figure did not include costs that were directly
assignable to spent fuel or HLW, such as the costs of packaging and transportation, many of
which may be significantly affected by the number of items to be handled. One of the most
explicit recent studies on this point is a paper by NIREX, the UK radioactive waste
management organization (based on a study for the European Union) which estimates that
each HLW waste package would hold 2 canisters of HLW glass, each containing the HLW
from reprocessing roughly 1.2 tHM of spent fuel, so that for reprocessing, there would be .8
HLW canisters and .4 waste packages per ton of heavy metal; for disposal of LEU spent fuel,
there would be 4 PWR fuel assemblies (containing 461 kgHM each) per waste package, so
that for this approach there would be 2.2 fuel assemblies and .54 waste packages per ton of
heavy metal. Overall, the reduction in the number of items to be handled might reduce these

#! The waste packages and drip shields together cost $13.29 billion, but $4.8 of this is the drip shield, as noted
earlier. See OCRWM, Analysis of the Total System Life Cycle Cost, op. cit., p. A-2.
82 «Civilian Radioactive Waste Management,” Federal Register, op. cit.
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piece-count related costs by something like 30%.* Here, too, the increased heat from MOX
spent fuel would come into play, if it was to be disposed of after one recycling, as NIREX
has also estimated that the intense heat from MOX spent fuel would reduce the amount of
spent fuel that could be put in each waste package four-fold, driving up the number of waste
packages to be handled.

Costs from ILW and LLW management. All of these potential cost reductions from
disposing of HLW from reprocessing rather than of spent fuel, however, come at the price of
having to incur the costs of managing ILW and LLW from reprocessing. As noted in the box
on waste volumes, this may be addressed through substitution, which would increase
volumes of HLW returned to customers (and their corresponding costs per ton of original
spent fuel) by about 20%. (If this is not addressed through substitution, the costs to the
customers for transporting and disposing of the LLW and ILW are expected to be still
higher.)

Likely Reductions in Cost for Disposing of Reprocessing Wastes

We can get a rough idea as to how much the total disposal cost per kilogram might be
reduced by reprocessing by dividing the total disposal program cost estimate described above
into components that are affected in different ways by heat, volume, or number of packages
(or not affected by any of these), and then, for each of these categories, assigning a notional
reduction factor for the disposal of reprocessing wastes rather than direct disposal of spent
fuel. This breakdown of costs by category will vary depending on the specific disposal
program design. For the U.S. program (which has published the most detailed cost
information), a notional breakdown might be that (a) the elements that are significantly
driven by repository size, and therefore by heat output from the wastes, would include
repository construction and fabrication of the drip shield (which must be large enough to
cover the whole area where waste packages are emplaced); (b) the elements significantly
driven by volume, mass, or number of waste packages would include repository
emplacement operations and monitoring, waste package fabrication, and transportation; and
(c) the cost elements unrelated to whether the waste emplaced is spent fuel or HLW would
include siting, licensing, design and engineering, and the like. These distinctions, of course,
are by no means absolute: the cost of fabricating waste packages, for example, may well be
affected not only by the volume of the material the packages are to contain, but to a modest
degree by its heat generation as well. This breakdown is shown in table 2.2, which indicates
that the items related to heat constitute 19% of the most recent $57.5 billion cost estimate;
those related to volume, mass, or number of items 53%; and those not related to type of
material emplaced 28%.

Neglecting the extra heat from MOX fuel that would arise in traditional reprocessing
approaches, we have notionally assigned a four-fold reduction factor for those items related
to heat, or not related to type of material emplaced (corresponding to a potential four-fold
increase in the amount of fuel that could be emplaced in the repository), and a 50% reduction

8 “Scoping Assessment of Implications of Reprocessing Scenarios for Disposal Options: Paper to RWMAC
[Royal Waste Management Advisory Committee],” NIREX Doc. 334004 (London, UK: United Kingdom Nirex
Limited, May 2000).
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factor for those items related to volume, mass, or number of packages (which is somewhat
generous on the basis of the volume discussions above and in the accompanying sidebar).
All costs, however, are also assumed to be multiplied by 1.2, to reflect the larger amount of
HLW returned to customers due to substitution (or, if substitution does not occur, due to the
extra costs of managing ILW and LLW from reprocessing). Overall, this results in an
estimate of total cost for disposal of HLW rather than spent fuel that is reduced by some
45%.

