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PREAMBLE

The Reactor and Fuel Cycle Technology Subcommittee of the Blue Ribbon Commission on
America’s Nuclear Future (BRC) was formed to examine issues related to the potential of
existing and future reactor and fuel cycle technologies and related research and development
(R&D) programs. The Subcommittee was co-chaired by the Honorable Pete Domenici and Dr.
Per Peterson and included the following Commissioners: Dr. Albert Carnesale, Susan
Eisenhower, Dr. Allison MacFarlane, Dr. Richard Meserve, Dr. Ernest Moniz, and the Honorable
Phil Sharp. BRC co-chairs, Rep. Lee Hamilton and Gen. Brent Scowcroft, participated as
members ex officio.

The scope of the Subcommittee’s work is outlined in the BRC’s charter, which states that the

Ill

Commission will “provide advice, evaluate alternatives, and make recommendations for a new
plan” to address a series of issues related to managing the back end of the nuclear fuel cycle,
including specifically: “Evaluation of existing fuel cycle technologies and R&D programs. Criteria
for evaluation should include cost, safety, resource utilization and sustainability, and the

promotion of nuclear nonproliferation and counter-terrorism goals.”

Subcommittee members met three times between July 2010 and October 2010 to hear
testimony from experts and stakeholders and to discuss the issues before the Subcommittee.
Subcommittee members also traveled to France, Japan, and Russia in early 2011 to visit
advanced reactor and fuel cycle facilities in those countries and hear about their programs.
Subcommittee members also visited Department of Energy facilities at the Idaho National
Laboratory, at the Hanford, Washington site and at the Savannah River Site in Aiken, South
Carolina. A wide variety of organizations, interest groups, and individuals provided input to the
Subcommittee at meetings and through the submission of written materials (copies of all of
these submissions, along with records and transcripts of past meetings, are available at the BRC
website (www.brc.gov). The Subcommittee benefitted greatly from these inputs as well as
from public feedback on the “What We’ve Heard” report prepared by the Commission staff.
We are indebted to the many people who have offered their expertise, advice and guidance.

This report highlights the Subcommittee’s conclusions and findings to date and articulates a set
of consensus recommendations for further consideration by the full Commission. It also
provides a summary of the background and context, technical considerations, and stakeholder
input that have informed the Subcommittee’s findings and recommendations.
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The Subcommittee welcomes comment on this report from all interested parties.
Comments can be submitted electronically at www.brc.gov or by mail at:

Blue Ribbon Commission on America’s Nuclear Future
c/o U.S. Department of Energy
1000 Independence Avenue SW, Washington, DC 20585

A draft of the full Commission’s main report will be released by July 29, 2011 in
accordance with the schedule set out in our charter. To be considered as the
Commission develops the first public draft of its main report, comments on this
Subcommittee report must be received by July 15, 2011. All comments will be made
publicly available on the Commission website. Any comments received after July 15th
will be considered as the Commission prepares its final report, which is due to the
Secretary of Energy by January 29, 2012.
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EXECUTIVE SUMMARY

The Reactor and Fuel Cycle Technology Subcommittee was formed to respond to the charge—
set forth in the charter of the Blue Ribbon Commission—to evaluate existing fuel cycle
technologies and R&D programs in terms of multiple criteria. According to the charter: “Criteria
for evaluation should include cost, safety, resource utilization and sustainability, and the
promotion of nuclear nonproliferation and counter-terrorism goals.” Given the Commission’s
specific focus on policies for managing of the back end of the nuclear fuel cycle, the
Subcommittee also addressed the closely related question of whether any currently available
reactor and fuel cycle technologies, or any not-yet commercial technologies that are now under
development, have the potential to change either the fundamental nature of the nuclear waste
management challenge the United States confronts over the next several decades or the
approach the U.S. should take to implement a plan for the storage and ultimate disposition of
spent nuclear fuel and high-level radioactive waste.

To answer these questions, the Subcommittee reviewed the most authoritative available
information on advanced reactor and fuel cycle technologies, including the potential to improve
existing light-water reactor technology and the once-through fuel cycle, as well as options for
partially or fully closing the nuclear fuel cycle by reprocessing and recycling spent nuclear fuel.
We also reviewed the current research plan and proposed budget of the Department of
Energy’s Office of Nuclear Energy and the adequacy of existing regulatory and legal frameworks
to accommodate new reactor and fuel cycle technologies and facilities. It is important to
emphasize at the outset that the Subcommittee did not undertake original research on the
merits of different technologies and fuel cycle options; rather, we relied on several existing
studies from a variety of reputable sources. To conduct a wholly new assessment at the level of
detail and technical rigor needed to meaningfully augment the results of previous assessments
was deemed unrealistic given the scope and resources of the BRC as constituted and is in any
case not necessary to fulfill the charge to the Subcommittee as we understand it.

As this Subcommittee’s work has proceeded, we have witnessed the unfolding of a severe
nuclear accident at the Fukushima Daiichi nuclear power station in Japan. These events have
underscored the importance of nuclear safety as a primary criterion in the development and
application of nuclear technology. They have also underscored the importance of treating
spent fuel management and storage as a central part of the safety regime. Technological
advances hold promise for improving the safety of nuclear energy systems—ensuring that this
promise is realized must be a priority of U.S. nuclear policy, with respect to both RD&D
investments and deployment decisions.
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The Subcommittee’s central conclusion, detailed at greater length in the pages that follow, is
two-fold:

(1) Advances in nuclear reactor and fuel cycle technologies may hold promise for achieving
substantial benefits in terms of broadly held safety, economic, environmental, and
energy security goals. To capture these benefits, the United States should continue to
pursue a program of nuclear energy research, development, and deployment (RD&D)
both to improve the safety and performance of existing technologies and to develop
new technologies that could offer significant advantages in terms of the multiple
evaluation criteria identified in our charter (i.e., safety, cost, resource utilization and
sustainability, waste management, and non-proliferation and counter-terrorism).

(2) No currently available or reasonably foreseeable reactor and fuel cycle technologies—
including current or potential reprocess and recycle technologies—have the potential to
fundamentally alter the waste management challenge this nation confronts over at least
the next several decades, if not longer. Put another way, we do not believe that new
technology developments in the next three to four decades will change the underlying
need for an integrated strategy that combines safe, interim storage of spent nuclear fuel
with expeditious progress toward siting and licensing a permanent disposal facility or
facilities. This is particularly true of defense high-level wastes and some forms of
government-owned spent fuel that can and should be prioritized for direct disposal at
an appropriate repository.

It is important to note that both of the above points stand independently of any conclusion one
might reach about the desirability of closing the nuclear fuel cycle in the United States. The
Subcommittee could not reach consensus on this issue. As a group we concluded that it is
premature at this point for the United States to commit irreversibly to any particular fuel cycle
as a matter of government policy. Rather, there is a benefit to preserving and developing new
options. RD&D should continue on a range of reactor and fuel cycle technologies, described in
this report, that have the potential to deliver societal benefits at different times in the future.

If and when technology advances change the balance of market and policy considerations to
favor a shift away from the once-through fuel cycle, that shift will be driven by a combination of
factors, including—but hardly limited to—its waste management impacts. In fact, safety,
economics, and energy security are likely to be more important drivers of future fuel cycle
decisions than waste management concerns per se.
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In light of these central conclusions our recommendations are summarized below.

Recommendation #1: The U.S. government should provide stable, long-term RD&D (research,
development, and demonstration) support for advanced reactor and fuel cycle technologies
that have the potential to offer substantial benefits relative to currently available
technologies in terms of safety, cost, resource utilization and sustainability, the promotion of

nuclear nonproliferation and counter-terrorism goals, and waste storage and disposal needs.
A well-designed federal RD&D program is critical to enabling the U.S. to regain its role as the
global leader of nuclear technology innovation and should be attentive to opportunities in
two distinct realms:

1) Near-term improvements in the safety and performance of existing light-water reactor
technology as currently deployed in the United States and elsewhere as part of a once-
through fuel cycle, and in the technologies available for storing and disposing of spent
nuclear fuel and high-level waste.

2) Longer-term efforts to advance potential “game-changing” nuclear technologies and
systems that could achieve very large benefits across multiple evaluation criteria
compared to current technologies and systems. Examples might include fast-spectrum
reactors demonstrating passive safety characteristics that are capable of continuous
actinide recycling and that use uranium more efficiently, or reactors that—by using
molten salt or gas coolants—achieve very high temperatures and can thereby supply
process heat for hydrogen production or other purposes, or small modular reactors with
novel designs for improved safety characteristics and the potential to change the capital
cost and financing structure for new reactors.

In making this recommendation and the one that follows, the Subcommittee is mindful that
federal RD&D funding of all kinds will be under enormous budget pressure in the years ahead.
It will therefore be especially important to focus scarce public resources on addressing key gaps
or needs in the U.S. nuclear RD&D infrastructure and to leverage effectively the full range of
resources that exist in industry, the national laboratories, and the academic community.
Furthermore, while the charge of this Subcommittee is to make recommendations to the
government, we also want to clearly emphasize the importance and value of continuing and
stable industry RD&D investment in reactor and fuel cycle technologies.
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In the effort to target scarce resources as effectively as possible, the Subcommittee
recommends funding well-designed, multi-purpose national scientific user test facilities®,
following the model of the Advanced Test Reactor Scientific User Facility at Idaho National
Laboratory, that can be used to advance knowledge in several areas of inquiry. Such national
user facilities exemplify the kind of RD&D infrastructure that could yield particularly high
returns on public investment.

Recommendation #2: The Subcommittee concurs with the recent findings of the President’s
Council of Advisors on Science and Technologies (PCAST) concerning the need for better
coordination of energy policies and programs across the federal government; for a substantial

increase in federal support of energy-related research, development, demonstration, and
deployment; and for efforts to explore new revenue options to provide this support.’

Specifically, the recent PCAST report endorsed an earlier proposal by the American Energy
Innovation Council® to provide $16 billion in annual federal support for energy technology
innovation—an increase of $10 billion per year over current funding levels, with all of that
increase coming from new revenue sources. Of this $16 billion-per-year total, PCAST
recommends that $12 billion be directed to basic R&D and $4 billion to large-scale
demonstration projects. The U.S. Department of Energy’s budget for nuclear energy R&D in
recent years has totaled approximately $500 million per year. Additionally, the Subcommittee
notes that the recent MIT study estimates that about S1 billion per year is appropriate for
supporting the necessary nuclear R&D and infrastructure programs.* However, the
Subcommittee does believe that judgments about the appropriate level of funding will
ultimately depend on the overall resources available for energy innovation and must be made
in the context of a broader assessment of energy policy goals and the potential of different
energy technology options.

Recommendation #3: A portion of the federal nuclear energy RD&D resources should be
directed to the U.S. Nuclear Regulatory Commission (NRC) to accelerate a regulatory
framework and supporting anticipatory research for novel components of advanced nuclear

energy systems. An increased degree of confidence that new systems can be successfully

! National scientific user facilities (NSUF) provide specialized instrumentation and expertise that enable scientists and other
users to carry out experiments that could not be done in their own labs.

? president’s Council of Advisors on Science and Tech nology (PCAST). Report to the President on Accelerating the Pace of
Change in Energy Technologies Through an Integrated Federal Energy Policy. November 2010. Available at:
http://www.whitehouse.gov/sites/default/files/microsites/ostp/pcast-energy-tech-report.pdf.

*American Energy Innovation Council (AEIC) — A Business Plan for American’s Energy Future —
http://www.americanenergyinnovation.org/full-report

* The Future of the Nuclear Fuel Cycle: An Interdisciplinary MIT Study, Massachusetts Institute of Technology, 2010
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licensed is important for lowering barriers to commercial investment.

The Subcommittee believes that NRC efforts in this area—including new efforts in anticipatory
research, some of which are already underway—should receive 5 to 10 percent of total federal
funding for reactor and fuel cycle technology RD&D.> While 5 to 10 percent would represent a
relatively small fraction of total federal investment in nuclear energy RD&D, it would amount to
a large increase in the amount of funding devoted to developing an improved regulatory
framework for new nuclear energy technologies and would further strengthen the NRC's
scientific and technical capability to act as an independent regulator. Finally, we support the
NRC’s current risk-informed, performance-based approach to developing regulations for
advanced nuclear energy systems.

Recommendation #4: The United States should continue to take a leadership role in

international efforts to address global non-proliferation concerns and to improve the safety
and security of nuclear facilities and materials worldwide. This could include: support for
multi-national, industrial-scale fuel cycle facilities, joint efforts with other countries to
improve security and accountability technologies and protocols for nuclear materials and
capabilities, and improvements in existing multilateral agreement frameworks.

The Subcommittee heard a range of views on whether and to what extent U.S. fuel cycle
decisions and policies have influenced fuel cycle decisions made by other nations over the past
several decades. Whatever view one has about the past, the Subcommittee believes that it is
important for the United States to play a leadership role in technological and diplomatic efforts
to reduce proliferation risks and improve the safety and security of nuclear materials and
facilities worldwide. This should occur both via the U.S. nuclear community’s involvement in
international efforts to advance better nuclear energy technologies and management
approaches and through U.S. participation in international nonproliferation and nuclear
security regimes and initiatives. The Fukushima accident, in particular, should prompt
concerted efforts by international organizations, nuclear industry regulators, technology
vendors, nuclear system operators, and technical support organizations to promote the safe
application of nuclear energy systems and the safe management of nuclear wastes in all
countries that pursue this technology.

The Subcommittee recognizes the importance of continued development of modern safeguards
and security technologies for application in existing facilities and in combination with

> Almost 90% of the NRC's budget comes from fees charged to licensees with only 10% coming from federal appropriations. It is
important to note we are emphasizing the increase in funds for the development of the necessary regulatory frameworks
comes from the government and not from licensee fees.
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safeguards-by-design approaches for new facilities. Maintaining accurate knowledge of the
location and inventories of nuclear materials is a common requirement for International Atomic
Energy Agency (IAEA) safeguards, physical security, and safety. Technical innovations to
support nuclear safeguards and security, particularly those of verification and material
accountancy, containment and surveillance, material control, and environmental monitoring
are of high value for providing assurances of compliance with the IAEA safeguards regime and
with emerging international norms for physical security, and should be maintained through
existing efforts of the federal government, both domestically and in collaboration with
international partners.

While the work of the Subcommittee focused on advanced reactor and fuel cycle and
associated technologies, we also recognize that the goals of nonproliferation and nuclear
security cannot be achieved by primarily technological means. Rather, success in this area
depends on the effectiveness of diplomatic arrangements to strengthen the current
nonproliferation regime, such as broader adoption of the IAEA’s Additional Protocol, promoting
policies, technologies, and fuel cycle choices that reduce proliferation risks while also taking
steps to improve the security of nuclear materials and facilities, and continued use of bilateral
nuclear cooperation agreements as effective policy tools.

With respect to U.S. policy for the nuclear fuel cycle, this Subcommittee believes that the
establishment of multinational or regional fuel cycle facilities under comprehensive IAEA
safeguards could be a very positive development, giving countries an option to enjoy more
reliable access to the benefits of nuclear power while simultaneously reducing proliferation
risks. Similarly, spent fuel take-away arrangements® would allow countries, particularly those
with relatively small national programs, to avoid the very costly and politically difficult step of
providing for waste disposal on their soil. Fuel take-away could also provide a strong incentive
for emerging nuclear nations to take key actions, such as ratifying the IAEA Additional Protocol,
that can strengthen non-proliferation and further isolate the current small number of
problematic proliferant states.

The United States has implemented a relatively small but successful initiative to ship used
foreign research reactor fuel to U.S. facilities for storage and disposal. This program has
demonstrated meaningful nonproliferation and security benefits. A similar capability to accept
spent fuel from foreign commercial reactors in limited quantities, in cases where the President
would choose to authorize the imports for reasons of U.S. national security, would be a

6 Spent fuel take-away arrangements are broadly defined as negotiated agreements for governments with fuel cycle capabilities
to assume liability for supplied or obligated fuel and develop permanent disposition solutions for managing used fuel in concert
with countries seeking nuclear energy.
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desirable component of a larger policy framework that creates a clear path for the safe and
permanent disposition of U.S. spent fuel. The decision to authorize imports of foreign spent fuel
would have to be clearly linked to progress in developing storage and permanent disposal
capacity for U.S. wastes; thus, implementing effective domestic nuclear waste management
strategies can serve U.S. nonproliferation objectives. Unfortunately, the failure to develop
broadly-accepted domestic nuclear waste management strategies limits U.S. nonproliferation
policy choices in the context of nuclear fuel cycles. Government support for limited fuel supply
and take-away initiatives to advance U.S. national security interests could change the way
disposal facilities are perceived by the public and by the national security community—not
simply as final resting places for nuclear waste, but as essential elements of a comprehensive
strategy for maintaining the nuclear energy option while simultaneously addressing
proliferation and security concerns.

* % %k

Implicit in the charter of the Blue Ribbon Commission is the recognition that any discussion of
new reactor and fuel cycle technologies must be framed in terms of widely held policy
objectives—objectives that are relevant not only to the future of the U.S. civilian nuclear power
industry, but to our nation’s ability to advance a much broader set of social, economic, energy,
environmental, and national security goals. We should be interested in new reactor and fuel
cycle technologies to the extent that they offer tangible benefits compared to currently
available technologies and to the extent they make it possible to maximize the energy
contribution from nuclear power while also minimizing associated costs and risks. In other
words, the Subcommittee takes the view that future decisions concerning the development and
deployment of advanced reactor and fuel cycle technologies should be driven by broader
energy policy objectives, rather than by any a priori commitment to a particular system or fuel
cycle option.

Un-tethered from these underlying policy objectives, technology discussions too often devolve
into debates between proponents of one system versus another or, in the nuclear context,
between proponents of one fuel cycle or reactor design versus another. Whether the United
States should adopt the long-term strategic goal of closing the nuclear fuel cycle, in particular,
has been a contentious and much-debated question for decades. Members of the
Subcommittee hold a range of views on the subject. Other countries (notably France, Russia
and Japan) have determined that energy security or other policy goals take precedence over
the often conflicting goal of minimizing energy costs. The apparently believe that the higher
short-term costs of developing and deploying advanced nuclear systems are justified in order to
achieve their long-term policy aims, or perhaps they assume higher future prices of uranium
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and enrichment and lower costs for reprocessing. However, particularly in the immediate
aftermath of the Fukushima incident, which has caused some rethinking about reactor safety
issues, it would be extremely difficult and probably premature for us to attempt to settle that
guestion for the United States at this point in time. Though research efforts to date have
yielded several potentially promising reactor designs and fuel cycle concepts, there are a
number of remaining uncertainties—encompassing questions not only of technical
performance, cost, commercial viability, and proliferation and security impacts, but also
guestions about how the specific attributes of different options will mesh with economic and
social conditions that are continuously evolving as well and with the uncertain trajectory of
nuclear power utilization in the future.