This corresponds very well with our central estimate of $200/kgHM for disposal of
reprocessing wastes, compared to $400/kgHM for disposal of spent fuel—that is, a 50%
savings for disposal of reprocessing wastes. Given the very large uncertainties in such
estimates, we have used a range from a difference of $100/kgHM (25% savings) to
$300/kgHM (75% savings).

Table 2.3. Notional Cost Reduction for Disposal of Reprocessing Wastes (Billions)

2001 Percent of Reduction Reprocessing
Cost Category Estimate Total Factor Waste Cost
Significantly Driven By Heat
Repository $6.1 0.25%1.2 $1.8
Construction 19%
Drip Shield $4.8 0.25*1.2 $1.4
Significantly Driven By Volume, Mass, or Packages
Repository Operation $4.9 0.5*1.2 $2.9
Waste Package $8.5 0.5*%1.2 $5.1
Monitoring $5.9 53% 0.5%1.2 $3.5
Surface Operations $4.9 0.5*%1.2 $2.9
Transportation $6.0 0.5%1.2 $3.6
Not Affected By Waste Type
Other Costs $16.4 28% 0.25%1.2 $4.9
Total $57.5 100% 0.46 $26.3

In our reference case we have assumed equal costs for the geological disposal of
spent LEU and MOX fuels of the same discharge burnup.®® If, as seems likely, the greater
heat output of spent MOX fuel render its disposal more expensive than equivalent spent LEU
fuel, then the economics of reprocessing and recycle become even less attractive. For

% In the breakeven case, equal disposal costs is economically equivalent to reprocessing of spent MOX fuel,
although we have not made adjustments for the isotopic composition of the plutonium in spent MOX fuel,
which would be less valuable.
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example, if disposal of spent MOX costs $400/kgHM more than spent LEU (i.e., double the
reference value of $400/kgHM for LEU), the breakeven uranium price would increase by
$26/kgU.

Results of other studies. Unfortunately, most recent studies of disposal costs are
country-specific, and focus on one option or the other, making direct comparisons between
direct disposal of spent fuel and disposal of reprocessing wastes difficult. A 1993 OECD-
NEA study, however, compared the estimated repository costs for many countries
(considering only the encapsulation and disposal costs, not the siting, licensing, and
transportation costs), and found that the weighted average cost was $144/kgHM for direct
disposal (in then-year dollars), and $82/kgHM (43% less) for disposal of HLW.* Obviously
total costs have increased substantially since then, but this percentage difference is very close
to that estimated by different methods above.

A recent study by NIREX, the UK nuclear waste organization, calculated a rather
high total cost for HLW disposal of $770/kgHM (though the incremental cost of additional
HLW disposal was much lower).*® The total cost of direct disposal of LWR spent fuel was
not estimated, but NIREX estimates that the quantity of spent fuel that could be emplaced per
unit area of the repository would be only 12% less than the quantity of HLW that could be
emplaced. The amount of MOX that could be placed in each tunnel would be four-fold less,
because of its greater heat generation.®” By contrast, a recent French study offers
substantially more optimistic figures for the costs of disposal of both spent fuel and HLW
than those used here—some $130/kgHM for direct disposal of LEU spent fuel, and just under
$80/kgHM for disposal of vitrified HLW. That study also estimated that costs for disposal of
MOX fuel would be dramatically higher, some $1,200/kgHM, because of its higher heat
generation (even at a lower burnup than the LEU, and after storage for 150 years before
disposal rather than 50 in the case of LEU).*® The difference between HLW and spent fuel

% OECD/NEA 1994, op. cit., pp. 149-152, providing additional analysis of the data from OECD/NEA 1993, op.
cit.

8 NIREX, “Scoping Assessment,” op. cit., estimates £2.633 billion (1999 money values) for a repository to
hold 710 cubic meters of HLW, with each tHM of spent fuel resulting in 0.12 cubic meters of HLW. Converted
to dollars at a 3-year currency exchange rate average and inflated to 2003 dollars using GDP deflators.

87 NIREX, “Response to Questions Raised Based on Reference 334004,” letter to Mike Sadnicki, November 22,
2000. This document shows that each 500-ft tunnel could hold 192.24 tHM of spent fuel, or 26 cubic meters of
vitrified HLW (with .12 cubic meters for each tHM of spent fuel reprocessed).

¥ These estimates were provided by the French radioactive waste management organization, ANDRA, as inputs
to Jean-Michel Charpin, Benjamin Dessus, and René Pellat, Economic Forecast Study of the Nuclear Power
Option (Paris, France: Office of the Prime Minister, July 2000, available as of December 16, 2003 at
http://fire.pppl.gov/eu_fr fission plan.pdf). Per-kilogram figures for LEU disposal and MOX disposal are
provided in the study itself (F 850,000/tHM for LEU, F 3.8 million/tHM for MOX), on p. 214. The HLW
figure in the text comes from Marignac, “Briefing: Results of the "Charpin-Dessus-Pellat” Mission Economic
Forecast Study of the Nuclear Power Option” op. cit., p. 7. As noted earlier, Marignac was one of two authors
of the supporting study on the economics of the existing nuclear power infrastructure in France. Marignac’s
figure of 4.2 million/m’ for HLW was converted at .12 m*/tHM. (Marignac offers higher figures for what is
translated as “storage,” but from context clearly includes disposal, of LEU and MOX spent fuel, of F1.8
million/tHM for LEU and F 7.8 million/tHM for MOX;; this difference is not explained, but may relate to
including interim storage and transport in Marignac’s figures, but not in the figures in the main report. Using
Marignac’s figures for LEU disposal rather than those in the main report would put the difference between LEU
and HLW disposal in the range of our $200/kgHM central estimate.)
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disposal in this French study is much less than we assume, because the total prices for each
are much less than we assume: the roughly 40 percent reduction in cost for disposal of HLW
in the French study is similar in percentage terms to our central estimate.

A recent review of future fuel cycle options by a group advising the U.S. Department
of Energy estimated a cost of $300/kgHM (2000 dollars) for conditioning and disposal of
spent fuel (with a range from $130-$500/kgHM), compared to $200/kgHM for conditioning
and disposal of vitrified HLW (with a range from $80/kgHM to $310/kgHM).** This
estimate is consistent with the low end of our range for the difference in cost between
disposal of spent fuel and disposal of HLW. An NEA review of transmutation technologies
that included cost estimates for various elements of the fuel cycle provided central estimates
of $210,000/m’ for spent fuel conditioning and disposal, compared to $400,000/m’ for HLW
disposal (2000 dollars). If these are converted based on the volume of each type of waste
encased in a waste package (using, to be conservative, a high figure of 2 m*/tHM for that
volume in the case of spent fuel, and the lowest figure for HLW discussed in the volumes
sidebar, 0.8 m’/tHM), they come to $420/kgHM for spent fuel and $320/kgHM for HLW),
with a difference of $100/kgHM, again at the low end of our range.”

While the U.S. program has a legal requirement to assign costs fairly between spent
fuel and reprocessing wastes, nonetheless current U.S. data do not provide a very good
answer as to the relative costs of direct disposal of spent fuel vs. disposal of reprocessing
wastes, as the fuel reprocessed to produce the U.S. HLW was low-burnup plutonium
production reactor fuel, and working out the “comparable” number of kilograms of
commercial spent fuel corresponding to the HLW in each canister is nearly impossible. In
1998, however, the program did provide data on the costs for disposal of HLW from the
small amount of commercial reprocessing that took place at West Valley in the United States:
this came to approximately $165 million for 640 tons of fuel reprocessed, or approximately
$260/kgHM.”" If that estimate is increased proportionally with the total repository cost
estimate in its 2001 version, the total would be approximately $320/kgHM (2003 dollars)—
just over 60% of the average spent fuel disposal cost calculated above. This HLW, of course,

% Generation IV Roadmap: Report of the Fuel Cycle Crosscut Group, op. cit. p. A2-6.