In contrast, there is much less uncertainty about the underlying energy and nuclear technology
challenges we face in the decades ahead. There is also far more consensus about what would
constitute desirable outcomes. Safety, cost, resource utilization and sustainability, security and
non-proliferation, and waste management are sure to remain paramount concerns that—
together with broader questions of public acceptance and overall competitiveness with other
energy resources—will be key to the nuclear industry’s long-term prospects, not only in the
United States but worldwide. Looking beyond nuclear power to the larger set of energy issues,
the challenges are well-identified and even more daunting: At a global level, the central
guestion is how to reconcile overall energy demand, including rapidly rising consumption in the
developing world, with emerging environmental and resource constraints and without
impeding economic development, exacerbating geopolitical tensions, or increasing the
potential for national and regional conflicts. At a national level, the challenge for the United
States is to position itself to meet future energy needs in ways that are also congruent with
sustaining a vigorous domestic economy, maintaining global technological and scientific
leadership, protecting public health and the environment, mitigating the impacts of climate
change, and reducing energy-related national security risks and terrorism threats.

The analysis is further complicated not only because of the need to chart a path that balances a
diverse set of goals, but also the need to evaluate these goals across a diverse set of activities.
The full fuel cycle involves at the least mining, milling, conversion, enrichment, fuel fabrication,
reactors, storage, and disposal, with possible addition of reprocessing/recycling facilities. Fuel
cycles should be analyzed as an interconnected system in which each element must be
compatible with and support the other elements. Our national objectives are not served by
the development of reactors that are very efficient, but that do not mesh, for example, with a
reprocessing or disposal system. Thus, all the components in an advanced fuel cycle should be
examined as part of a system in which all the components should work together.
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In sum, the Subcommittee concludes it is both more important and more productive at this
time to focus on designing and implementing a nuclear research, development, and
demonstration strategy that makes effective use of scarce resources and is continuously
responsive to the broader policy objectives about which we already have broad agreement (as
opposed to seeking consensus on the merits of particular technology and fuel cycle pathways).
Our full report elaborates further on these issues and outlines the Subcommittee’s findings
regarding the potential advantages and disadvantages of different reactor and fuel cycle
options.

Reactor and Fuel Cycle Technology Subcommittee Xii June 2011
Blue Ribbon Commission on America’s Nuclear Future



CONTENTS

PREAIMBLE ...ttt ettt ettt ettt ettt et ettt et ettt e ee e ettt ettt ettt et ee et ee et e e ee et ettt ee e et et e e e e e et eeeeeeeeeeeeeeenenenenenenennnnnnnnns ii
EXECUTIVE SUMMARY ... ceettttiteeee ettt e e ettt e e e e e sttt e e e e e s e s unbee et eeeeesannbbeteeaeeesanssbeeeeeeeesaannsnaaeeesesanan iv
LIST OF ACRONYIMS ... ettt ettt et ettt e et e e s ettt e e e e e e s aasbeteeeeeeeesaunneeaeeeeeesaaannnbbeaeeeeesannnnneeeeaenens Xvi
1. INTRODUCTION AND STRUCTURE OF REPORT ...ttt ettt e e e e 1
2. NUCLEAR FUEL CYCLE BACKGROUND..... .ttt ettt ettt e et e e e e e e st e e e e e e e seneneeeas 2
2.1 A Brief Review of Nuclear Power Development in the United States.........cccccceeeecvieeeenneenn. 2
2.2 A Primer on Reactor and Fuel Cycle TEChNOIOZY......cuveviiiicciiiiiiie e 6

2.3 Status of Nuclear Reactors and Nuclear Fuel Cycle Developments in the United States and
1Y o] o - Yo LU TP PSPOPROTI 18
2.4 (NCSV A S T T N o= 4SRRI 25
3. EVALUTION OF FUEL CYCLE ALTERNATIVES ...ttt 26
3.1 CoNtEXt OFf ANAIYSIS .oiiiiiiiii it e e e e e e aaaee s 26
3.2 Criteria for Comparing Nuclear ENergy SYStemMS .....ccoccuviiiiiiieee it e s 27
33 Challenges in Comparing Nuclear Energy SYStEMS .......ueiviiiveeeiiiieee e erreee e e 31
3.4 Comparing Fuel Cycle and Nuclear Energy System Options .......ccccceveiveeeeriieeeeiineeeesineenn 32
3.5 SUMMATY COMPATISON ceiiiiiiiiiiiiitteee e e ettt tee et e e sssitrteeeeeesssassbrtaeeeessssassssreaaeeesssssssssseeeeeessnns 50
3.6 [NV S T T o= £ RPRPPR 53
4. RESEARCH AND DEVELOPIMENT ...t e e 54
4.1 2ol 4={ o TU T o F PP 54
4.2 The DOE Nuclear R&D Roadmap, Nuclear Programs, and R&D Budget ..........ccccccvveeenneen. 55
4.3 Industry-funded Nuclear ENergy R&D .........cocuiiiiiiiiiii ettt e 63
4.4 NRC R&D and Advanced Technology Licensing Efforts........ccccceevecieeieciiee e, 64
4.5 R&D Infrastructure in the United States—Existing Capacity and Future Needs................. 65
4.6 Addressing the Challenges Facing the U.S. Nuclear Energy RD&D Program............ccc........ 70
4.7 (VA T3 Vo L o= £ USRS 75
Reactor and Fuel Cycle Technology Subcommittee Xiii June 2011

Blue Ribbon Commission on America’s Nuclear Future



5. [0Y 4] =Y o] a =1 R @eT 0 Iy 1o [=T &= 1 4 o] s TR 77

5.1 International REACtOr SAfELY .....uuviiiii i e 77
5.2 Nonproliferation ConSiderations..........cccciiiieiiieeieiiee e et e e e are e e e 78
5.3 Security and COUNTEr-tEITOIISIM ..ciiii et e e e e e e et e e e e e e e eraraeeeeaeeeas 86
5.4 3V T o [T o= £ OSSP OTP PR 88
6. (6e] 3Tl (D11 o ] HO PP PR PPOTPTOPRRPRRPRPION 90
FIGURES
Figure 1. Median Design Electrical Rating (DER) capacity factor of the U.S. reactor fleet (1974-2009)....... 4
Figure 2. U.S. Nuclear Worker Lost-Time Injury Rate (1997-2010) .....ccvveeeirieeeeiiieeeeiirreeecereeeesvveeesseneeeas 5
Figure 3. Generic NUCIEAr FUEBI CYCIE c...uviiiiiiiee ettt st e e s e e e ssabaeeesnneneae s 6
Figure 4. The Once-through NUCIEAr FUEBI CYCIE ....uviiiieeieee e enae e 7
Figure 5. EXample fUel @SSEMDIY......coiiiiiii e e e s e e s e e e snabaeeeennrreee s 8
Figure 6. Workers handling fresh nuclear fuel assemblies.........cccuviiiiiiiiiii e 8
Figure 7. Elements of SPent NUCIEAr FUEBL.........oooiiiii ettt e e e e e e s eaaeee s 9
Figure 8. Modified Open NUCIEAr FUEI CYCI ....ciiiuiiiiieiiiee ettt svee e e sbee e e e 14
Figure 9. Fully-Closed Nuclear Fuel Cycle with (Sustained) Recycle.........cccocvieeevcieeeeciiee e 17
Figure 10. Location of U.S. Commercial Nuclear Power Reactors and Their Years of Operation .............. 19

Figure 11. Temperatures required for various industrial applications and33outlet temperatures of

VL o U R =T ot do] e [F] = o TP UPPPTPPPN 33
Figure 12. DOE R&D Funding Levels Fiscal Year 1992 - 2011 ......cccveieiiiiieeeiiiee et e eevee e e eveee e 60
Figure 13. Worldwide distribution of civil nuclear energy generation capacity in 2010..........ccccccvveeeenneee. 83
Reactor and Fuel Cycle Technology Subcommittee Xiv June 2011

Blue Ribbon Commission on America’s Nuclear Future



TABLES

Table 1. Operating Nuclear Power Units by Reactor Type, Worldwide ........cccoeeviiiiviiiiiiniiieeesieee e, 19
Table 2. Nuclear Power Reactor Statistics WOrldWide ..........coceeiieiieiiiniineeeeeeceeeeeeee e 20
Table 3. Fuel Cycle Facilities Directly Regulated by the U.S. Nuclaer Regulatory Commission.................. 22
Table 4. International Current and Planned Reprocessing Capacity .....cccoccveeerrieeieiriiieesniieeesieeessseneeenns 24

Table 5. A comparison of the existing once-through, conventional light-water reactor fuel cycle with

representative advanced nuclear energy systems in the long term .......cccocoieeieiiee e 34
Table 6. FY2011 budget and FY2012 budget request for the DOE nuclear RD&D program .........cccccuueee. 60
Table 7. Summary of Nuclear R&D FaCility Prioriti€s .......ccccveeeiiiiieicieee et e e 67
Reactor and Fuel Cycle Technology Subcommittee XV June 2011

Blue Ribbon Commission on America’s Nuclear Future



LIST OF ACRONYMS

ALWR advanced light water reactor

BRC Blue Ribbon Commission on America’s Nuclear Future
BWR boiling water reactor

DOE U.S. Department of Energy

EPRI Electric Power Research Institute

FR fast reactor

HTR high temperature reactor

INL Idaho National Laboratory

INPO Institute of Nuclear Power Operations

IT information technology

LWR light water reactor

MC&A material control and accountability

MOC modified open (fuel) cycle

MOX mixed oxide (fuel)

MW megawatt

MWe megawatt (electric)

MTHM metric tons of heavy metal

MTU metric tons of uranium

NEI Nuclear Energy Institute

NNSA National Nuclear Security Administration
NRC Nuclear Regulatory Commission

oT once-through (fuel cycle)

PUREX plutonium uranium extraction

PWR pressurized water reactor

R&D research and development

RD&D research, development, and demonstration
SNF spent nuclear fuel

™I Three Mile Island

TRU transuranic

WIPP Waste Isolation Pilot Plant

Reactor and Fuel Cycle Technology Subcommittee XVi June 2011

Blue Ribbon Commission on America’s Nuclear Future



1. INTRODUCTION AND STRUCTURE OF REPORT

As directed by the BRC’s charter, the R&FCT Subcommittee undertook to evaluate alternative
nuclear energy systems according to specific criteria, all of which have direct relevance to the
broader policy goals discussed in this and other BRC reports. Given the focus of the
Commission’s work as a whole, we paid particular attention to the implications of different
reactor and fuel cycle alternatives for managing spent nuclear fuel, although (as we have
already noted) we understand that waste considerations are only one of several drivers for
future technology decisions.

Specifically, we looked at the following criteria:

e Safety of reactors and fuel cycle facilities

e \Waste management

e C(Cost

e Sustainability

e Promoting nuclear non-proliferation goals

e Promoting counter-terrorism (physical security) goals

To organize our inquiry we began by identifying four broad strategies for alternative nuclear
energy systems: the once-through cycle as currently practiced, an alternative once-through
cycle, a modified open cycle, and a fully closed cycle.

Our findings concerning the potential advantages and disadvantages of specific technology
options within each of these four broad categories are summarized in Chapter 3 of this report,
which also provides a more detailed discussion of the evaluative criteria we applied in
undertaking this (mostly) qualitative assessment. In many cases, more detailed and technically
rigorous treatments are available in BRC commissioned papers (www.brc.gov) and other
comparative analyses conducted in recent years by the National Research Council, DOE and
others. Before turning to a discussion of different technology and fuel cycle options, however,
we begin by providing some background and context. Chapter 2 of this report provides a very
brief review of the history of nuclear technology development in the United States and
worldwide together with an overview of the characteristics and features that distinguish
different reactor technology and fuel cycle systems.

Later chapters of this report discuss the current federal nuclear RD&D program and identify
potential RD&D needs and priorities going forward (Chapter 4) and then return (in Chapter 5) to
the specific policy issues that have a large international dimension, specifically safety, and non-
proliferation and counter-terrorism (including physical protection).
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2.  NUCLEAR FUEL CYCLE BACKGROUND

2.1 A Brief Review of Nuclear Power Development in the United States

The first demonstration of nuclear fission occurred in a rudimentary reactor built on the floor of
a squash court at the University of Chicago in 1942. Fission technology was then used in the
atomic weapons that ended World War Il. After World War Il, scientists who had accomplished
these feats began work to develop peaceful uses for atomic energy, focusing primarily on
electricity generation for industry, commerce, and household use. President Eisenhower’s
“Atoms for Peace” speech before the United Nations in 1953 heralded the promise of peaceful
worldwide application of atomic power as well as means to limit its future use as a weapon.

During the early years of civilian nuclear power development a large number of test and
demonstration programs examined most of the plausible pathways for harnessing nuclear
power. Early progress was led by the Naval Nuclear Propulsion program, which built and
launched the first nuclear powered submarine, the USS Nautilus, in 1955. Parallel efforts on
experimental reactor designs in Idaho, and a land-based application of Nautilus reactor
technology at Shippingport, PA, demonstrated the potential for practical, commercial-scale
generation of nuclear electricity. During the early years, the U.S. government maintained
leadership and ultimate control of these developments, but advocates for commercialization of
nuclear technology for power generation, particularly in Congress, also began a process of
transitioning the technology to the private sector.

Commercial nuclear power began to expand rapidly in the 1960s and 1970s, with 22 reactors
operating in the United States in 1970, and over 50 more under construction. Although
reactors fueled by low enriched uranium and cooled and moderated by light water were the
norm, a few demonstrations were made of liquid-metal cooled reactors fueled by uranium and
plutonium, as well as high temperature gas reactors cooled by helium and moderated by
graphite, and a fluid-fueled molten salt reactor. (See Section 2.2 for reactor descriptions.)

From about the mid 1950s to the early 1970s it was assumed that uranium scarcity would
require spent fuel from U.S. commercial power reactors to be reprocessed and the recovered
materials used to fuel so-called “breeder” reactors. However, a series of events during the
1970s slowed and fundamentally changed the course of nuclear energy development:

e The 1973 Arab oil embargo that rapidly stunted the growth in the country’s GNP and
with it a rapid drop in the rate of growth of energy consumption in the U.S., from 7% per
year to 2% to 3% per year.’

’ Congressional Budget Office, “Financial Condition of U.S. Electric Utility Industry”, March, 1986.
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e The testing of a nuclear explosive device in India in 1974, which changed perceptions of
the proliferation risks associated with nuclear fuel cycles.

e The cessation of commercial fuel reprocessing ventures in the U.S. (West Valley, NY,
Morris, IL, and Barnwell, SC) as a result of technological, economic and political
pressures.

e The reactor accident at Three Mile Island (TMI) in Pennsylvania, which brought
fundamental changes to nuclear regulation in the U.S., as well as a new system of self-
monitoring established by the commercial nuclear industry.

e The decision by the Ford and Carter administrations not to provide Federal funds for
reprocessing of commercial spent fuel, which was based primarily on proliferation
concerns, along with other factors led to the adoption of a “once-through” fuel cycle
and, subsequently, to the cancellation by Congress of the DOE-funded Clinch River
Breeder Reactor project.

These events in the 1970s led to the cancellation of about 120 reactor orders. The slowdown
developed into a full-blown hiatus in new nuclear plant orders that stretched from 1979 to
today. This hiatus was the backdrop for new thinking about spent fuel management, as the
Nuclear Waste Policy Act of 1982 and its amendment in 1987 both assumed very little nuclear
energy development in the U.S. beyond the plants that existed at the time.

Following the TMI accident, the industry created the Institute of Nuclear Power Operations
(INPO) to set uniform standards and to share best practices across the industry. Industry also
undertook a number of other initiatives to cope with lost public confidence, rapid expansion of
nuclear safety regulation, design and engineering problems being evidenced in plant operating
experience, and poor nuclear plant economic performance in relation to competing fossil
power generation.

A survey conducted by the Electric Power Research Institute (EPRI) in the early 1980s
surprisingly found that nuclear utility executives were not ready to abandon nuclear energy as
an option for the future.® However, these executives saw future growth in nuclear energy as
contingent on major changes in the design, operation, and regulation of new reactors. They
would demand safer and simpler designs that were easier to operate and maintain. They
recognized that building in greater safety margins and maintainability features could increase
the capital costs of nuclear power, but they appreciated that these investments could lead to
higher plant availability and lower operating and maintenance costs over the life of the plant.

8 Jones, et al., “Technical and Institutional Preparedness for Introduction of Evolutionary Water Cooled Reactors.” Presented at
IAEA Symposium on “Evolutionary Water Cooled Reactors: Strategic Issues, Technologies, and Economic Viability”, Seoul,
Republic of Korea, 30 Nov. — 4 Dec., 1998
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These executives also demanded a more stable and predictable licensing process for new
plants.

Utility executives also rejected departures from proven fuels and materials. They strongly
favored continued reliance on light water reactor technology, but also urged development of
passive safety concepts to simplify LWR safety systems. Out of this survey grew the utility-led
Advanced Light Water Reactor Program, which developed a Utility Requirements Document
and funded, with matching support from DOE, the development of new advanced designs that
are the basis for the new plants being licensed by the NRC for construction today.