" NEA, Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles, op. cit.,
p- 211 and p. 214. The NEA study compares the volume of vitrified HLW canisters without packages for final
disposal to the volume of spent fuel with packages for final disposal, and therefore concludes in the text that the
volume of HLW from reprocessing is “four to ten times lower” than the volume of spent fuel—but in the
footnote where the actual calculation is performed, they inexplicably use the low end of their volume range for
HLW and the high end for spent fuel, resulting in the HLW having a volume 17 times less than the spent fuel,
rather than four to ten times less. As a result, their per-kilogram estimates are $420/kgHM for spent fuel, and
$46/kgHM for HLW—a ten-fold difference that in-depth analysis of the impact of different types of waste on
disposal program costs would not be able to sustain. Using the “four to ten times lower” figure in their text, the
cost for HLW disposal, if the cost for spent fuel disposal was $420/kgHM, would be $80-$200/kgHM, with the
upper bound identical to our estimate.

°! Office of Civilian Radioactive Waste Management, Analysis of the Total System Life Cycle Cost of the
Civilian Radioactive Waste Management Program, DOE/RW-0510 (Washington DC: U.S. Department of
Energy, December 1998), p. 37, inflated to 2003 dollars. 640 tHM reprocessed at West Valley from U.S.
Department of Energy, Ohio Field Office, West Valley Demonstration Project, “The West Valley Nuclear
Timeline,” available as of December 16, 2003 at http://www.wv.doe.gov/linkingpages/sitehistory.htm.
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has been cooling for decades, and originated from relatively low-burnup spent fuel, so it
should have a larger-than-average cost advantage.

Estimates of waste management costs decades in the future will almost certainly be
different from what they are today. Nevertheless, it appears unlikely that the qualitative
factors affecting the relative balance between the costs of direct disposal of spent fuel and the
costs of disposal of reprocessing wastes will change dramatically. Our range from $100-
$300/kgHM of cost savings for disposal of reprocessing wastes—from 25% to 75% of the
currently estimated total cost of disposal of spent fuel—seems quite likely to contain the real
value.

Interim Storage: Postponing the Costs of Either Approach

Whether a reactor operator chooses reprocessing or direct disposal for spent fuel,
costs can be reduced by storing the spent fuel for decades before it is either disposed of or
reprocessed, allowing the funds set aside for these purposes to accrue interest. (As discussed
above, the accrual of interest is the reason why it is possible to finance the U.S. repository
program at a charge of a tenth of a cent per kilowatt-hour generated.) Since interim storage
in dry casks can be continued for decades at very little operational cost, utilities can save
substantial sums by postponing near-term spent fuel management costs to the long term,
thereby leaving all options open and leaving time for technology to develop further and
choices to become clearer. This may help explain why the preponderance of the spent fuel
generated every year around the world remains in storage, neither reprocessed nor buried in a
geologic repository. As legal and political obstacles to dry cask storage are overcome,
providing a viable alternative for spent fuel management, fewer and fewer utilities are likely
to be willing to pay the extra costs of near-term reprocessing.

2.5.4. Costs and Prices for Mixed Oxide Fuel Fabrication and Use

The principal cost of using plutonium recovered from reprocessing as fuel is the fuel
fabrication. Like reprocessing, fabricating plutonium into uranium-plutonium mixed oxide
(MOX) fuel is expensive, because it requires large capital-intensive facilities with significant
numbers of highly trained personnel. It is substantially more expensive than fabricating fuel
from low-enriched uranium (LEU), primarily because of the safety requirements resulting
from the much higher radioactivity of the plutonium, and also because of the greater
safeguards and security requirements when handling weapons-usable material such as
separated plutonium. As with reprocessing, the industry is dominated by a small number of
firms (COGEMA, BNFL, and Belgonucléaire), and virtually no official information on costs
and prices is made public. Here again, therefore, we have relied on what little information is
publicly available from the firms themselves, combined with industry, government, and press
reports.

Costs

Most recent reports of capital costs for large MOX plants cover a fairly narrow range.
Again, because of the public controversies over it, of the operating facilities most is known
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about BNFL’s Sellafield MOX Plant (SMP), designed for a capacity of 120 tHM/yr. SMP is
officially estimated to have cost £300 million to build,”” or some $540 million in 2003
dollars. When the cost of financing SMP over the prolonged construction period and the
subsequent delays in gaining approval are included, SMP was valued at £462 million in
BNFL’s accounts as of March 2000,” or about $750 million 2003 dollars. Similarly,
Siemens’ 120 tHM/yr plant at Hanau, Germany, which was built and never operated,
reportedly cost DM 1 billion to build (a figure that appears to include interest during
construction), or roughly $750 million in 2003 dollars.”* Estimates of the construction cost
of the COGEMA’s MELOX plant are not publicly available. Similarly, in 1993, the U.S.
Department of Energy (DOE) estimated that the overnight cost of building a facility with a
nameplate capacity of 100 tHM/yr in the United States would be $440 million (1992 dollars),
or just under $550 million in 2003 dollars.”

Current capital cost estimates for planned new plants in Japan and the United States
are substantially higher, however. The overnight cost of building a MOX plant in the United
States for disposition of excess weapons plutonium is currently estimated at over $1 billion
(not counting over $300 million in R&D and pre-capital expenses, or some $500 million
allocated for contingencies).”® A portion of the capital and operating cost of this facility will
go to purifying the weapons plutonium to remove gallium and other impurities before it can
be fabricated into MOX fuel; even if this cost represented 30% of the total, however, the
plant would still have an overnight cost of some $700 million, substantially more than that of
the Sellafield plant. Similarly, the Rokkasho MOX Plant (RMP) in Japan, with a planned
capacity of 130 tHM/yr, is expected to cost 120 billion yen (roughly $1 billion 2003 dollars).

Operating costs at existing MOX plants have not been published. A group of
independent analysts critical of BNFL has estimated the operating costs of SMP, if operating
at 100 tHM/yr, at roughly $50 million per year (2003 dollars).”” This is consistent with an
industry analysis which concluded that operations costs in a large industrial MOX facility of
this kind would amount to some $560/kgHM (2003 dollars)—roughly $56 million per year at
the same production rate.” The $50 million/yr figure is also consistent with the low end of

%2 See UK Environment Agency, Radioactive Substances Act 1993: Document Containing the Agency’s
Proposed Decision on the Justification For the Plutonium Commissioning and Full Operation of the Mixed
Oxide Fuel Plant (London, UK: UK Environment Agency, October 1998).

% See British Nuclear Fuels Limited, The Economic and Commercial Justification for the Sellafield MOX Plant
(SMP) (Sellafield, UK: March 2001).

% See, for example, Mark Hibbs, “Utilities End Hanau MOX Support; Bonn Now Angling for Russian Pu,”
Nuclear Fuel, July 6, 1995.

% See National Academy of Sciences, Panel on Reactor-Related Options, Management and Disposition of
Excess Weapons Plutonium: Reactor Related Options (Washington DC: National Academy Press, 1995), p.
297.

% National Nuclear Security Administration, Office of Fissile Materials Disposition, Report to Congress:
Disposition of Surplus Defense Plutonium at Savannah River Site (Washington, D.C.: NNSA, February 15,
2002, available as of December 16, 2003 at http://www.nci.org/pdf/doe-pu-2152002.pdf), pp. 5-9.

°7 Mike Sadnicki, Fred Barker, and Gordon MacKerron, Re-Examination of the Economic Case for the
Sellafield MOX Plant (Brighton, UK: Science Policy Research Unit, Sussex University, May 2000), p. 21.
Their estimate was £14.7 million annually in fixed operating cost, plus £0.157/tHM in variable cost (2000
money values).