Economic deregulation of electricity markets in the early 1990s, driven in part by the Energy
Policy Act of 1992, put additional pressure on commercial nuclear power. Deregulation also
created the possibility that nuclear plants with poor operating records, that otherwise might
have been decommissioned, could instead be sold. Following the sales of the first few nuclear
plants during the 1990’s, it was found that their reliability and availability improved rapidly,
often within 18 months, under new management practices. As shown in Figure 1, this
coincided with a general trend of improving plant reliability and availability.
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Figure 1. Median Design Electrical Rating (DER) capacity factor of the U.S. reactor fleet (1974-2009)9

o Blake, E. Michael, “Capacity factor remains over 90%”, Nuclear News, May 2010, pgs. 39-43.
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Improving operating practices and plant reliability have contributed to a positive trend in
workplace safety statistics (this is not surprising, as hazards to plant personnel tend to be lower
during operating periods than during maintenance and refueling outages). While most safety
related statistics show that the safety of U.S. reactors has improved significantly over the last
two decades (for example, see Figure 2), significant safety problems have also occurred during
this period. For example, inadequate in-service inspection and other flawed procedures and
safety violations delayed the discovery of extensive corrosion of the reactor vessel head in the
Davis Besse plant in 2002, caused by a persistent leak of borated water.
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Figure 2. U.S. Nuclear Worker Lost-Time Injury Rate (1997-2010)*°

The event at the Fukushima Daiichi reactors in Japan is the first major nuclear accident to be
initiated by a severe natural disaster, rather than by a combination of equipment failures and
human error. While natural disasters of this magnitude are fortunately rare, when they occur
their effects on civil infrastructure must be studied closely, since it is impossible to study these
effects fully in the laboratory. Clearly, as a first-of-a-kind and very severe event, the
Subcommittee notes that the accident at Fukushima should be expected to provide a large
number of lessons that will require changes to existing nuclear reactors, and will impact design
and operation of new reactors as well.

1% Number of accidents resulting in lost work, restricted work, or fatalities per 200,000 worker hours. Nuclear Energy Institute
(http://www.nei.org/resourcesandstats/documentlibrary/safetyandsecurity/graphicsandcharts/usnuclearindustrialsafetyaccide
ntrate/) and World Association of Nuclear Operators
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2.2 A Primer on Reactor and Fuel Cycle Technology

This section provides an overview of the main characteristics and features that distinguish
different types of reactors and fuel cycles. It is intended for the non-expert reader, as
background for understanding the technology comparisons that are the subject of the next
chapter (Chapter 3). We begin by describing four broad fuel cycle strategies or options: the
once-through fuel cycle as currently practiced in the United States, an alternative once-through
fuel cycle, the modified open fuel cycle, and the fully-closed fuel cycle. It is important to
emphasize at the outset, however, that no rigorously specified definition exists for these
options—indeed there is considerable variation in how technologies or combinations of
technologies are identified or grouped in the literature and in discussions within the nuclear
industry and scientific community.

A nuclear power reactor uses the energy released during nuclear fission (splitting the nucleus of
atoms) to create heat, which is then available for generating electricity or other applications.
Nuclear reactors are just one of a series of integrated components that are collectively referred
to as the nuclear fuel cycle — see Figure 3. When discussing nuclear fuel cycles, the cycle is
usually broken into the “front end” and the “back end”. The front end consists of everything
from the mining of the uranium ore to the use of the uranium fuel in the reactor. The back end
of the fuel cycle typically consists of the stages that occur after irradiated nuclear fuel has been
removed from the reactor core — which include storage, disposal and reprocessing.
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Figure 3. Generic Nuclear Fuel Cycle

1 Adapted from EIA - http://www.eia.doe.gov/cneaf/nuclear/page/images/intro_figl.jpg
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The Once-Through Fuel Cycle - The nuclear fuel cycle as employed in the U.S. is called the “once-

through” fuel cycle because it uses its nuclear fuel only once. The once-through fuel cycle
begins with the mining and milling of uranium (natural uranium is mined from the ground,
similar to many other resources) — as shown in Figure 4. Natural uranium consists mainly of two
isotopes?: the easily fissioned (or “fissile”) isotope uranium-235 (U-235) and uranium-238 (U-
238). In a sample of natural uranium, U-235 only accounts for 0.7% of the total mass, while U-
238 makes up most of the balance. For use in a standard light water reactor (LWR), the U-235
content must be increased (or “enriched”) to 2-5 percent. The enriched uranium is then formed
into fuel assemblies to operate the light-water reactors that comprise the entire U.S. reactor
fleet.

Milling and LWR Fuel

Uranium QOre

Conversion Enrichment Fabrication
= N ]
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Geologic _ Interim
Once-through Repository Storage

Fuel Cycle

Figure 4. The Once-through Nuclear Fuel Cycle®

A typical light water reactor in the United States is loaded with anywhere from 200 to 800 fuel
assemblies (totaling approximately 100 metric tons of uranium oxide) at a time and will need
roughly 20 metric tons of fuel replaced each year. A commercial fuel assembly is a square
bundle of long, hollow metal rods each of which holds a stack of uranium oxide pellets—a
typical fuel assembly, depending on the type of reactor for which it is intended, contains
between 0.2 and 0.5 metric tons of uranium, is about 14 feet long, and weighs between 700
and 1400 pounds. (See Figures 5 and 6)

12 Isotopes are different atoms of the same element, meaning they have the same number of protons, but a different number
of neutrons. In the case of uranium, all isotopes have 92 protons, but U-235 has 143 neutrons while U-238 has 146 neutrons.

13 Wigeland, et al., “Identification, Description, and Characterization of Existing and Alternative Nuclear Energy Systems”, May
2011. Commissioned paper for the BRC. www.brc.gov
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After four to six years inside a reactor, a fuel assembly will no longer generate heat efficiently
and must be replaced. At this point the fuel is considered used or spent.*® When first removed
from the reactor core, spent fuel assemblies are highly radioactive and extremely hot. They are
transferred under water into a steel-lined, water-filled storage pool within the facility, which
helps to shield the radiation and cool the fuel. After a period of time when then fuel has cooled
sufficiently®’, there are two general options for handling the used fuel: (1) storage and
eventual disposal to ensure long-term isolation from the biosphere and to protect against
potential public health and environmental damage from long-lived radioactive materials, or (2)
reprocessing to separate and remove still usable constituents (including U-235, U-238, and
plutonium) from the spent fuel for re-use as reactor fuel, and processing of remaining materials
into waste forms.

14 Adapted from AREVA NP, Inc. graphic from http://www.chemcases.com/nuclear/nc-06.html
!> Graphic from U.S. Energy Information Administration - http://www.eia.doe.gov/cneaf/nuclear/page/intro.html

16 Throughout this document we employ the term “spent” nuclear fuel. “Used fuel” is the term that appears in the
Commission’s charter, but “spent fuel” (sometimes abbreviated “SNF”) is the term used in much of the literature on this topic
and in many U.S. regulations and statutes concerning the back end of the nuclear fuel cycle. The different terminology reflects
a profound policy debate as to whether the fuel is a waste (hence “spent”) or a resource to be recovered through recycling
(hence “used”). We use the older terminology, albeit without prejudging the answer to the policy debate.

v Industry practice is to keep spent nuclear fuel in the spent fuel pools a minimum of five years before placing in dry cask
storage.
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When fresh uranium fuel is placed in a reactor, it typically contains about 3% U-235 and 97% U-
238. When it is removed, it contains about 1% U-235, 93% U-238, 1% plutonium, 0.1% minor
actinides™®, and 4-5% fission products19 as shown in Figure 7.

U-235 ~0.7%
U-238 ~93%
—l] Plutonium ~1%|

Pu-238 0.04%
Pu-239 0.7%
Pu-240 0.3%
Pu-241 0.2%
Pu-242 0.1%

Np-237  0.07%
Am-241 0.03%
Cm-244  0.01%

Ll Fission Products ~4=5%

Sr-90 0.1%
Cs-137 0.2%
1-129 0.03%
Te-99 0.1%

Figure 7. Elements of Spent Nuclear Fuel®

The reprocessing (sometimes referred to as just “processing”) of spent fuel is made especially
difficult by its high level of radioactivity. Process equipment must be heavily shielded and most
operations and maintenance must be remotely accomplished in order to limit personnel
exposure. Various reprocessing methods have been used to separate individual components of
spent fuel, but the most widely adopted method to date is called the PUREX process (Plutonium
URanium EXtraction). With the PUREX process, spent fuel is chopped up, dissolved in acid, and
chemically separated into various liquid streams (particularly plutonium and uranium). The
plutonium and uranium can then be utilized in various fuel cycles options — as discussed later in
this section, and the status of reprocessing facilities worldwide is discussed further in Section
2.3.

Minor actinides are the elements in the actinide family not including uranium and plutonium (consider the major actinides).
The most relevant minor actinides in relation to managing spent nuclear fuel are americium, neptunium, and curium.

19 Fission products in spent fuel are typically created by the splitting (fissioning) of the uranium-235 isotope into smaller atoms.
Although some fission products can serve a useful purpose, most are designated for disposal in the majority of fuel cycles.

2 EpR| Spring Journal 2008, http://mydocs.epri.com/docs/CorporateDocuments/EPRI_Journal/2008-
Spring/1016422_NuclearFuelCycle.pdf
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Reactor Types — What Makes them Different?

A reactor can be characterized by the type of fuel, moderator, neutron spectrum, and coolant that it
employs:

Nuclear fuel contains heavy atoms that can fission (or split into two slightly unequal halves) when hit
with neutrons. The splitting of the atom produces energy (in the form of heat), plus excess neutrons
that go on to create more fissions. Natural uranium consists of 99.3 percent of the isotope U-238 and
0.7 percent of the isotope U-235. The term “enrichment” describes that step of the fuel cycle where
the concentration of U-235 in natural uranium is increased, typically to a level of 4-5 percent for most
commercial reactors.

Moderators are substances that act to slow down (or “moderate”) high energy neutrons resulting
from fission. Ordinary water (“light” water) is the most common moderator. Its primary advantages
are that it is abundant and that it is efficient in slowing down neutrons. Its primary disadvantage is
that it tends to absorb neutrons, preventing them from splitting other atoms and thus reducing the
rate of fission reactions. Most fissionable isotopes (and especially U-235) fission much more easily
when the neutron striking them has been slowed down or “thermalized” in the reactor core.
Thermal-spectrum reactors can operate with fuel with low concentrations of fissile isotopes, while
“fast-spectrum” reactors require higher concentrations.

Neutron spectrum refers to the speed of neutrons in the reactor core. In a fast reactor most
neutrons are moving at speeds at nearly the speed they possess at the moment of fission. In a slow or
“thermal” reactor, by contrast, the neutrons have been slowed down (hence the name “thermal” or
“thermalized” reactor). Thermalized neutrons are moving thousands of times slower than fast
neutrons. Fast reactors are said to have a “hard” spectrum (higher energy, faster neutrons), while
thermal reactors with low energy neutrons have a “soft” spectrum. The vast majority of commercial-
scale reactors operating in the world today are thermal reactors.

III

Coolants are fluids that transfer heat from the reactor core to another component (or region) of the
reactor system where that heat can be used to generate steam to drive a steam turbine (or in the case
of some gas-cooled reactors, drive a gas turbine directly). The most common liquid coolants are
water, liquid metal such as sodium, lead, and bismuth, and fluoride salts; the most common gas
coolants are helium and carbon dioxide.

For the first two decades of commercial nuclear power development the expectation in the
United States was that nuclear fuel would be reprocessed and that the U.S. would proceed with
the short-term use of a modified open fuel cycle (described below) on the way to deploying a
fully closed fuel cycle (also described below). It was envisioned that spent fuel would be stored
on site in storage pools only temporarily, which drove reactor designers to only include
relatively small spent fuel storage pools at most reactor sites. By the 1970s, however, the
United States abandoned commercial reprocessing—on the basis of a combination of policy
concerns (largely having to do with nuclear weapons proliferation) and economics — and the
government soon after assigned DOE the responsibility of developing a disposal facility for
spent fuel.
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As DOE fell further and further behind in its efforts to site and open a permanent geologic
repository for high-level waste and spent nuclear fuel and as utilities began to run out of space
in their water-filled storage pools, more of the spent fuel was moved to massive concrete or
steel casks, or concrete-shielded horizontal storage cavities for dry storage in open-air, above-
ground enclosures at the reactor site. Today, dry cask storage is considered the preferred
option for extended periods of interim storage (i.e. multiple decades up to 100 years or possibly
more).

The output of spent nuclear fuel from the nation’s commercial nuclear power plants varies with
the amount of electricity produced by these plants. In recent years, the annual figure has
ranged from 2,000 to 2,400 metric tons. Currently, all but a very small fraction of the still-
growing commercial spent fuel inventory—which currently stands at approximately 66,000
metric tons nationwide—is being stored at reactor sites. Until the United States develops a
disposal and/or reprocessing solution the final disposition pathway and timeframe for moving
these materials remains uncertain.

Alternate Once-Through Fuel Cycles are similar to the existing once-through fuel cycle in that

their defining characteristic is the absence of any reprocessing of spent nuclear fuel. As a
result, storage and eventual disposal is needed for all spent fuel. However, future approaches
to the once-through fuel cycle could incorporate advances or improvements over current
practice. For example, uranium may be enriched to a higher concentration of U-235 to achieve
higher burn up. 2t Improved cladding materials such as silicon carbide may also enable higher
burn up while offering improved safety margins, reduced maintenance, and improved waste-
form performance. Higher burn ups also reduce the quantity of waste generated for each unit
of energy produced.? There are limits to how much the burn up can be increased however,
and to the benefits that can be achieved through this approach.23 Systems that result in nearly
complete consumption of natural uranium in a once-through cycle, while theoretically possible,
are not considered realistic.

Other variations on the current once-through cycle could involve the use of thorium fuels,
which might—in some once-through configurations—produce modest reductions in waste
streams and plutonium production. Otherwise, however, waste disposal and non-proliferation
metrics for once-through thorium fuels are essentially the same as for uranium fuels. Higher

L The term “burn up” refers to the utilization of the uranium in the fuel. The higher the burn up, the more uranium has been
used (by fission) to generate energy.

2 Higher burn up will produce little change in the amount of natural uranium needed to fuel the overall system, since the
uranium that is used to make higher burn up fuel needs to be enriched to a proportionately higher level.

“The tolerance of fuel and fuel cladding to withstand higher burn up will ultimately limit burn up increases. According to DOE’s
FY2006 Alternative Fuel Cycle Initiative (AFCI) Comparison Report, doubling the burn up in the once-through fuel cycle could
yield a 38 percent reduction in long-term radiotoxicity and a 13 percent reduction in estimated peak repository dose.
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uranium enrichments needed to drive these cycles might offset savings in enrichment capacity

and natural uranium consumption.

Finally, different reactor and irradiation technologies could potentially be used in the context of
future versions of the once-through fuel cycle, including the option for both fast reactors and
externally driven sub-critical facilities. Both systems offer the potential to eliminate the need
for enrichment and also achieve very efficient use of natural uranium.
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Operating Commercial-Scale Reactor Types

Light Water Reactors (LWRs): In LWRs, the coolant and the moderator are one and the same: ordinary (“light”)
water. To fuel these reactors, uranium is enriched to 4-5 percent U-235 and most of the fissions that occur in
the reactor core are caused by low-energy (“thermal”) neutrons. Heat from fission is transferred in the cooling
water to a steam generator, where steam is generated to drive a turbine. This type of reactor is called a
pressurized water reactor (PWR). In a boiling water reactor (BWR), steam is created by allowing the cooling
water to boil directly in the reactor core region, thus eliminating the need for steam generators. The current
U.S. fleet of operating commercial reactors includes 69 PWRs and 35 BWRs. A less common type of light water
reactor, the light water graphite reactor, uses enriched uranium fuel in vertical light-water-cooled pressure
tubes, surrounded by graphite blocks as the moderator. A Russian version of this design, called the RBMK, was
the design used at Chernobyl and is no longer used outside of Russia.

High Temperature Reactors (HTRs): Most HTRs use gases for their coolant, although some designs use liquid
salts. Typical HTR designs use graphite as the moderator. Still deployed extensively in the UK (18 of their 19
operating reactors use carbon dioxide as a coolant), most high temperature reactor developers have shifted to
helium-cooled, graphite moderated reactors for use in the future, while researchers are exploring the use of
fluoride salts as low-pressure coolants. Some HTR concepts allow for direct drive or indirect drive of a gas
turbine for power conversion, thus avoiding the steam cycle typical of other nuclear (and many fossil-fueled)
thermoelectric plants, and achieving significantly higher plant efficiency. Although graphite moderated reactors
can and did operate on natural uranium, future HTRs are being designed to operate on enriched uranium (often
higher than LWR enrichment levels), while salts may also be used for fluid fuels that would enable thorium-
based fuel cycles.

Pressurized Heavy Water Reactors (PHWRs): PHWRs typically operate on natural or slightly enriched uranium
and use heavy water (D,0) as both the moderator and coolant. Deployed primarily in Canada and India, PWHRs
are also utilized in South Korea, Romania, and China. The most utilized version of the PHWR is the CANDU
(Atomic Energy of Canada Limited’s CANada Deuterium Uranium reactor). As in the PWR, the primary coolant
generates steam in a secondary circuit to drive the turbines and generate electricity. By allowing individual
pressure tubes to be isolated from the cooling circuit, PWHRs can be refueled without shutting down.

Liguid Metal Reactors (LMRs): LMRs typically use sodium (or other liquid metals) as the coolant and operate on
mixed uranium and plutonium fuels that fission in a “fast” neutron spectrum. The design of the fuel and the
shape of the reactor core can be adjusted to allow for increased, decreased, or self-sustaining production of
fissile material (i.e., Pu-239) as the reactor operates. All U.S., British, and French LMRs are shut down and
largely decommissioned. Japan completed construction of the Monju fast reactor in 1994, but it experienced a
sodium leak in 1995 and was shut down. After returning to operation in May 2010, the Monju reactor was shut
down again after experiencing an accident during a refueling operation. The Monju reactor is presently not
expected to resume operation until 2014. Russia has had better success with fast reactors, with its BN-350 and
BN-600 reactors starting up in 1972 and 1980, respectively. The BN-350 no longer operates. The BN-600 is still
operating, and the BN-800 is under construction.

Breeders and Burners: A “breeder” reactor is one in which the conversion ratio (the amount of fissile material it
produces compared to the amount of fissile material it uses) is greater than one — thereby “breeding” or
creating more fissile material than it is using for fission. A “burner” reactor is one in which the conversion ratio is
less than one, thereby “burning” or utilizing more fissile material than it is producing. Breeder reactors,
operating in tandem with spent fuel reprocessing, allow for “closed” fuel cycles, in which most fuel constituents
can be recycled.
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Modified Open Fuel Cycle: We have defined this category to encompass a very wide range of

possible fuel cycles with multiple possible combinations of different reactor, separations, and
fuel fabrication technologies.24 Our definition includes any fuel cycle in which some of the
spent fuel is processed rather than being directly disposed of after a single pass through a
reactor (see Figure 8). Spent fuel could be processed just to improve the characteristics of the
resulting waste streams for disposal, but because LWR spent fuel is sufficiently robust to
provide an effective waste form, it is unlikely (particularly from a cost perspective) that it would
be reprocessed purely for separating its constituents and processing them into specialized
waste forms.

Another approach could be the application of non-chemical methods to process spent fuel so
that some of the resulting products can be reconstituted into new fuel for a different type of
reactor, after which the residues would be sent for disposal. As an example, volatile and
gaseous fission products may be removed during high-temperature processing, so there is no
overall separation of non-volatile fission products, transuranics, and uranium.” The purpose
of this approach is to increase the utilization of uranium fuel and reduce total waste generation.
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Figure 8. Modified Open Nuclear Fuel Cycle”®

* The subcommittee notes there is no consistent or generally accepted definition of what constitutes a modified open cycle

'y specific example of this is the DUPIC fuel cycle, where used light water reactor fuel is reconstituted for further irradiation in
a heavy water reactor without separating the actinides from each other or the fission products.

% |daho National Laboratory, BRC Commissioned White Paper, Identification, Description, and Characterization of Existing and
Alternative Nuclear Energy Systems, May 2011
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The more likely scenario for a modified open cycle in the U.S., if adopted, would involve the
reprocessing and limited recycling of some constituents of spent light water reactor fuel. In this
scenario, one or more elements from the spent fuel are separated and recovered to be used
again,?’ but this is only done once or a few times before the spent fuel is disposed. As a result,
the spent fuel, the high-level waste from spent fuel reprocessing, and transuranic-
contaminated materials such as cladding hulls will require geologic disposal. The preparation
and fabrication of the recycle fuel may also differ significantly from the fabrication of typical
uranium fuel, because it will have to be performed in a sealed environment (either with glove
boxes or in shielded hot cells).

From a waste management standpoint, the benefits of the modified open cycle compared to
the once-through cycle depend on the composition and the physical and chemical compositions
of the spent fuel and high-level waste that result from this approach. Recycle activities also
produce quantities of low-level and TRU-contaminated wastes from recycle facility operations
that are not produced in the once-through option, but also require disposal strategies.

As already noted, the modified open cycle in general could have many variations, especially
where more than one reactor type is included in the fuel cycle. Both thermal and fast reactors
can be used, as well as externally-driven systems®®. There are also numerous potential
separations technologies, depending on the elements to be recovered for recycle, which adds
still more possible options. Including different fuel types, the possibility of using thorium, and
different disposal paths results in a long list of specific fuel cycle combinations.

However, modified open cycle options all share four basic characteristics:

* The need for uranium fuel (natural or enriched, depending on the reactor)
* Reprocessing of spent fuel once or a few times
* Incorporating some processing products into new fuel

e Disposal of both high level, low level, and transuranic wastes from
reprocessing, as well as spent fuel

7 Typically, for example, plutonium would be extracted for re-use in mixed oxide (MOX) fuel.

28 . . .
Externally-driven systems are systems that generate a source of neutrons without fission, such as accelerators or cyclotrons.
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Fully-Closed Fuel Cycle with (Sustained) Recycle: The defining feature of full recycle strategies is

that spent fuel is reprocessed such that only high-level wastes from the separations process
and transuranic contaminated wastes such as cladding hulls require geologic disposal (see
Figure 9). The aim is to recycle elements that can be used for fission. While interim storage can
provide substantial benefits in reducing the decay heat generated by fission products, recycle
and transmutation®® provides the only practical approach to reduce the longer-term decay heat
generated by transuranic elements (TRU).

The reduction of long-term repository doses by the transmutation of very long-lived elements
depends on the specific repository environment. Some of these elements, including many of
the TRU elements, may have very low mobility following deep geologic disposal. However, for
those elements that may be mobile, recycle can enable transmutation, or the incorporation of
these elements into waste forms with greater chemical stability than is provided by spent fuel.
Because no chemical separation processes can ever be perfect, the high-level wastes generated
as part of a full recycle strategy, as well as fuel cladding and reprocessing equipment that
contacts transuranic-bearing materials, will contain small amounts of transuranics and thus will
also require deep geologic disposal.

Full recycle strategies can be further subdivided into “burner” vs. “breeder” fuel cycles. Burner
full recycle options “burn up” the long-lived actinides; most burner concepts employ fast
reactors and either uranium or uranium and thorium fuels. For burner cycles, material that
fissions easily (such as uranium-235 or plutonium-239, referred to as “fissile” material) needs to
be added with every recycle. Commonly, for burner cycles the fissile material used is expected
to come from recycled LWR spent fuel (such as from reactors operating on a once-through fuel
cycle or an existing inventory of spent fuel).

» Transmutation is the transforming of elements into other elements. Transmutation of elements occurs in a reactor due to the
heavy flux of neutrons generated by the fission process.
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Figure 9. Fully-Closed Nuclear Fuel Cycle with (Sustained) Recycle®

Recycled transuranics can be used two ways in a burner reactor - either mixed with new
uranium fuel to fabricate combined fuel elements consisting of fresh uranium and recycled
transuranics (in which case all fuel fabrication must be done remotely in shielded hot cells) or
they can be placed in the reactor as separate fuel elements (separate fresh fuel and recycled
fuel elements). However, there are also examples where fuel fabrication may not be needed at
all, such as in certain molten salt reactor designs with periodic or continuous fuel reprocessing.

A breeder fuel cycle with thermal reactors operating with uranium/thorium fuel was
demonstrated at Shippingport in a specially designed light water reactor in the 1970’s. Breeder
cycles are also possible using molten salt reactors with thorium-bearing fluid fuel. However the
more conventional solid fuel has made sodium-cooled fast reactors the primary choice to date
among nations that have pursued the breeder fuel cycle. Once started, the “breeder” fuel cycle
would displace the need for enriched uranium fuel even for starting new reactors; it would also
continue to satisfy the waste management goal of greatly reducing transuranics in the waste
streams. On the other hand, in the fast-spectrum uranium fuel cycle the quantity and mass
flows of transuranics actively circulating through different fuel cycle facilities during recycle is
greater compared to a once-through fuel cycle. Breeding cycles involving thorium generally
have much smaller transuranic inventories, but are less effective in transmuting transuranics in
existing uranium fuel inventories.

From a waste management standpoint, if operated for a century or more a continuous recycle
can at least theoretically achieve a balance in which all spent fuel is reprocessed, with no spent
fuel requiring disposal as the system continues to operate.

% |daho National Laboratory (2011)
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Managing the nuclear fuel cycle in the U.S. entails considerations spelled out in the
Commission’s charter, including safety, cost, resource utilization and sustainability, and the
promotion of nuclear nonproliferation and counter-terrorism goals. In considering the
potential future use of nuclear power and the development and deployment of advanced
reactor and fuel cycle technologies in particular, it is important to evaluate every component of
the interconnected fuel cycle, and to consider all of these concerns and any associated impacts.

The work of the Blue Ribbon Commission is focused on approaches to managing the back end
of the fuel cycle in the United States, though we recognize that any strategy must, of necessity,
consider all aspects of the fuel cycle as an integrated whole.

2.3  Status of Nuclear Reactors and Nuclear Fuel Cycle Developments in the
United States and Abroad

All of the nuclear technology assessments considered by this Subcommittee take the once-
through fuel cycle—as currently practiced in the United States using light-water reactor
technology—as the baseline or reference nuclear energy system for comparison to alternative
systems. Light-water-cooled, thermal-neutron spectrum reactors generate all of the nuclear
power produced in the U.S. and are the technology used at more than 80 percent of the nuclear
power plants around the world today (see Table 1). Improved versions of this technology also
account for nearly all new reactors under construction or planned now by utilities for future
construction. Worldwide, 440 nuclear reactors provide approximately 14% of the world’s

electricity and 5.7% of total primary energy used.?**?

31 |AEA 2010 - International Status and Prospects of Nuclear Power -
http://www.iaea.org/Publications/Booklets/NuclearPower/np10.pdf

32 \World Nuclear Association - http://www.world-nuclear.org/info/reactors.html, update for April 13, 2011
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Table 1. Operating Nuclear Power Units by Reactor Type, Worldwide*
Reactor Type # Units Generating Capacity MWe
Pressurized light-water reactors 268 248,439
Boiling light-water reactors 88 82,019
Graphite-moderated light-water reactors 15 10,219
Heavy-water reactors, all types 50 25,408
High temperature reactors, all types 18 8,949
Liquid-metal-cooled fast-breeder reactors 1 560
Totals 440 375,594

The United States currently has 104 operating light water reactors - 69 pressurized water
reactors and 35 boiling water reactors. These reactors are located at 65 different sites in 31
states across the U.S. (see Figure 10). In 2010, these reactors provided 19.6% of U.S. electrical

generation - approximately 807 billion kilowatt-hours. Worldwide, nuclear reactors provided
14% of total electricity generation.?*
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Figure 10. Location of U.S. Commercial Nuclear Power Reactors and Their Years of Operation™

There are currently 61 reactors under construction around the world and significant expansion
of nuclear power is planned in some countries in the years ahead, particularly in China, Russia,

3% Nuclear News — 13" Annual Reference Issue, American Nuclear Society, March 2011 — BRC updated this data to include the
loss of 2,719 MWe capacity from Fukushima Daiichi Reactors 1-4.

% Ibid.

% Source: NRC, http://www.nrc.gov/reactors/operating/power-reactors-map-sm.jpg

Reactor and Fuel Cycle Technology Subcommittee 19

June 2011
Blue Ribbon Commission on America’s Nuclear Future



India, and South Korea.*® Table 2 shows reactor data for 2010 including the regions where
reactor construction is underway. Prior to the events at Fukushima, Japan had been planning
the addition of over a dozen new nuclear power plants. However, the situation at the
Fukushima Daiichi nuclear power plant is forcing the Japanese government to reconsider its
long-term energy policy, which had assumed that nuclear power would continue to play a
larger role in the power spread. Japan’s Prime Minister Naoto Kan was reported as saying that
Japan should "start from scratch" on its energy policy, reconsidering the earlier plan that called
for increasing the role of nuclear power to 50 percent, up from the current 30 percent.37

Table 2. Nuclear Power Reactor Statistics Worldwide*®
Reactors in operation Reactors under construction Nuclear Power (2008)
(2010) (2010)
Region - - 7
Number | Net Capacity Number Net Capacity Use (EJ) % of country’s
(MWe) (MWe) electricity
generation
North America 122 113,316 1 1,165 9.76 19.04
Latin America 6 4,119 2 1,937 0.32 2.38
Western Europe 129 122,956 2 3,200 8.97 26.68
Central and
67 47,376 17 13,741 3.64 18.30
Eastern Europe
Africa 2 1,800 0 0 0.14 211
Middle East and
. 21 4,614 6 3,721 0.16 0.99
South Asia
Far East 90 80,516 32 34,820 5.35 10.15
World 441 374,697 60 58,584 28.34 14.03

% World Nuclear Association - http://www.world-nuclear.org/info/reactors.html, update for April 13, 2011

%7 Greenwire News, “Nuclear Crisis: Japan’s energy plans in flux after accident”, May 10, 2011.
http://www.eenews.net/Greenwire/2011/05/10/archive/13?terms=Japan

38 Adapted from Tables B-1 and B-2 from IAEA — International Status and Prospects of Nuclear Power
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Countries with existing nuclear power plants are not the only countries considering nuclear
power. A 2010 report by the International Atomic Energy Agency (IAEA) said that some 65
countries without nuclear power plants “are expressing interest in, considering, or actively
planning for nuclear power” at present, after a “gap of nearly 15 years” in such interest
worldwide.?® Of these 65 un-named countries, 21 are in Asia/Pacific, 21 in Africa, 12 in Europe
(mostly eastern Europe), and 11 in Latin America. However, of the 65 interested countries, 31
are not currently planning to build reactors, and 17 of those 31 have grids of less than 5 GW,
“too small to accommodate most of the reactor designs on offer.” The report added that
technology options may also be limited for countries whose grids are between 5 GW and 10
GW.

Additionally, the IAEA report states that of the countries planning reactors, 14 of them “indicate
a strong intention to proceed” with introduction of nuclear power; seven are preparing but
haven’t made a final decision, 10 have made a decision and are preparing infrastructure, two
have ordered a new nuclear power plant and one has a plant under construction. The U.S. State
Department notes that 12 of these countries have taken concrete steps towards such
programs.’® Several of these “new-entrants” have already committed to construction of new
reactors based on the advanced light water reactor technology like that being used at new
plants now entering construction in the United States, China, and elsewhere. It is likely that five
major reactor designs certified by the U.S. NRC represent the future of standardized
commercial reactors for 21 Century deployment: AP1000, ESBWR, ABWR, U.S. EPR (based on
the French vendor AREVA design), and U.S. APWR (based on the Japanese vendor Mitsubishi
design). The AP1000 is currently under construction in China and in early site preparation in
the United States. Other designs may be submitted in the future to the U.S. NRC for design
certification review (e.g., potentially the standard South Korean APR-1400 design).

In the U.S. today, light-water reactor technology is deployed as part of a once-through fuel
cycle in which mined uranium is enriched, used once as a reactor fuel, and then stored pending
ultimate disposition (see Nuclear Fuel Cycle Figure 3). Special facilities are necessary for each
step of the fuel cycle; and the Nuclear Regulatory Commission directly regulates 14 of these
facilities across the U.S. in addition to several uranium recovery facilities in New Mexico,
Nebraska and Wyoming. Table 3 lists each of these facilities.

3 |AEA (2010) http://www.iaea.org/Publications/Booklets/NuclearPower/np10.pdf

us. Department of State, United States Information Pertaining to the Treaty on the Nonproliferation of Nuclear Weapons,
2010, http://www.state.gov/documents/organization/141928.pdf
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Table 3. Fuel Cycle Facilities Directly Regulated by the U.S. Nuclear Regulatory Commission*"

Licensee/Facility Location Type
AREVA Enrichment Services Gas Centrifuge
Idaho Falls, ID
(under review) Uranium Enrichment
AREVA NP, Inc. Lynchburg, VA Uranium Fuel Fabrication
AREVA NP, Inc. Richland, WA Uranium Fuel Fabrication
B&W Nuclear Operations Group Lynchburg, VA Uranium Fuel Fabrication

GE-Hitachi (under review)

Wilmington, NC

Laser Separation

Uranium Enrichment

Global Nuclear Fuel-Americas, LLC

Wilmington, NC

Uranium Fuel Fabrication

Honeywell International, Inc.

Metropolis, IL

Uranium Hexafluoride

Production (Conversion)

Gas Centrifuge

Louisiana Energy Services (in construction) Eunice, NM
Uranium Enrichment
Nuclear Fuel Services (active facility with
license renewal application submitted and Erwin, TN Uranium Fuel Fabrication
undergoing partial decommissioning)
Shaw AREVA MOX Services, LLC
Aiken, SC Mixed-Oxide Fuel Fabrication
(in construction/under licensing review)
Gaseous Diffusion
U.S. Enrichment Corporation Paducah, KY
Uranium Enrichment
Gaseous Diffusion
U.S. Enrichment Corporation (cold standby) Piketon, OH
Uranium Enrichment
Gas Centrifuge
U.S. Enrichment Corporation (in construction) Piketon, OH
Uranium Enrichment
Westinghouse Electric Company, LLC (Columbia
Columbia, SC Uranium Fuel Fabrication
Fuel Fabrication Facility)
Chadron, Uranium Recovery Facility — In
C Butte R Inc.
row Butte Resources, Inc Nebraska Situ Recovery (ISR)

Hydro Resources, Inc.

Crown Point, New Mexico

Uranium Recovery Facility — In
Situ Recovery (ISR)

Uranium One Americas, Inc.

Campbell County, Wyoming

Uranium Recovery Facility — In
Situ Recovery (ISR)

Power Resources, Inc.

Douglas, Wyoming
(Converse County)

Uranium Recovery Facility — In
Situ Recovery (ISR)

Kennecott Uranium Co.

Sweetwater County,
Wyoming

Uranium Recovery Facility —
conventional uranium mill

Uranium One U.S.A.

Johnson & Campbell
Counties, Wyoming

Uranium Recovery Facility — In
Situ Recovery (ISR)

*1U.S. Nuclear Regulatory Commission - http://www.nrc.gov/info-finder/materials/uranium/ and http://www.nrc.gov/info-

finder/materials/fuel-cycle/
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http://www.nrc.gov/materials/fuel-cycle-fac/fuel-fab.html
http://www.nrc.gov/materials/fuel-cycle-fac/fuel-fab.html
http://www.nrc.gov/info-finder/materials/fuel-cycle/nuclear-fuel-services.html
http://www.nrc.gov/info-finder/decommissioning/fuel-cycle/nuclear-fuel-services.html

Although the U.S. does rely on the once-through fuel cycle for its commercial electrical
generation, it will soon be adopting the use of MOX fuel as a result of the 2000 Plutonium
Management and Disposition Agreement (PMDA), which commits both the United States and
Russia to dispose of no less than 34 metric tons (MT) of excess weapon-grade plutonium each.
The combined amount, 68 metric tons, represents enough material for approximately 17,000
nuclear weapons.*? The MOX facility will blend surplus weapon-grade plutonium with depleted
uranium oxide to make mixed oxide fuel for use in existing nuclear power plants. It will take
approximately 15 years for the MOX facility to process the 34 MT of plutonium. Although the
U.S. had a small MOX fuel fabrication capability in the 1970s*, the PMDA necessitated
rebuilding a U.S. MOX fuel fabrication capability. The U.S. Department of Energy (DOE) signed a
contract in 1999 with Duke COGEMA Stone & Webster (DCS), now Shaw AREVA MOX Services,
to design, build, and operate a MOX Fuel Fabrication Facility on the DOE’s Savannah River Site
near Aiken, South Carolina. Construction is still in progress, with the facility scheduled to open
in 2016.

Other countries, notably France, the United Kingdom, Japan, and Russia, are implementing
alternatives to the once-through fuel cycle and are using fuel reprocessing as part of their fuel
cycle choices (see Table 4).* But currently no nation has ever achieved a fully closed nuclear
fuel cycle, including spent fuel reprocessing, breeder reactors, and the associated fuel
fabrication, waste stream management systems, etc. The closest any country has come to this
is France, which operates a large reprocessing plant at La Hague. That plant uses PUREX
technology to separate Pu from spent fuel, which is then mixed with uranium and fabricated
into MOX at another facility in Marcoule, France. MOX assemblies are burned once in LWRs
and then placed in wet storage, with options for either further reprocessing and potential
burning in fast reactors, should that technology be developed commercially, or for disposition
in a future geologic repository. The reprocessing facility at La Hague has historically handled
about 75% of the world demand for spent LWR fuel reprocessing services.*”> The UK and France
have also reprocessed significant amounts of gas-cooled reactor fuel, and that Russia and
France have reprocessed a much smaller amount of fast reactor fuel.