% Nigel Mote, “The Commercial Use of Mixed-Oxide Fuel in Light-Water Reactors,” presented at “U.S.-
Department of Energy-RF Ministry of Atomic Energy Experts Workshop: Costing Methodologies for Economic
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an NEA estimate that the operating costs of such facilities are in the range of 10-25% of their
capital costs.” The 1993 DOE estimate cited above estimated annual operating costs
(including an annuity for decommissioning) at $76 million per year (2003 dollars), also
consistent with the low-to-mid section of the NEA range.'” The operating costs for the
planned U.S. MOX plant, however, are expected to be higher, in the range of $100 million
per year (2003 dollars).'”" If 30% of this figure were for the operations of the facility to
purify the weapons plutonium, not needed for a commercial facility, then this figure would
be consistent with the 1993 DOE estimate. As with reprocessing, there will be additional
costs for interest during construction, start-up, refurbishment, and decommissioning.

MOX plants generally do not produce at their full licensed capacity all the time. Ifa
plant with the officially reported capital cost of SMP and the $560/kgHM operating cost
reported in the industry study succeeded in producing 100 tHM/yr throughout a 30-year life,
then the fabrication cost (with assumptions similar to those above for reprocessing plants,
except for a six-year construction time rather than a ten-year construction time) for a
government-financed facility would be in the range of $1010/kgHM; for a regulated private
facility with a guaranteed rate of return, roughly $1460/kgHM; and for a private facility with
no guaranteed rate of return, approximately $2140/kgHM.'* Transport of the resulting

Evaluation of Utilization Options of Weapons Plutonium from Defense Programs in the Course of Nuclear
Disarmament,” Obninsk, Russia, May 12-14, 1999. This figure includes plant operations and transport of
uranium and plutonium to the MOX plant, but not transport of the resulting MOX fuel to the reactor.

% NEA, Accelerator-Driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles, op. cit.,
p. 215.

"UNAS, Management and Disposition of Excess Weapons Plutonium: Reactor Related Options, op. cit., p. 297.
""I'NNSA, Report to Congress: Disposition of Surplus Defense Plutonium at Savannah River Site, op. cit., pp.
5-9 (dividing their total operations by 13 years of full-scale operations and inflating to 2003 dollars).

192 These figures assume, in addition to the capital cost for SMP described in the text, and an operating cost of
$560/kgHM: (a) a 6-year construction time; (b) an annual refurbishment cost of 1% of overnight capital cost;
(c) property taxes and insurance for the private facilities of 2% of overnight capital cost; (d) an annuity for
decommissioning, with decommissioning costing 30% of overnight capital cost, and occurring 20 years after the
30-year operational life of the plant, and funds set aside in a fund that generates a 3% real interest rate, resulting
in a decommissioning charge of roughly $19/kgHM; (e) continuous operation at 100 tHM/yr throughout the 30-
year life of the plant; and (f) startup costs equal to one year of operations costs. As in the case of reprocessing
plants, annual fixed charge rates are assumed to be 5.8% for government financing, 10.3% for a private entity
with a guaranteed rate of return, and 18.8% for a private entity with no guarantee of revenues—plus 2%, as just
noted, for property taxes and insurance in the case of the private facilities. Describing the spend-out of funds
during the six-year construction time with the beta-binomial S-curve described in Appendix A, and assuming
real rates for interest during construction (IDC) of 4%, 6.4%, and 9% for the government-owned, regulated-
utility-owned, and private-venture-owned cases, respectively, leads to adding 11.5%, 19%, and 27.4% to the
overnight construction costs to find the total capital cost including interest during construction. Thus for a
government-owned facility, the total capital cost, including overnight cost, IDC, and startup costs, would be
roughly $660 million; the annual capital contribution to the revenue requirement would be roughly $38 million;
and the capital contribution to per-kilogram cost would be just over $380/kgHM. Adding $560/kgHM in
operations cost would bring the per-kilogram cost to some $940/k