With the exception of the French facility at La Hague, which has operated at greater than 60%
capacity when sufficient commercial demand existed, all the other facilities are typically

2 NNSA MOX factsheet - http://nnsa.energy.gov/mediaroom/factsheets/mox
43 Kerr-McGee’s Cimarron Fuel Fabrication Plant made MOX fuel pins for the DOE’s Fast Flux Test Reactor

** |AEA, Spent Fuel Reprocessing Options, IAEA TECDOC-1587, Aug. 2008 - http://www-
pub.iaea.org/MTCD/publications/PDF/te_1587_web.pdf

4 Abridged History of Reactor and Fuel Cycle Technologies Development: A White Paper for the Reactor and Fuel Cycle
Technology Subcommittee of the Blue Ribbon Commission, Gary Vine, Longenecker & Associates, March 15, 2011
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operating at ~25% capacity or lower, mostly because of technical and environmental

restrictions. *® Although the majority of the facilities listed here had a role in supporting military

missions many years ago, virtually all reprocessing capacity is dedicated to civilian applications

today.
Table 4. International Current and Planned Reprocessing Capacity47
. Capacity
. Operation (MTHM)
Country Site Plant Fuel Type
start | S | present | Future
down
Jiuquan RPP LWR ? 25
China
Lanzhou LWR 2020 800
La Hague UP2 LWR 1967 1000 1000
France
La Hague UP3 LWR 1990 1000 1000
Trombay PP Research 1964 60 60
Tarapur PREFRE 1 PHWR 1974 100 100
India Kalpakkam PREFRE 2 PHWR 1998 100 100
Kalpakkam PREFRE 3A PHWR 2010 150
Tarapur PREFRE 3B PHWR 2012 150
Tokai-mura JAEA TRP LWR 1977 90 90
Japan
Rokkasho-mura | JNFL RRP LWR 2007 800 800
VVER-440
Chelyabinsk RT1 BN-350 1977 400 400
. BN-600 RR
Russian
Federation RT2 VVER-1000 2025 1500
Krasnoyarsk Demonstration VVER-1000
facilties RBMK 2013 100
Sellafield B205 GCR 1967 2016 1500
UK
Sellafield Thorp LWR/AGR 1994 2016 900
Total Capacity 5,950 5,475
* Vine (2011)
*” |AEA TECDOC-1587, Aug. 2008
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2.4 Key Findings

(1) Light water reactors (LWRs) dominate the world market for nuclear generation and
remain the primary choice today for utilities planning to add new nuclear generation

(2) Today the United States, Canada and several other nations employ a once-through fuel
cycle while nations such as France, Japan and Russia employ a modified open fuel cycle;
while these latter nations have stated that their use of a modified open cycle has been
adopted as a step toward employing a fully closed nuclear fuel cycle, no nation so far
has actually achieved a closed fuel cycle.
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3. EVALUTION OF FUEL CYCLE ALTERNATIVES

3.1 Context of Analysis

Numerous studies have been undertaken in the last decade to assess and compare various
reactor and fuel cycle options.48 Collectively they have analyzed numerous combinations of
strategies and technologies but because the underlying parameters and assumptions are not
consistent, the quantitative results of these studies are not comparable. Additionally, many of
the potential technologies require considerable development before a defensible comparison
could be made. As a consequence, it is not possible at this time to distill quantitative
comparisons across alternative nuclear energy systems and then draw definitive conclusions
based on those comparisons.

Recognizing that the BRC is charged with developing policy-level findings and recommendations
and was not constituted to undertake detailed technical research or analysis, we opted to
compare alternative nuclear energy systems in qualitative terms and with reference to broad
strategic goals. Specifically, the Subcommittee considered a range of alternative nuclear energy
systems over a long time horizon and identified three representative alternatives to the once-
through light water reactor (LWR) strategy: one of which is already in use, and the other two
that have substantive differences from the once-through cycle and have received extensive
previous study. We then discuss the major qualitative differences between these alternatives
and the existing once-through LWR fuel cycle, based on the findings contained in the literature
available to the Subcommittee.

Relative to the once through fuel-cycle, different nuclear energy system strategies involve a
wide range of trade-offs in terms of safety, cost, resource utilization and sustainability, waste
management, and the promotion of nuclear nonproliferation and counter-terrorism goals.
These trade-offs complicate any effort to compare the relative merits of different nuclear
energy systems, particularly given uncertainty about technological developments and social
conditions going forward. The conclusions reached by different technology assessments and
comparative analyses are heavily influenced by input assumptions and by the relative weight
given to different policy objectives (e.g., reducing waste vs. minimizing proliferation risk vs.
maximizing resource utilization)—making it difficult to compare results across studies.

“ For example, see Bunn 2003; Dixon 2008; DOE 2003, 2004, 2006; EPRI 2009, 2010; MIT 2003, 2009, 2010, 2011; Shropshire
2009; Wigeland 2008, 2009; Wilson 2011; and NWTRB 2011
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3.2 Criteria for Comparing Nuclear Energy Systems

Evaluating various nuclear fuel cycle technology options and nuclear energy system
configurations against national policy goals requires the development and application of
evaluation criteria. The criteria set forth in the BRC charter include safety, cost, resource
utilization and sustainability, and the promotion of nuclear nonproliferation and counter-
terrorism goals.

Safety — Recent events in Japan have reinforced the importance of a focus on nuclear safety.
Although the impact of the radiological releases in Japan has been very small in the United
States, the events there will and should affect public attitudes toward nuclear technology. Even
if in the end the health consequences of the Fukushima accident prove to be substantially
smaller than the direct loss of life from the earthquake and tsunami, the disruption caused by
evacuations and relocation of local populations and the economic costs of this accident will be
very high, and thus the potential danger of a nuclear disaster remains an abiding public
concern. This concern must be directly and forthrightly addressed.

Compared to existing nuclear infrastructure, it is reasonable for society to expect that new
nuclear infrastructure should be safer, from the perspectives of probabilistic risk assessment,
defense in depth, and various quantitative measures that relate to safety such as forced outage
rates and worker lost-time injuries. For example, new Generation Ill/Ill+ reactor designs
typically have a greater degree of physical separation between redundant active safety
equipment, or replace active safety systems with passive systems, when compared to existing
Generation Il plants. When considering the complete nuclear fuel cycle, risks related to the
mining and milling of uranium and the transportation of radioactive materials may also
contribute to a difference in safety. A variety of metrics can be used to quantify safety,
including accident frequency (such as low probability/high consequence events like that at
Fukushima), core damage frequency (the probability that an incident could lead to overheating
and physical damage to the reactor core), occupational radiation dose (for workers at a facility),
population radiation dose and maximally exposed individual dose (for the potentially affected
public), etc.

Occupational safety and health (OSH) considerations must also be a part of any analysis of
nuclear energy system safety; a commissioned paper prepared for the BRC* concluded that,
“The nuclear industry’s level of OSH performance is significantly stronger than that of other U.S.
energy sectors” and that OSH risks at the back-end [of the nuclear fuel cycle] should be

* From Three Mile Island to the Future - Improving Worker Safety and Health In the U.S. Nuclear Power Industry: A White Paper
Prepared for the Blue Ribbon Commission on America's Nuclear Future, Stoneturn Consultants, First Revision, March 30, 2011
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manageable in diligent operations. The report also identifies certain areas for improvement,
such as reducing radiation doses received during plant outage work, that provide opportunities
for industry and regulators to take new actions to ensure that the nuclear workforce operates
as safely as possible.

Cost is often among the primary criteria used to evaluate nuclear systems and fuel cycles. Costs
can be estimated for specific aspects of the fuel cycle or on a lifecycle basis for the system as a
whole. Often costs are expressed in terms of the productive output of the system—for
example, as the total levelized cost of electricity generated on a per-kilowatt-hour or per
megawatt-hour basis.

Because existing reprocessing facilities have not been deployed in an open market setting,
there is significant uncertainty in most cost projections for modified open and closed fuel
cycles. Additional uncertainties are present in the forecasting of uranium prices and resource
estimates, which have fluctuated markedly over the years. Another relevant metric is capital
cost or capital at risk—that is, how large an initial investment is needed to build a facility or (in
the case of capital at risk) how much capital must be sunk before the investment begins to
generate a return. The metrics of capital cost and capital at risk are particularly important for
the reactors required to implement advanced fuel cycles because over half of the cost of
nuclear electricity production arises from these construction costs. The return on investment
also depends upon the structure under which electricity prices and waste disposal fees are
assessed. For example, under the existing Nuclear Waste Policy Act fee structure, the services
of spent fuel transportation, consolidated interim storage, and disposal are provided as a
bundled service for a fee assessed based upon total electricity generation. Absent a mechanism
to rebate cost savings, the bundling of these services removes economic incentives to
implement technologies that could reduce transportation, storage, and disposal costs.

While the foregoing constitute useful measures for a commercial enterprise to decide whether
a particular nuclear energy system or technology can be competitive, testimony received by the
Commission noted that such measures are incomplete because they do not fully account for
societal benefits (such as job creation) and societal concerns (such as the socioeconomic
impacts arising from the potential stigma of hosting a nuclear facility).

Sustainability is a very broad term and can be understood to include a wide array of
environmental impacts related to the nuclear fuel cycle and related facilities. Resource
utilization is an element of sustainability that, in the context of a nuclear fuel cycle, is generally
measured in terms of consumption of uranium (or thorium) ore, since uranium is the natural
resource at the center of fission energy systems. More broadly, the sustainability of energy
technologies must consider all resources used during the life cycle of a facility, including
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materials such as steel, concrete, and copper, as well as the emissions of pollution into the
environment and the energy resources consumed and emissions resulting from production of
fuel. At various times, the long-term availability of uranium has been seen as a potential
constraint on the continued use of nuclear energy, although more recent estimates of global
uranium supply suggest that resources are more than adequate to support current and planned
nuclear energy systems for at least the next several decades®. Because, on a per megawatt of
generating capacity basis, nuclear plant construction uses small amounts of steel, concrete,
copper, and other natural resources,”" the only other significant natural resource issue that has
been raised in connection with nuclear energy systems centers on the use of fresh water, which
is used in large quantities as a coolant in various reactor designs. For light water reactors,
water withdrawal and thermal pollution of aquatic ecosystems in the vicinity of power plants
may be an issue in some locations, especially where water resources are constrained.
Advanced reactor technologies, such as high temperature reactors, may have substantially
lower or even zero water consumption, or possibly even increase water resources by providing
desalination.

Another aspect of sustainability is energy security. In the context of nuclear energy this
concerns the extent to which potential nuclear energy systems could decrease our
consumption of energy from foreign sources.

Non-proliferation and Counter-terrorism concerns have long been intertwined with nuclear

technology and policy debates—in fact these concerns were among the factors that motivated
the U.S. government’s earlier decision (in the 1970s) to forego reprocessing in favor of a once-
through fuel cycle. The terrorist attacks of September 11, 2001 added a new dimension to this
set of issues, raising concern about the potential for similar direct attacks or acts of sabotage
against nuclear facilities in addition to more familiar concerns about the potential for theft or
diversion of nuclear materials and capabilities toward weapons applications.

Enrichment, reprocessing, and recycled fuel fabrication are generally recognized as particularly
sensitive elements of the fuel cycle from the standpoint of weapons proliferation concerns.
These technologies can not only serve nuclear power needs, but can give countries the
technical and physical capacity to obtain the direct-use nuclear materials required for a
weapons program. These proliferation risks include the potential that countries might attempt
to secretly divert materials from civilian nuclear facilities that they have declared to the IAEA

** For example, see The Future of the Nuclear Fuel Cycle, Massachusetts Institute of Technology, 2011

*1 Quantities of steel and concrete used in construction of nuclear plants are approximately half those in for conventional coal
plants and 1/10 those for wind. Per F. Peterson, Haihua Zhao, and Rober Petroski, “Metal and Concrete Inputs for Several
Nuclear Power Plants,” Report UCBTH-05-001, UC Berkeley, February (2005). S. Pacca and A. Horvath, Environ. Sci. Technol., 36,
3194-3200 (2002).R.H. Bryan and I.T. Dudley, “Estimated Quantities of Materials Contained in a 1000-MW(e) PWR Power
Plant,” Oak Ridge National Laboratory, TM-4515, June (1974)
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under the NPT, that countries might use know-how and equipment from declared programs to
aid the construction of clandestine production facilities, for example clandestine enrichment
plants, and that under some circumstances countries might choose to withdraw from the NPT
and then overtly misuse materials and facilities.

Measuring non-proliferation or counter-terrorism characteristics of various nuclear energy
systems is far from straightforward; among the considerations that come into play is what
guantities and forms of sensitive nuclear material (including separated plutonium) exist at
various points in the fuel cycle; what level of uranium enrichment capacity is needed to support
the fuel cycle; and whether the materials separated as part of a given fuel cycle would be
particularly attractive and/or particularly susceptible to undetected diversion for malicious
purposes.

Waste Management as it relates to nuclear energy systems focuses on the need to manage

some nuclear wastes over very long timeframes, during which they can remain radiotoxic and
hazardous to humans and the environment. In fact, benefits from a waste management
standpoint—including possible reduction in the quantity of long-lived radionuclides, increase in
the chemical stability of waste forms, or reduction in repository heat load—is often among the
major rationales cited for pursuing alternatives to the once through fuel cycle. Given the
existence of many possible waste streams and different ways of characterizing those streams, a
variety of metrics can be used to quantify waste-related impacts, including waste volume or
mass, radiotoxicity, short and long term heat generation, the repository capacity required to
dispose of the waste, and estimated peak dose rate for the maximally exposed individual at the
perimeter of a waste repository or facility (the latter metric depends not only on the character
of the waste, but on specifics of the repository’s design and geologic environment; in most
cases long-term repository performance is dominated by a small number of long-lived
radionuclides).

Efforts to evaluate the waste management implications of advanced fuel cycles are complicated
by the system of nuclear waste classification currently in use in the United States. This system
is based on the source of origin and the concentration of certain listed radionuclides for many
wastes and is not informed by a comprehensive assessment of the waste characteristics
important to the performance of disposal systems. The Subcommittee notes that though many
stakeholders believe the time has come for an overhaul of the U.S. waste classification system,
there is also considerable concern that changes could foster the perception that wastes are
being inappropriately reclassified into lower classes or have other unintended consequences—
especially considering the complex web of laws and regulations that rely on the current system.
Adding to this ambivalence about reform is a widespread perception that the current approach
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to classification—for nuclear waste generally, and for LLW in particular—is adequately
protective of human health, despite its shortcomings and complexities. These considerations
notwithstanding, the NRC staff has identified a number of options for revising the waste
classification and other aspects of LLW disposal on which it will obtain stakeholder input during
the next year. Additionally, the NRC staff is planning to identify a number of options for
changing the definition of HLW as part of developing a framework for licensing fuel
reprocessing plants and plans to send a paper on the framework to the Commissioners by the
end of fiscal year 2011. The subcommittee endorses and encourages efforts underway at the
NRC to the revise the waste classification system.

3.3 Challenges in Comparing Nuclear Energy Systems

A central objective of this Subcommittee is to qualitatively evaluate nuclear energy systems and
technologies to assess whether potentially significant improvements are possible compared to
existing fuel cycle technology. Many challenges arise in attempting to compare different
nuclear energy systems. First, such comparisons generally rely on analyses conducted by the
designers or supporters of the fuel cycle(s) in question. As such, they often reflect different
underlying assumptions and owner biases and make use of different metrics. All of these
challenges are exacerbated by substantial uncertainties in our understanding of the
characteristics and performance of systems that have never been deployed.

When comparing the potential benefits and liabilities of different nuclear energy systems (fuel
cycles and deployment strategies), for example, numerous assumptions must be made—many
of them involving information that is not available for advanced technologies that are still
under development, including:

1. The growth rate of nuclear electricity production

2. Current and ultimate performance, cost, and reliability of competing nuclear energy
system technologies

3. Waste generation rates, composition, and characteristics

4. Measures for non-proliferation, nuclear material and energy security, and safeguards in
an uncertain future domestic and international environment

5. Price and availability of natural resources into the future

Constraints on the size/capacity of future waste disposal sites

7. The importance of various radionuclides (e.g., TRU vs. fission products) to the
performance of unknown future repository sites

o

The problem of uncertainty applies not only to these input assumptions, but to assessments of
the candidate technologies themselves. Most advanced fuel cycle technologies have never
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been constructed or operated at a commercial scale, and many exist only in paper studies or
small scale laboratory and test reactor experiments. As a result, the behavior of these systems
when deployed on a large scale is subject to significant uncertainty and requires extrapolation
from existing technology. Furthermore, even existing reprocessing technologies deployed at
commercial scales in France, the UK and Japan, have large uncertainties in their economic
metrics. As a consequence, most fuel cycle systems analyses produce results with large
uncertainty bands, whether explicitly indicated or not, and are best used for a qualitative,
comparative analysis rather than for a predictive estimate of their absolute performance.

3.4 Comparing Fuel Cycle and Nuclear Energy System Options

The baseline for our qualitative comparison is a nuclear energy strategy based on once-through
LWRs. This is the baseline because it is the current system in the U.S. and in the majority of the
world’s nuclear nations. It should be noted that as a baseline this system allows for continuing
improvements such as higher fuel burn up resulting from improved cladding and improved
safety features.

A system involving a modified open cycle was selected for comparison chiefly because it is the
only other fuel cycle strategy that is currently being utilized, specifically through the use of
mixed-oxide fuel (MOX).>? Used in France since the 1970s, MOX fuel is also used in reactors in
Germany, Switzerland, Belgium and Japan. The United States is currently building a MOX fuel
fabrication facility in South Carolina to utilize excess defense plutonium, and the United
Kingdom, China, and Russia are also in various stages of operation or planning for the use of
MOX fuel.

A system using fast reactors and a closed fuel cycle was considered because its efficient use of
uranium resources has the potential to be sustainable for centuries while reducing the amount
of long-lived radionuclides in the resulting waste, increasing the waste loading in a repository,
greatly reducing the amount of uranium mined, and eventually eliminating the need for
uranium enrichment.

The defining feature of the fourth system is a high-temperature reactor that can achieve
temperatures greater than 600°C (light water reactor outlet temperatures are about 300°C)
operating on a once-through fuel cycle. This system was selected because it has the potential
to displace the use of fossil fuel across all energy sectors, not just electricity production.
Examples of energy-intensive industries where high-temperature nuclear process heat could be

*2 Mixed Oxide Fuel (MOX) consists of a mix of recycled plutonium and uranium.
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used are cement and steel manufacturing, and petroleum refining (see Figure 11). High-
temperature nuclear process heat could also be used to produce hydrogen for transportation
fuels by directly decomposing water instead of using electrolysis or decomposing natural gas,
and the high power conversion efficiency can also make dry cooling and thermal desalination of
seawater practical.

Temperature (°C)
200 | 400 600 800 | 1000 | 1200 | 1400 [ 1600

Glass Manufacturing [
Cement Manufacturing
Iron Manufacturing |

(Direct Reduction Methods) (with a Blast Furnace)
Electricity Generation [N (Gas Turbine)

Gasification of Coal | —— |
I Hydrogen (IS Process)
I  Hydrogen (Steam Reforming)
I  Ethylene (naphtha, ethane)
I  Styrene (ethylbenzene)

I  Town Gas
B Fetroleum Refineries

I De-sulfurization of Heavy Oil
B \Wood pulp Manufacture
B Urea Synthesis
I Desalination, District Heating

Reactor Outlet Temperatures

L ] HTGR
] LMFER

[
C—————— 1 LWR HWR

Figure 11. Temperatures required for various industrial applications and outlet temperatures of various reactor
designs.>

The DOE is currently planning to build a demonstration plant of this type, called the Next
Generation Nuclear Plant, at the Idaho National Laboratory. The reactor would be cooled with
helium gas, moderated with graphite, and use low-enriched uranium fuel. It would be capable
of generating electricity as well as supplying process heat.

>3 Adapted from Idaho National Laboratory, Next Generation Nuclear Plant Research and Development Program Plan,
INL/EXT/05-0281 (January 2005). VHTR = very high temperature reactor, HTGR = High temperature gas reactor, LMFBR = liquid
metal fast breeder reactor, HWR = heavy water reactor.
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Many additional system options exist that have received varying levels of study. For example,
nuclear energy systems that involve a fast-spectrum reactor capable of achieving very high
temperatures by using a molten salt or gas coolant, or a thermal-spectrum, high-temperature
molten-salt reactor using thorium have also been proposed. Such systems could potentially
offer many of the combined benefits of the alternatives listed. However, these systems have
not received systematic study and the component technologies for these types of systems are
less well developed.

The results of this comparison for the baseline strategy and the three nuclear energy systems
selected for comparison are shown in Table 5 and are discussed in greater detail below.

Table 5. A comparison of the existing once-through, conventional light-water reactor fuel cycle with
representative advanced nuclear energy systems in the long term

through fuel cycle. Being
pursued in DOE’s Next
Generation Nuclear Plant
project

Criterion Once- Once-Through w/High- |LWR Modified Open Fast-Spectrum Reactor
Through Temperature Reactor | Cycle with Closed Fuel Cycle
LWR
Nuclear Clad uranium | High-temperature Clad uranium- and mixed- | Fast-spectrum liquid-metal-
Energy oxide fuels |reactors (such as those |oxide fuels irradiated in cooled reactors capable of
Description irradiated in | using graphite-based LWRs with evolutionary | continuous recycle of
LWRs with | fuels) capable of improvements. MOX fuel |actinides
evolutionary |temperatures over 600°C |is irradiated once and then
improvements | operating on a once- sent to repository.

SAF

ETY

Reactor and

Baseline, with

Potential for

Potential for improvement;

Potential for improvement;

fuel cycle potential for | improvement; all must all must meet similar all must meet similar
safety>* further meet similar regulatory | regulatory requirements regulatory requirements
improvement | requirements

> Although the safety evaluation of the once-through fuel cycle is marked as the baseline — this does not suppose the safety is
perfect. Even given consistent and approved safety design standards across fuel cycles, they still have room for improvement.
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Criterion Once- Once-Through w/High- | LWR Modified Open Fast-Spectrum Reactor
Through Temperature Reactor | Cycle with Closed Fuel Cycle
LWR
COST
Capital and Baseline Test reactors have Capital cost increased Previously built reactors
operating operated well, but demo | because of need to build | (mostly prototype/demo)
costs (Fort St. Vrain) was reprocessing and MOX were often unreliable and not
unreliable. Fuel costs are | fuel fabrication plants. economic. Significant capital
uncertain and may be Operating costs also cost for recycle facilities.
high. RD&D isneeded |increased due to the high |RD&D is needed to provide
on to provide a basis for | cost of fabricating fuels a hasis for design, licensing,
design, licensing, and containing Pu. Cost of and evaluating long-term
evaluating long-term electricity increased a few |economic viability.>
economic viability. to several percent. Operating costs relative to
Technology is relatively | baseline largely depend on
mature with evolutionary |the future price of uranium,
improvements largely in | fuel fabrication cost, and
the hands of industry. operational reliability.
SUSTAINABILITY
Uranium Baseline Similar uranium ~19% reduction in ~95% + reduction in uranium
utilization®® requirements, although uranium requirements requirements
can vary by design
Global Baseline Potential for major About the same as the About the same as baseline
climate reduction in carbon baseline
impacts dioxide by using nuclear
process heat in fossil-
energy-intensive
industries and to produce
hydrogen for non-carbon-
based transportation fuels
Energy Baseline Potentially large benefit | About the same as the About the same as baseline
security in reducing petroleum baseline
imports now used to fuel
non-electricity sectors
NONPROLIFERATION AND COUNTER-TERRORISM
Non- Baseline Reference designs require | Involves use of Involves use of reprocessing

proliferation

similar enrichment
capacity capable of
producing 8-20%
uranium enrichments.
Fuel is more difficult to
reprocess.

reprocessing, enrichment,
and MOX fuel fabrication
technology, and
deployment of facilities
for same

Increased proliferation
risk. Creates highest
inventories of separated

Pu.

and plutonium-bearing fuel
fabrication technology, and
deployment of facilities for
same. Enrichment
technology needed during
transition to fast reactors.
Increased proliferation risk
due to separated Pu or Pu +
other actinides.

55 u

recycling.” Testimony delivered by Geoff Rothwell on August 30, 2010

No existing deterministic cost study of full recycling is credible, because there has been no engineering demonstration of full

*® The table compares nuclear energy systems in the long-term which means the R&D has been successfully completed, the fuel
cycle in question has been adopted, and the transition phase is over so that the US is relying on just that system.
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Criterion Once- Once-Through w/High- | LWR Modified Open Fast-Spectrum Reactor
Through Temperature Reactor | Cycle with Closed Fuel Cycle
LWR
Counter- Baseline Similar to baseline Involves production and Involves production and
terrorism inventory of co-processed |inventory of co-processed
nuclear materials nuclear materials (U/Np/Pu)
(U/Np/Pu) and 5-10% and fuels containing same.
enriched uranium, and Increased security risk due to
fuels containing same. separated materials and
Increased security risk due | additional facilities.
to separated materials and
additional facilities.
WASTE MANAGEMENT
Disposal Baseline Repository: Similar to Repository: Slight Repository: Tailored waste
safety: (which will baseline reduction in the amount of | form for fission products;
toxicity and | continue to Fuel Cycle: ~ Similar fuel | TRU in wastes. Tailored |potential for reduction in
longevity of |evolve) cycle public and waste form for ~90% of long-term repository dose
waste occupational risk from the HLW from TRU elements if
mining and milling Fuel Cycle: ~17% recycle is sustained for
reduction in fuel cycle decades to centuries
public and occupational Fuel Cycle: ~85% reduction
risk from reduced mining |in fuel cycle public and
and milling, increase from | occupational risk from
emissions from reduced mining and milling,
reprocessing increase from emissions from
reprocessing
Volume of Baseline ~10X increase in SNF ~Similar repository waste |~38% increase in repository
waste®’ volume going to volume: less SNF/HLW, |waste volume: less HLW,
repository. more secondary waste. more secondary waste.
~About the same non- ~20% decrease in near- ~95% decrease in near-
mill tailings low level surface wastes, esp. mill | surface wastes, primarily due
waste as the baseline. tailings and DU. About to mill tailings and DU.
the same non-mill tailings |~40% decrease in non-mill
low level waste as the tailings low level waste due
baseline. to greatly reduced throughput
in the front end of the fuel
cycle.
Repository Baseline ~Similar to baseline Similar to the baseline ~75% decrease in repository
space space required when TRU
requirements are recovered and recycle is
sustained over many decades
to a couple of centuries. If Cs
and Sr are then removed
from the waste, repository
space requirements are
reduced by 95-98% but
alternative disposition of the
Cs and Sr (e.g., 300-year
surface decay storage) is
required.

> Assumption: Depleted uranium is deemed acceptable for near-surface disposal. If repository disposal is required the volume
of repository waste increases ranging from 3 to 30 times for all but the closed fuel cycle, although decay heat and toxicity are

not affected for 100,000 years.
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Below we discuss in more detail the results of our qualitative comparison between the baseline
once-through system and the alternative systems we considered with respect to each of the
major evaluative criteria discussed in Section 3.2.

Safety —New reactors constructed in the future will continue to be governed by regulatory
requirements for safety. We can expect that these requirements will be modified in light of the
still-unfolding events in Japan, and we can expect new reactors to incorporate design
improvements to address lessons learned from the Fukushima accident. These improvements
may focus on areas such as assuring long-term effective cooling if back-up electrical power
supplies are lost, having the capability to rely upon alternative heat sinks if the normal heat sink
is disabled, having the capacity to prevent and mitigate the effects of explosive materials such
as hydrogen, and assuring the capability to rapidly connect and activate portable electricity
generation and coolant injection pumps.

It is reasonable for society to expect that new nuclear infrastructure will have higher safety
levels than existing infrastructure, just as society requires for other civil infrastructure (i.e. - U.S.
building code requirements are updated periodically). The NRC has established policy goals for
advanced reactors that encourage similar improvement and will guide U.S. design efforts for
new reactor technologies..”® New reactor and fuel cycle facility technologies can be expected to
rely increasingly upon passive safety systems and other design features that improve safety,
economics, physical security and safeguards in a synergistic way. The licensing of these new
safety systems will require the use of risk-informed performance criteria, and best-estimate
simulation methods that include uncertainty quantification. These methods have been
pioneered in the United States in the licensing of new advanced light-water reactor (ALWR)
designs using passive safety systems. More recent experience with commercial development of
small modular reactors has emphasized the importance of early interactions between reactor
developers and the NRC, and having an established regulatory framework to guide early
investment and design decisions.

Cost - Cost remains a key issue for nuclear energy and one that can be expected to strongly
influence the industry’s future prospects. Recent studies indicate that the current once-
through nuclear energy systems can be competitive with coal and natural gas electricity

%8 SECY-08-0130, “Updated Policy Statement on Regulation of Advanced Reactors,” U.S. Nuclear Regulatory Commission,
September 11, 2008. (ADAMS Accession No. ML082261489)
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generation.>® Because the capital cost of reactors contributes substantially more to the cost of
nuclear electricity than fuel and waste disposal costs, reactor construction costs and reliability
clearly play an important role. Capital costs depend on factors such as the total quantity of
materials used in construction, the degree to which construction can be modularized and
shifted into factories, and the overall construction schedule (which can in turn be influenced by
factors such as public acceptance). These costs are difficult to estimate in the United States,
given the length of time that has elapsed since the last U.S. reactors were constructed.
Uncertainty over capital costs will continue to persist until construction of the first few new
advanced LWRs occurs in this country.

In the modified open cycle (MOC) capital and backend operating costs are increased because of
the need to build and operate facilities to reprocess uranium oxide fuel and to fabricate the
recovered neptunium/plutonium and some of the uranium into fresh fuel. However, front-end
operating costs are reduced because less natural uranium, conversion, and enrichment services
are required. On balance, most estimates project that the levelized cost of nuclear electricity at
the bus-bar from a modified open cycle would range from being essentially the same as the

%0.61 t0 an additional 15%%. In a 2007 report to CongressGS,

cost of the once-through fuel cycle
the CBO stated that the costs of a modified open cycle would be approximately 25% more than
the once-through cycle, although studies that the CBO researched for their report had a

modified open cycle costing 6%°* to 100% more than the once-through cycle.

Experience from the construction and operation of a number of commercial prototype metal-
cooled (mostly sodium) fast reactors and one high-temperature helium-cooled reactor can help
shed some light on the cost issues likely to arise for fast reactor closed fuel cycle and high-
temperature once-through fuel cycle systems. While some of these reactors produced
electricity, all had the high capital costs and all were less reliable than what is required of a

9 MIT, 2011. Table 2.2 shows that levelized cost of new nuclear power is 6.6 cents per kwh, compared to coal at 6.2 and
natural gas at 6.5. This assumes a natural gas price of $7/million BTU, a risk premium reduction through federal first-mover
incentives, and no cost for carbon emissions.

% Overview of AREVA’s Nuclear Fuel Recycling Activities - Presentation to The Blue Ribbon Commission on America’s Nuclear
Future from the La Hague Facility Visit on February 20-21, 2011. www.brc.gov

6t MIT, 2011, pg. 103 notes the levelized cost of electricity for the modified cycle would cost less than 2% more than the once-
through cycle

%2 EPRI, Nuclear Fuel Cycle Cost Comparison Between Once-Through and Plutonium Single-Recycling in Pressurized Water
Reactors, EPRI Report 1018575, Feb 2009 Report

% Costs of Reprocessing Versus Directly Disposing of Spent Nuclear Fuel, Statement of Peter Orzag before the Committee of
Energy and Natural Resources of the United States Senate. November 14, 2007.

% Boston Consulting Group, Economic Assessment of Used Nuclear Fuel Management in the Unites States, July 2006

& Bunn, et al., Economics of Reprocessing vs. Direct Disposal of Spent Nuclear Fuel, December 2003.
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commercially viable nuclear reactor. These deficiencies must be successfully addressed if these
reactors are to become economically viable. Doing so should be a primary target of future
RD&D programs.

Sustainability —The sustainability criterion involves three considerations: resource
consumption, the potential for global climate impacts, and energy security.

Resource consumption is concerned with how efficiently a nuclear energy system uses the
natural resources underpinning it. For nuclear energy systems this includes fuels (uranium but
also possibly thorium), as well as materials consumed in the construction of facilities. In
general, the construction of nuclear power plants uses relatively small amounts of construction
materials, so the focus of sustainability assessments is typically on fuel resources. The LWR-
based MOC requires about 19% less uranium than the baseline with about half of this effect
resulting from reprocessing and recycling plutonium as MOX fuel and the other half from re-
enriching the recovered uranium to produce more enriched uranium and depleted uranium
tails. This nuclear energy system also has commensurately lower conversion and enrichment
requirements. Reprocessing spent MOX more than once (not considered in Table 5) offers some
additional benefits but with diminishing returns because the fissile content of the plutonium is
degraded in the LWR’s thermal spectrum and eventually cannot be recycled because in-reactor
safety requirements cannot be met. At most, three recycles may be possible but other
countries using the MOC use only a single recycle.

In the case of the once-through high-temperature reactor (HTR), the amount of uranium
resources required is roughly similar to the LWR, because while the HTR has a much higher
thermal efficiency than a LWR, this is offset by lower efficiency in fuel utilization. However, the
fact that both the baseline LWR and HTR systems are once-through imposes a fundamental
limit on how efficiently uranium is utilized: 90% or more of the mined uranium constitutes the
depleted uranium stream from the enrichment process.

The situation in the case of the fast reactor operating on a closed uranium-plutonium fuel cycle
is different. Fast reactors can produce more fissile material than they consume (see earlier
discussion of breeder reactors). This has two important implications for uranium utilization.
First, the uranium used in this reactor is not enriched so there is no depleted uranium stream,
and depleted uranium from once-through nuclear energy systems can be used as fuel. Because
the fuel is reprocessed and recycled, the uranium can also be recycled.
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Thus this system can, in principal, increase the energy recovered from mined uranium by a
factor of 50 or more with the amount of energy recovered being limited only by the losses of
uranium during recycle. Fast and thermal spectrum reactors could, in principal, recover similar
amounts of energy from thorium.

A second consideration under the criterion of sustainability concerns the potential for advanced
nuclear energy systems to help address global climate change. Many scientists and
policymakers are concerned that carbon dioxide emissions from fossil fuel combustion are
having adverse impacts on global climate®. As a consequence, to the extent that nuclear
energy can reduce carbon dioxide emissions from fossil fuel combustion, nuclear energy can
help address those climate concerns.

While displacing use of fossil fuels used to produce electricity would be helpful, the benefits are
inherently limited because electricity production accounts for only 40% of U.S. energy
consumption. The other energy-consuming sectors are transportation (29%) in which
petroleum products are dominant, industry (21%) in which a mix of fossil fuels are used for
process heat, and commercial/residential (10%) which is reliant on petroleum products and
natural gas for space heating. Displacing the use of fossil fuels in these sectors requires that
two issues be addressed.

First, a number of important industrial processes require process heat at temperatures well
above what can be achieved by LWRs (perhaps 350°C) or liquid metal cooled fast reactors
(perhaps 550°C). These industries include manufacturing of iron and steel, glass, and cement.
Second, displacing use of petroleum products that supply most of rest of the energy for all
three of these sectors requires a source of combustible fuel that is not based on carbon.

Nuclear energy could offset the use of fossil fuels for transportation in at least two ways. If
plug-in hybrid or all-electric vehicles achieve significant market penetration, nuclear-generated
electricity can be used to generate the electricity needed to power those vehicles. Another
possible approach is the use of nuclear energy to produce hydrogen, which can be burned
directly like natural gas, or made into liquid fuels that have a low fossil carbon content that can
then be burned/combusted in engines or used in fuel cells. Most hydrogen®’ is currently
produced using a process called steam reforming, which involves reacting water with natural

% This view is expressed in several reports of the U.S. National Academies. See National Academy of Sciences. “America’s
Climate Choices”, http://americasclimatechoices.org/ACC_Final_Report_Brief04.pdf

®7 A small fraction (~4%) of the hydrogen is produced by electrolysis of water, which could avoid carbon dioxide emissions if
non-fossil electricity were used but the resulting hydrogen costs 3-10 times hydrogen produced by steam reforming and so it is
only economic if very cheap electricity (e.g., hydropower) is available.
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gas to yield the hydrogen and, unfortunately, carbon dioxide. Hydrogen can also be produced
in chemical reactions that do not involve carbon-based fuels but such processes require
temperatures well above what can be achieved by LWRs or fast reactors. High-temperature
reactors may offer an alternative to both of these hydrogen production methods.. In particular,
the high-temperature heat from the reactor coolant would be transferred to an intermediate
fluid such as a molten salt and the heated salt would be piped to the process requiring the high
temperatures either directly or indirectly — to produce hydrogen to be used to make other
fuels.

A third consideration under the criterion of sustainability is energy security, which is usually
understood to be a function of the nation’s dependence on unreliable and/or expensive energy
resources. While the U.S. economy is self-reliant and hence energy secure when it comes to
coal and natural gas, it is clearly reliant on petroleum supplies that are both unreliable and
expensive. Energy security concerns are an important reason why some countries, not
endowed with energy resources as large as those in the U.S. (e.g., France, Japan) embarked on
aggressive nuclear energy programs long ago. The potential for each of the four nuclear energy
systems to substantially reduce U.S. dependence on foreign oil is given in the previous section
and the results of comparing the four are the same: the high-temperature reactors have the
potential to yield domestically produced liquid fuel supplies whereas the other three nuclear
energy systems do not.

Nonproliferation. Considerations regarding nonproliferation and counter-terrorism are

discussed in this and the following section in the narrow context of comparing alternative
nuclear energy systems and are covered in broader perspective in Chapter 5.

The Subcommittee believes that nonproliferation and counter-terrorism are considerations of
particular importance that have not always received the attention they deserve in evaluations
of nuclear fuel cycles and nuclear energy system alternatives. The potential proliferation
pathways created by the four fuel cycle options listed above depend in part upon the physical
configuration of the system, and in particular on the physical location and ownership of the
facilities used to perform enrichment, as well as reprocessing and recycled fuel fabrication. As
described in Chapter 5, under the Nuclear Nonproliferation Treaty (NPT) and other
international and bilateral agreements, there exist a number of institutional and technical
approaches to reducing proliferation risks. While none of these approaches are perfect, taken
together collectively they have helped reduce the number of proliferant states the international
community, and can help to further isolate problematic countries so they do not become role
models for other emerging nuclear energy nations.
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Access to civil nuclear energy technology can provide a significant inducement for nations to
take on key legal obligations related to nonproliferation, in particular to accept safeguards
monitoring of their civil nuclear energy infrastructure by the International Atomic Energy
Agency (IAEA) under a comprehensive safeguards agreement, and potentially, if expected or
required as a condition of supply, to ratify an IAEA Additional Protocol to provide the IAEA
broader rights to perform inspections to verify the absence of undeclared, clandestine nuclear
material production activities.

But access to civil nuclear energy technology also provides capabilities that could potentially
contribute to a weapons proliferation effort. The potential pathways include the clandestine
diversion of materials from declared facilities, the use of technical know-how and equipment
from declared facilities to aid the construction of separate, clandestine production facilities,
and, under some circumstances, withdrawal from the NPT and then overt misuse of materials

and facilities, commonly referred to as “breakout.”®®

The reactor technologies associated with the four fuel cycle options can be safeguarded
effectively to provide timely detection of any attempt to divert fresh or irradiated fuel, because
the fuel elements and assemblies can be accounted for as items. Thus power reactors are
typically unattractive sources for the clandestine diversion of material. They likewise differ
significantly in design from the types of small production reactors, similar to the production
reactor constructed by the North Koreans, which might be attractive for a clandestine
production facility. Likewise, while power reactors could provide a source of low-burn-up
irradiated fuel if a nation were to choose to withdraw from the NPT, without infrastructure and
experience with technologies like hot cells and reprocessing, the subsequent effort to process
material and produce weapons would be technologically risky and time consuming. For these
reasons, power reactors are generally viewed to create substantially lower proliferation risk
than enrichment and reprocessing.

All four of the fuel cycle options described above require substantial and large-scale
deployment of enrichment infrastructure. While the high temperature reactor and modified
open fuel cycle options require more and less enrichment capacity than the baseline open
cycle, respectively, the differences are modest and do not change qualitatively the proliferation
risks posed by enrichment. Even for the fully closed cycle, substantial enrichment capacity
remains necessary during the transition to a nuclear fleet based on fast reactors. The
proliferation risks associated with enrichment depend very strongly on how it is deployed.

'y systematic methodology to evaluate proliferation pathways is provided in “An Evaluation Methodology for Proliferation
Resistance and Physical Protection of Generation IV Systems,” GIF/PRPPWG/2006/005, 2006. http://www.gen-
4.org/Technology/horizontal/PRPPEM.pdf.
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National enrichment programs provide a pathway for breakout, and of equal concern, access to
technical know-how and equipment that can be used to construct clandestine enrichment
facilities that are difficult to detect. Chapter 5 discusses the importance of developing multi-
national or regional fuel cycle centers, with a principal goal being that all nations procure
enrichment services from these sources rather than developing dedicated national enrichment
programs. Broad utilization of multi-national and regional enrichment services can be
encouraged by providing other attractive services, in particular spent fuel take away.

The modified open cycle and closed cycle options use reprocessing of spent fuel. Reprocessing
involves the separation of plutonium-bearing materials in bulk form. The application of IAEA
safeguards to provide timely detection of diversion is substantially more difficult and
challenging for bulk materials than for individual items (e.g., reactor fuel assemblies). While
safeguards methods have been developed for conventional large reprocessing plants, further
improvement remains possible to increase the robustness and reliability of detection, and to
reduce the probability of false alarms or false positives due to plant events or safeguards
systems failures. Further work is also required to develop more effective and better integrated
safeguards methods for advanced reprocessing technologies. As with enrichment, national
reprocessing programs can provide a pathway for breakout and can simplify the development
of separate, clandestine reprocessing facilities.

The proliferation risks posed by reprocessing are broadly similar to those from enrichment.
One approach to limiting proliferation risk from both technologies is the development of multi-

national and regional fuel cycle facilities, as discussed further in Chapter 5.

Counter-Terrorism — Terrorism remains a global problem. Terrorism risk from civil nuclear

energy systems arises from two primary sources: the potential for sabotage of nuclear facilities
or transport to cause radiologic releases, and the potential for theft of nuclear materials for use
in improvised nuclear explosives. Counterterrorism efforts to reduce these risks involve a
combination of international cooperative activities and national activities. The protection of
nuclear facilities and materials is a national responsibility, but there exist a variety of
international efforts that the U.S. leads or participates in to assist countries in strengthening
this protection; these efforts merit further and increased support.

Because nuclear reactors operate with substantial amounts of stored energy and inventories of
short-lived fission products, their safety systems require effective physical protection from acts
of radiological sabotage. The new Generation Il and lll+ reactor designs simplify this protection
substantially, because they provide a greater degree of physical separation between redundant
safety equipment, making it more difficult to disable, and implement passive safety systems to
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a greater degree. Because passive safety systems do not require routine operator access for
inspection and maintenance, they are easier to harden to be resilient against sabotage
attempts.

The irradiated fuel produced by reactors provides another potential target for radiological
sabotage. While the physical protection of spent fuel is covered by the Storage and
Transportation Subcommittee, it is important to note that spent fuel stored at operating
reactors can be protected by the same physical protection forces protecting the reactors.
Spent fuel is generally not an attractive target for theft, due to its bulky form, substantial
radiation levels, and difficulty for terrorists to process it to recover material that could be used
in nuclear explosives. Old spent fuel, where radiation levels have dropped substantially, may
generate increased risks for theft in the future.

Enrichment and fuel fabrication facilities that produce low-enriched uranium (LEU) fuel pose
very small risks for radiological sabotage and for theft of materials, because LEU has relatively
low radiotoxicity and cannot be used directly to manufacture nuclear explosives. Therefore LEU
enrichment and fuel fabrication facilities typically require only minimal physical protection.

All spent fuel reprocessing methods that chemically separate fission products produce a
plutonium-bearing product stream with radiation levels that are too low to provide self-
protection, particularly in light of the willingness demonstrated by many terrorists to self-
sacrifice. The risk of theft of reprocessed plutonium must be taken very seriously, because
even a low-yield event from a crude terrorist nuclear explosive design would have devastating
consequences in a crowded urban area, as would the disruption caused by the fear of
additional explosions in other cities.

Therefore all reprocessing and recycled fuel fabrication facilities and transportation require
effective physical protection measures to counter external theft threats, as well as effective
human reliability programs to reduce insider theft risks. Full-recycle methods, where all
recycled materials are handled in heavily shielded concrete hot cells to protect workers, can be
designed to provide large, passive physical barriers to theft. The passive barriers provided by
hot cells can be more effective than typical bank vaults because hot cells do not require doors
for routine human access. Therefore full-recycle fuel cycles can be expected to require less
intensive physical security measures than do conventional reprocessing technologies.

69 . ™ . ..

Examples of personnel reliability program measures include background checks, portal access controls, portal radiation
monitors, tamper-evident seals and tags for cabinets and valve handles, two-man rules, and supervisor observations. Properly
implemented, all of these measures also increase a facility’s safety and reliability.
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Under all of the potential fuel cycle options, risks for radiological sabotage will be larger for
older reactors, under the expectation that designers of new reactor and fuel cycle facilities will
continue to introduce improved design features such as passive safety systems that are
intrinsically more robust against acts of sabotage. Thus the key issue for controlling the risk of
radiological sabotage will be to assure continuing and adequate investments in physical security
systems and in human reliability programs, particularly for older reactor and fuel cycle facilities.

For the baseline once-through LWR fuel cycle, as well as for high-temperature reactors, the
most likely long-term scenarios for theft of plutonium involve old spent fuel dispersed at
shutdown reactor sites in other areas of the world, stored without adequate physical security.
This concern is addressed by the Storage and Transportation Subcommittee, but these potential
long-term risks also strengthen the arguments and this Subcommittee’s recommendations for
the development of multi-national or regional fuel cycle facilities and for creating the capability
to provide spent fuel take-away for countries with small nuclear energy programs.

The modified open and closed fuel cycle options, which use reprocessing, create more
immediate risks for theft of plutonium-bearing materials. Therefore these options require
substantially more intensive human reliability and physical security than do the open fuel cycle
options. Risks can be expected to be larger for older fuel cycle facilities, because designers can
be expected to introduce design features in new facilities such as materials handling in hot cells
that are intrinsically more robust against acts of theft, but overall risks from all facilities may
grow as terrorist threats evolve and capabilities increase. In all cases the transportation of
fresh plutonium-bearing fuels must be provided with effective physical protection; the
collocation of reactors with reprocessing facilities can reduce transportation theft risks.

Because the theft of nuclear material anywhere in the world, or radiological sabotage leading to
a large release, could have serious domestic consequences in the U.S. as well, the U.S. has a
major national security interest in assuring that all nuclear facilities and materials, worldwide,
have effective physical security.

Waste Management - Waste disposal is a common requirement for all nuclear fuel cycle

strategies. No strategy can avoid the need to dispose of some long-lived radioactive materials,
whether these materials include fission products with residual transuranics or whether they
also contain larger quantities of transuranic elements. All spent nuclear fuel and high-level
waste disposal options face the same issue of demonstrating the required long-term isolation
for these materials. It should also be recognized that interim storage may be effectively used to
substantially reduce heat generation from shorter-lived fission products for all categories of
fuel cycles.
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Evaluating the waste management implications of different systems requires consideration of
three issues or metrics: disposal safety/risk, amount of waste, and repository space
requirements.

Disposal Safety/Risk. This consideration concerns the post-closure safety of waste disposal
facilities associated with the nuclear energy systems, especially the over the long-term
(centuries and beyond).The risk to the public is typically expressed in terms of the estimated
dose to the public near the boundary of a disposal site, and the dominant component of dose
usually results from radionuclides that are assumed to be dissolved from the waste and
transported to the accessible environment by ground water (although other transport
phenomena may occur). The rate at which various radionuclides are dissolved and transported
can be very sensitive to both the geologic setting containing the wastes and along the
radionuclide disposal path. This site-specificity of radionuclide transport and, thus, dose to the
public, makes generalizations concerning the impact of various nuclear energy systems difficult.
However, because radionuclides that are not in the repository cannot lead to a dose, energy
systems that send smaller amounts of long-lived waste to the repository are preferable to those
that send larger amount of such wastes. Additionally, nuclear energy systems that allow the
waste form sent to the repository to be tailored for disposal are preferable to those that do
not. Two measures of disposal safety and risk reflecting these preferences are commonly used,
and are considered here in the comparison of fuel cycle options. One is the long-term toxicity
of the waste as measured by the amount of long-lived radionuclides sent to a disposal site. The
second is whether the waste form can be tailored to the disposal environment.

Regarding a deep geologic repository, the long-term toxicity measure can be further specified
to be the amount of long-lived transuranic isotopes sent to the repository because the amount
of fission products generated is essentially constant for a given amount of energy production.
In the case of the once-through nuclear energy systems all of the TRU produced in the reactor
are sent to the repository and become part of the inventory that can be released over time.
There is no processing of the SNF in this case so the waste form is LWR or HTR spent fuel.

In the case of the LWR modified open cycle there is a reduction in the amount of TRU being
sent to the repository because fissions in the MOX fuel lead to a net destruction of the TRU
compared to the once-through cycle, although the amount of minor actinides (TRU less
plutonium) would be increased. However, for the purposes of this comparison, the reduction is
so small as to be unimportant. Because SNF is being reprocessed, about 90% of the repository
waste from the LWR modified open cycle can be tailored specifically to the repository
environment and about 10% is in the form of MOX SNF.
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In the case of the closed-cycle with fast reactors, sustained recycle of the TRU elements to
destroy them while producing power is possible. In this case, the repository waste from each
recycle would contain a much smaller fraction than other nuclear energy systems: 1-2% of the
TRU resulting from process losses during reprocessing and fuel fabrication in tailored waste
forms for high level waste, fission product wastes, cladding hulls and technology wastes’’.
However, closed fuel cycles with fast reactors operate with large inventories of TRU in the
reactor cores and in out-of-reactor fuel cycle facilities. The actual rates of consumption of TRU
tend to be small compared to the total TRU inventories, so that decades to centuries can be
required to significantly decrease the total TRU inventory. This implies a long-term
commitment to the operation of fast reactors, or the willingness to place the fast reactor fuel
into disposal if a more rapid transition to a different energy source is desired in the future. If
this is done, closed cycles with fast reactors can operate sustainably with substantially lower
long-lived TRU going to the repository than the once-through cycle, for very long periods of
time.

A deep geologic repository containing SNF or HLW is not the only source of long-term risk from
the nuclear fuel cycle. The front end of the fuel cycle leaves tailings from uranium (or thorium)
mining and milling”*, and depleted uranium tails from enrichment operations that pose a long-
term risk. The risks result from radium (half life of 1600y) and its decay products that are not
recovered in the milling plus a fraction of the uranium that could not be recovered during
milling. The tailings are typically mounded into large piles that are covered with a cap
composed of impermeable barriers, soil, and rock to prevent radon release, and water ingress
and radionuclide transport. Depleted uranium tails are being converted to uranium oxide
which is proposed for near-surface disposal, but no facility is yet licensed to do so. Analyses
indicate that about 85% of the public and occupational risk from the nuclear fuel results from
uranium mining and milling (none of the analyses account for depleted uranium disposal).”? As
might be expected from the earlier discussion of resource utilization, the amount of uranium
used by the alternatives varies significant. As a consequence, the amount of uranium mining
and milling required, and the resulting long-term risk from the nuclear fuel cycle varies
significantly. In particular, the long-term risk from the entire fuel cycle is reduced by 17% for

™ Technology waste is a term used in France that includes all of the additional wastes generated by a given process (not
including HLW, fission products, or cladding hulls) - and can include contaminated equipment, protective gear, etc. Technology
wastes have various contamination levels and therefore require a range of disposal options from repository disposal to near
surface burial.

"X Uranium recovery by in situ leaching leaves a similar amount of naturally occurring radionuclides in the subsurface. Fuel cycle
risk analyses including this method have not been identified.

G E Michaels, Impact of Actinide Recycle on Nuclear Fuel Cycle Heath Risks, ORNL/M-1947 (June 1992). OECD Nuclear
Energy Agency, Radiological Impacts of Spent Nuclear Fuel Management Options: A Comparative Study, (2000)
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the LWR MOC and 85% for the closed-cycle fast reactor nuclear energy systems while long-term
risks for the HTR nuclear energy system are similar to those of LWRs. Alternatively, the recovery
of uranium from seawater, does not produce mill tailings and thus provides a reduction of risk
potentially comparable to the closed-cycle fast reactor system.

Volume of Waste. The second consideration related to this criterion is the volume of waste
being produced. The cost and occupational risk of a number of fuel cycle and waste disposal
operations depend on the waste volume or the number of waste packages, as well as the
engineered barrier system required for a specific geologic repository. There are two
components to the volume consideration: repository waste volume and waste being disposed
of on or near the surface of the earth. Repository waste includes SNF, HLW from reprocessing,
and GTCC wastes from reactors and from reprocessing and recycled fuel fabrication facilities.
Wastes being disposed of in the near surface are produced by all fuel cycle operations and
facilities with the largest contributor being uranium recovery (mill tailings). Depleted uranium
from enriching natural and reprocessed uranium, and low-level wastes produced by reactors
and all fuel cycle facilities amounts to less than 1% of the tailings volume and is dominated by
the front end of the fuel cycle.).

Concerning repository wastes, the once-through HTR system generates a substantially greater
volume of SNF than the OT LWR because, even though the HTR SNF contains less uranium,
transuranics, and fission products, the fuel is bulkier because the graphite moderator is part of
the fuel. The LWR MOC generates about the same waste volume as the OT LWR and the
closed-cycle fast reactor system generates about 40% more waste than the OT LWR waste
destined for a repository. These outcomes are the result of two competing effects: on one
hand the volume of vitrified HLW is significantly less than the volume of SNF but on the other
hand reprocessing and recycled fuel fabrication produce GTCC wastes (e.g., fuel assembly
structural metal and cladding, TRU-contaminated equipment and trash) that yield a net
increase in the total volume.

Concerning low-level wastes destined for near-surface disposal, the LWR MOC and closed-cycle
fast reactor nuclear energy systems result in volume decreases of 20% and over 95%,
respectively, relative to the LWR once-through systems. The decreases are driven by the
reduced need for uranium, (primarily production of uranium mill tailings but also depleted
uranium and LLW from processes in the front end of the fuel cycle) in the alternative systems
that dwarfs the additional volume of LLW produced by reprocessing and recycled fuel
fabrication facilities. The volume of near-surface waste from the HTR system is similar to LWR:s.
The LLW (near-surface wastes less mill tailings) produced by the OT LWR, LWR MOC, and HTR
are about the same and are dominated by the front end of the fuel cycle. The LLW from the
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closed-cycle fast reactor is about 40% less than that from the OT LWR cycle because there is
much less front-end activity.

One important uncertainty in the foregoing results concerns disposal of depleted uranium tails.
There has been considerable discussion in the last few years about whether the large amounts
of concentrated depleted uranium that constitute the tails are acceptable for near-surface
disposal, and this issue is under evaluation by the NRC as this report is being written. If
depleted uranium is acceptable for near-surface disposal then the foregoing analysis maintains.
To the extent that depleted uranium is not acceptable for near-surface disposal, it would
require a more isolating disposal technology such as a deep geologic repository. If depleted
uranium were to be sent to the repository it would dominate the repository waste volume,
although not the radioactivity, decay heat, or toxicity until times approaching a few thousand
years.

Repository Space Requirements. In general, the amount of repository space required (i.e., the
areal extent of the repository) is not driven by the volume of the repository waste. Instead, the
amount of repository space required is driven by the decay heat from high-heat wastes such as
SNF and vitrified HLW. For times less than about 70 years the decay heat is dominated by the
fission products Sr-90 and Cs-137. After that time the decay heat is dominated by TRU
elements, especially Am-241 and Pu-238. While interim storage for 30 to 90 years can greatly
reduce the total heat released by the fission products, it is largely ineffective in reducing the
total heat deposited by TRU. To accommodate the heat the wastes are spaced sufficiently far
apart so as to prevent the waste from overheating and undesirable deleterious effects on the
surrounding geology from occurring. Other repository wastes that generate relatively little
heat (e.g., most GTCC wastes) can be packed tightly together and account for a small fraction of
the required repository space.

If there are no physical limits on the volume of repository space available, the spacing required
between packages of heat-generating waste can be increased with trivial cost and effort: a
matter of a little extra mining to acquire the increased spacing. However, if there are physical
limits on the volume of repository space available then increased spacing might require another
repository that is costly and time-consuming. In this circumstance, increasing the amount of
waste that could fit into the available space could be an important advantage.

The high-heat wastes from the LWR modified-open cycle system require about the same
amount of space as the once-through LWR system because the preponderance of the
plutonium and americium that dominate the long-term decay heat are reduced little by the
single pass through the reactor and the amount of Cs-137 and Sr-90 are essentially the same.
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The once-through HTR system has about 25% lower repository space requirement because the
HTR has a higher thermal efficiency, which means fewer fissions are required to produce the
same amount of electricity as the once-through LWRs. The closed cycle fast-reactor system
requires about 75% less repository spacing if a major fraction of the TRU are destroyed by
sustained recycle instead of being part of the HLW waste stream that is disposed of in the
repository. If the TRU are destroyed by sustained recycle, and in addition cesium and strontium
are separated during reprocessing so they are not sent to the repository, then the repository
space requirement decreases by 95 to 98%. However, achieving this requires an alternative
way of managing the recovered cesium and strontium such as decay in a storage facility for a
few centuries, which raises an entirely new set of siting, cost, security, and institutional control
issues.

3.5 Summary Comparison

Analysis and Recommendations. Compared to the once-through LWR system, the modified-
open cycle LWR system offers modest advantages in terms of uranium resource utilization,
yielding a tailored waste form for most repository wastes, a modest reduction in enrichment
requirements, and reduction of the volume of wastes requiring near-surface disposal such as
mill tailings and depleted uranium tails. These advantages come with disadvantages: increased
fuel cycle costs, increased physical security costs and risks for the protection of separated
plutonium and fresh MOX fuels, and increased proliferation risks depending upon how
reprocessing infrastructure is deployed compared to enrichment infrastructure. On balance,
the subcommittee sees no compelling reason to encourage industrial-scale deployment of this
nuclear energy system in the U.S. at this time.

Compared with either of the LWR systems, the once-through HTR system has the potential to
yield some compelling advantages: the potential for a major reduction in the use of fossil fuels,
which should lead to commensurate global climate and energy security benefits, and a
significant reduction in repository space requirements. Most disadvantages of this system are
modest: absence of a waste form tailored to the disposal environment, and the use of uranium
having enrichment levels about twice that of once-through LWR fuels. The one major
disadvantage of the HTR system is that only one demonstration reactor resembling projected
future HTR designs was built and operated, and that proved to be very unreliable and costly. As
a consequence, the HTR system will require substantial RD&D to determine whether it can
become sufficiently reliable and economic so that deployment can be justified, all things
considered. The Subcommittee recommends that the RD&D program on high-temperature
reactors be continued.
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As with the once-through HTR nuclear energy system, when compared with either of the LWR
systems, the closed-cycle fast reactor system offers a number of different and significant
potential advantages. The closed-cycle fast-reactor system has the potential to yield a large
increase in uranium resource utilization and reduction of enrichment and repository space
requirements as well as the TRU content of repository wastes. Disadvantages of the closed-
cycle fast-reactor nuclear energy system include potentially substantially higher electricity
generation costs, due to higher construction costs for fast reactors compared to LWRs,
increased physical security costs and risks associated with the separation, fabrication, and
transport of plutonium and plutonium-bearing fuels, and increased proliferation risks.
Technology for pyroprocessing and metal fuels, developed in the U.S. for the Integral Fast
Reactor project, allow recycle to occur in hot cells and may provide significant security
advantages over conventional reprocessing methods and fast-spectrum MOX fuels. As with the
HTR system, the closed-cycle fast reactor will require substantial RD&D to determine whether it
can become sufficiently reliable and economic so that commercial deployment can be justified.
The Subcommittee recommends that RD&D on the closed-cycle nuclear energy systems be
continued.

Examination of the attributes of HTR and closed-cycle, fast-spectrum systems in Table 5 leads to
the possibility that hybrid alternatives might be attractive. For example, molten salt reactors
do not use metal cladding or structures in their reactor cores, and thus can operate at the same
temperatures as HTRs. Fluid fuels eliminate the requirements to fabricate fuel assemblies from
recycled material, and thus can use relatively simple chemical separations that maintain high
radiation levels and self protection. The radioactivity and inaccessibility of these streams should
partly ameliorate proliferation and terrorism concerns, although methods for applying IAEA
safeguards remain to be developed. A prototype molten salt nuclear reactor (the Molten Salt
Reactor Experiment) operated in the U.S. from 1965 to 1969 and at one point the U.S. had a
program to develop a full-scale reactor. Substantial interest in this technology, today commonly
called the Liquid Fluoride Thorium Reactor, has reemerged due to its capacity to operate at
high temperatures with thorium fuel. However, as might be evident, the system described here
is not as well developed as the HTR and closed-cycle fast reactor nuclear energy systems
discussed above, and a major RD&D program would be required to bring it to fruition. The
Subcommittee recommends that DOE perform a detailed technology assessment to determine
the status of this technology as a basis for deciding whether it should be pursued further.

Other Alternatives: As noted earlier, there are many other alternative nuclear energy systems

that might be considered. Below we briefly characterize some of these alternatives and how
they might fit in to the rubric of considerations shown in the table.
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0 Thorium-based fuels in once-through cycles

= Offer additional resources but other benefits and issues are essentially
the same as for the once-through alternative.

= Reduced amount of transuranic (TRU) elements in the used/spent fuel
does not mean that the radiotoxicity of the spent nuclear fuel is lower or
that the long-term risk from a repository containing thorium-based fuels
is significantly lower than the risk from a repository containing uranium-
based fuels.

0 Alternatives involving a symbiotic once-through cycle from which TRU elements
are recovered and used in a closed fuel cycle based on uranium or thorium.
= |f a decision is ultimately made to deploy fast-spectrum uranium reactors
or thermal-spectrum thorium reactors with a closed fuel cycle—
presumably because they were determined to be preferable to a once-
through fuel cycle—the optimal combination of reactor types will be
determined by reference to multiple evaluation criteria such as those
listed at the outset of this section.
= |f fast reactors operating on a closed fuel cycle prove preferable to a
once-through fuel cycle, a symbiotic system composed of once-through
reactors and fast reactors operating on a closed fuel cycle could be used
to transition to reliance on fast reactors.

0 Small modular reactors

= A strategy to change the approach to manufacturing, financing, and
deploying reactors, rather than a distinct nuclear energy system or
technology. The question is whether modular designs can offer
advantages in terms of cost and safety.

= Reactor alternatives in Table 1 (including the baseline), variants of these
alternatives, and light-water reactors could theoretically all be
implemented using “small” designs.

=  Small designs do not fundamentally change the waste management
issues associated with the reactor type in question.

The fact that there are no clear winners among the advanced fuel cycle concepts currently
under consideration suggests a policy to keep multiple options open. That said, certain fuel
cycle strategies and technologies are clearly better developed than others—research in some
areas has been underway for decades and it is possible that more mature technologies could be
implemented more quickly, perhaps within a few decades. Other concepts are barely at the
proof-of-principle stage and would require substantial investments of time and funding (and in
some cases a number of revolutionary technical developments) to bring them to a level of
maturity sufficient to evaluate their suitability for further development and potential
implementation. Consequently, the level and duration of R&D effort needed to advance these
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concepts varies widely. lronically, funding needs for technologies that are relatively more
developed can be greater than for technologies still in an earlier phase of the RD&D process—
particularly in the case of technologies that are ready to be demonstrated. At that point, large
investments may be needed to provide the demonstration facilities required to make further
progress. In the next chapter we explore the U.S. nuclear energy R&D plans and programs and
offer suggestions for addressing the challenges facing those programs.

3.6 Key Findings

(1) Advances in nuclear reactor and fuel cycle technologies may hold promise for achieving
substantial benefits in terms of broadly held safety, economic, environmental, and
energy security goals, but continued RD&D will be required. Subcommittee members
hold different views about the commercial promise of technologies for closing the fuel
cycle and about the strength of the rationales often cited in arguments for (or against)
moving away from the once-through fuel cycle as currently employed in the United
States.

(2) No currently available or reasonably foreseeable reactor and fuel cycle technologies—
including current or potential reprocess and recycle technologies—have the potential to
fundamentally alter the waste management challenge this nation confronts over at least
the next several decades, if not longer.

(3) Alternatives to the once-through fuel cycle (as practiced in the U.S., Sweden, Canada
and elsewhere) or to the modified open fuel cycle (as practiced in France, Japan, and
Russia and planned in some other countries) will require decades of development
before they are ready for widespread commercial application.

(4) It would be premature at this point for the United States to commit irreversibly to any
particular fuel cycle as a matter of government policy. If and when future technology
advances change the balance of market and policy considerations to favor a shift away
from the once-through fuel cycle, that shift will be driven by a combination of factors,
including waste management impacts, safety, economics, energy security, and other
considerations.

(5) In sum, the Subcommittee finds it is both more important and more productive at this
time to focus on designing and implementing a nuclear research, development, and
demonstration (RD&D) strategy for the next several decades that makes effective use of
scarce resources and is continuously responsive to the broader policy objectives about
which we already have broad agreement (as opposed to seeking consensus on the
merits of particular technology and fuel cycle pathways).
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4. RESEARCH AND DEVELOPMENT

4.1 Background

Today, nuclear technologies worldwide can most certainly trace their roots back to innovative
work done by the United States and the polices that have promoted their development. Since
the earliest days of the civilian nuclear power industry in the United States, the federal
government has played a large role. It undertook or sponsored the early research,
development, and demonstration of nuclear technologies in the 1950s and early 1960s—
initially for defense purposes, primarily in support of nuclear weapons and naval nuclear
reactor development, but soon for civilian power applications. Early demonstrations of the
commercial potential of nuclear energy generation through the Power Reactor Demonstration
Program, such as the Shippingport reactor project, were conducted as public-private
partnerships. Government involvement continued after the technology for civilian nuclear
power production was transferred to the private sector. Throughout subsequent decades the
federal government has funded nuclear energy RD&D and adopted policies, such as the
accident liability and insurance framework established under the Price-Anderson Act and the
Advanced Light Water Reactor Program (ALWR Program) and DOE 2010 Program, to support
the demonstration and deployment of new generations of reactor designs. A short history of
reactor and fuel cycle technology development, including a discussion of the federal role, may
be found in the commissioned paper Abridged History of Reactor and Fuel Cycle Technologies
Development on the Commission web site (www.brc.gov).73

Many U.S. government policies supporting commercial demonstration of new reactor
technologies have aimed to reduce first-mover costs and risk, for example through loan
guarantees and federal cost sharing for reactor design and licensing. Federal cost sharing with
U.S. reactor vendors under the ALWR Program for NRC Design Certification of new passively-
safe light water reactors (such as the AP-600 and ABWR), and cost sharing the development of
three NRC Early Site Licenses by utilities under the DOE 2010 Program, arguably has played a
central role in enabling current commercial activity to build new advanced light water reactors
in the United States. Following the events in Fukushima, it is likely that these passive safety
technologies pioneered in the U.S. will become the leading technologies for decades to come.

The opportunity to secure federal loan guarantees for new reactor construction has further
advanced the prospect for new modular construction methods to be tested and new reactor

"8 Abridged History of Reactor and Fuel Cycle Technologies Development: A White Paper for the Reactor and Fuel Cycle
Technology Subcommittee of the Blue Ribbon Commission, Gary Vine, Longenecker & Associates, March 15, 2011

Reactor and Fuel Cycle Technology Subcommittee 54 June 2011
Blue Ribbon Commission on America’s Nuclear Future



designs built (although only one nuclear loan guarantee has been achieved in the six years since
the program was passed by Congress). Funding for many of these supportive government
policies has been provided through DOE’s nuclear energy program budget.

New nuclear energy technologies that could have significant performance improvement over
existing technologies must emerge from R&D. This chapter begins by summarizing DOE’s
longer-term, high-level objectives for commercial nuclear energy research and development
(R&D) based on a roadmap submitted to Congress in 2010. We then turn to a description of
DOE’s nuclear energy R&D program plans for FY 2011 and FY 2012, to R&D infrastructure issues
and needs, and to efforts within the NRC to perform anticipatory research and to develop new
regulatory frameworks for commercial development, licensing, and deployment of advanced
nuclear energy systems. We then conclude with a discussion of challenges facing the U.S.
nuclear energy R&D program and recommendations for addressing those challenges. The
Subcommittee believes that a well-focused R&D program is critical to enabling the U.S. to
regain its role as the global leader of nuclear technology innovation.

4.2 The DOE Nuclear R&D Roadmap, Nuclear Programs, and R&D Budget

In April 2010, DOE submitted a report to Congress titled Nuclear Energy Research and
Development Roadmap. The roadmap lays out, in mostly high-level and qualitative terms, plans
and objectives for the Department’s R&D activities related to civilian nuclear energy strategies,
technologies, and systems.

The roadmap articulates four overarching R&D objectives for DOE’s Office of Nuclear Energy
over the next four decades, as summarized below.

R&D OBJECTIVE 1: Improve safety and reliability and extend lives of current reactors: DOE aims

to work with industry and the NRC to safely extend the operating lifetimes of current plants
beyond sixty years and, where possible, make further improvements in their productivity. The
DOE role in this R&D objective is to conduct the long-term research needed to inform major
component refurbishment and replacement strategies, performance enhancements, plant
license extensions, and age-related regulatory oversight decisions. DOE will focus on aging
phenomena and issues that are generic to reactor type and develop advanced monitoring
technologies and safety assessment techniques, among other activities.
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R&D OBJECTIVE 2: Improve the affordability of new reactors: New reactor designs, such as small

modular reactors (SMRs) and high-temperature reactors (HTRs) may offer improved safety and
economics and other desirable characteristics. To pursue these opportunities, DOE intends to
develop advanced reactor concepts, technologies and tools for high-performance plants;
support R&D on small modular reactor concepts, including sponsoring cost-shared research
related to design certification; and design and develop safety methods for high-temperature
reactors using graphite-based fuels.

R&D OBJECTIVE 3: Develop sustainable nuclear fuel cycles: Specifically, DOE will investigate

technical challenges associated with three potential fuel cycle strategies, including a “once
through” fuel cycle, a “modified open” cycle, and “full recycling” (as defined in previous
sections).

For the once-through fuel cycle, DOE plans to develop fuels that would increase the efficient
use of uranium resources and reduce the amount of spent fuel generated for each megawatt-
hour (MWh) of electricity produced—essentially by increasing the burn up of once-through
fuels. This would include evaluating the use of non-uranium materials (e.g., thorium) as reactor
fuel options.

In the category of modified open fuel cycles, DOE aims to investigate fuel forms and reactor
designs that would improve resource utilization and reduce the quantity of long-lived radiotoxic
elements left in the spent fuel to be disposed of. This would be accomplished using simplified
separation techniques that are claimed to have proliferation risks lower than full spent fuel
recycle.

For full recycling, the goal is to claim a higher fraction of the energy potential of the original
uranium while recycling or destroying most of the long-lived actinide elements such that the
long-term toxicity of, and heat released by, the resulting waste streams is dramatically reduced.
The challenge is to develop techniques that can achieve this objective in an operationally and
environmentally safe, cost-effective and proliferation-resistant manner.

Prior to beginning major R&D work on these three fuel-cycle options, DOE intends to analyze a
number of related issues, including the availability of fuel resources for different fuel cycle and
reactor deployment scenarios; options for the disposition of waste streams from existing and
future fuel cycles; options for reducing the presence of long-lived actinides in spent fuel; the
feasibility and risks of alternative recycling processes; the behavior of different waste forms
over time in different storage and disposal environments; fuel fabrication processes and fuel
performance; options for the re-use of recovered uranium and other fuel constituents (such as

Reactor and Fuel Cycle Technology Subcommittee 56 June 2011
Blue Ribbon Commission on America’s Nuclear Future



metal cladding); and transmutation systems that can alter spent fuel elements such that they
have more desirable disposal characteristics (e.g., shorter half-lives).

R&D OBJECTIVE 4: Understand and minimize the risks of nuclear proliferation and terrorism:

DOE plans to pursue an approach that integrates technology development (including
safeguards and security technologies and systems) with the maintenance and strengthening of
non-proliferation frameworks and protocols. This approach recognizes that technological
advances can only provide part of an effective response to proliferation risks: institutional
measures—such as export controls, management systems and safeguards—are also essential.
More specifically, DOE plans to (1) assess proliferation risks to inform future fuel cycle and
technology decisions and (2) develop and test technologies designe