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1. Introduction

The Nuclear Energy Enabling Technologies (NEET) Program proposed for fiscal year (FY) 2011
at the requested $99 million will develop crosscutting technologies that directly support and
complement the Department of Energy, Office of Nuclear Energy’s (DOE-NE’s) advanced
reactor and fuel cycle concepts, focusing on innovative research that offers the promise of
dramatically improved performance. Pending FY 2011 Congressional Appropriation, the
program will encourage the development of transformative, “out-of-the-box” solutions across the
full range of nuclear energy technology, spurring revolutionary improvements in safety,
performance, reliability, economics, and proliferation risk reduction. The NEET Program
consists of three elements, the first two of which are the subjects of this report:

®  Crosscutting Technology Development
®  Transformative Nuclear Energy Concepts Research and Development (R&D)
®  Energy Innovation Hub for Modeling and Simulation

Crosscutting Technologies to Meet R&D Objectives

DOE-NE will provide R&D support for existing and future nuclear energy concepts in areas
such as reactor materials, advanced methods for manufacturing and construction, new sensor
technologies and instrumentation, and creative approaches to understand and reduce proliferation
risks and terrorism.

Transformative Nuclear Concepts R&D

This program element supports high-risk—high-reward concepts that have the potential for
making significant leaps forward in advanced nuclear technology development. Research on
transformative nuclear concepts will pursue non-traditional nuclear energy ideas that offer the
potential for improved system performance and may radically alter nuclear system configuration
and development needs. Possible R&D topics include development of specialized nuclear fuels,
revolutionary materials, coolants, new techniques for energy conversion, waste disposal,
nonproliferation, and other innovations. DOE-NE will support an open competitive solicitation
process for transformative investigator-initiated projects.

1.1 Key Challenges Facing Nuclear Energy

According to the Nuclear Energy R&D Roadmap Report to Congress, submitted in April 2010,
the key challenges facing the nuclear energy industry are:

m  Capital Cost — Develop innovative designs to reduce capital costs; smaller reactors,
modular construction.

®  Waste Management — Transition to nuclear energy technologies that significantly reduce
the production of long-lived radioactive waste.
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®  Proliferation and Terrorism Risks — Develop and demonstrate options that limit
proliferation and terrorism risks while also achieving economic, public health and safety,
and environmental goals.

m  Safety and Reliability — Maintain an excellent safety and reliability record of nuclear
energy in the United States and share relevant technologies with other countries.

The roadmap takes a science-based approach to resolve these challenges that includes a
combination of experiments, theory, modeling and simulation, and demonstration.

1.2 DOE Nuclear R&D Objectives

The roadmap further enumerated DOE’s nuclear R&D objectives:

m  Develop technologies and other solutions that can improve the reliability, sustain the
safety, and extend the life of current reactors.

®  Develop improvements in the affordability of new reactors to enable nuclear energy to
help meet the Administration's energy security and climate change goals.

®  Develop sustainable nuclear fuel cycles.

®  Understand and minimize the risks of nuclear proliferation and terrorism.

Industrial and
Electricity Transportation

MWe MWe MWe
ey L

Sustain Enable
Current Fleet New Builds

Enable Sustainable Fuel Cycles

Understand and Minimize Proliferation Risk

Figure 1. The DOE-NE mission
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These objectives will serve as guidelines to develop the NEET Program. NE has outlined some
of the specific issues facing the nuclear industry in each of these four areas. Challenges to
extending plant lifetime include aging and degradation of system structures and components, fuel
reliability and performance, obsolete analog instrumentation and control (I&C) technologies, and
design and safety analysis tools. Challenges facing new nuclear reactor plants include financial
hurdles, developing small reactors to reduce up-front capital costs, developing plant designs that
address industrial needs, and uncertainty over new regulatory frameworks. Challenges to
achieving a sustainable fuel cycle include developing high burn-up fuel and structural materials
to withstand irradiation for longer periods of time, developing simplified separations and waste
management, and developing optimized systems to maximize energy production while
minimizing waste. Challenges associated with minimizing proliferation and terrorism risks
include the potential for misuse of technology and materials for weapons proliferation purposes,
theft, or sabotage. These challenges will be addressed through innovative nuclear reactor and
fuel cycle technologies and systems; science-based next-generation materials protection,
accounting, and control technologies and systems; support for new international framework and
institution development; and new approaches for understanding and managing risks for
technologies and integrated fuel cycle options. The DOE-NE mission is highlighted in Figure 1.

1.3 NEET Program Workshop Objectives

DOE’s primary purposes in convening the NEET workshop were to:

®  Obtain stakeholder input on the crosscutting technology R&D needs to support NE’s
R&D roadmap objectives.

® Inform a possible solicitation for transformative, “out-of-the-box” solutions across the
full range of nuclear energy technology issues.

Pending FY 2011 Congressional Appropriation, DOE-NE will solicit nuclear industry
stakeholders to propose ideas on crosscutting and transformative nuclear technologies and
capabilities for incorporation into advanced reactor and fuel cycle concepts that offer the promise
of revolutionary improvements in safety, performance, reliability, economics, and minimization
of proliferation and terrorism risks; and promote creative solutions to the broad array of nuclear
energy problems related to reactor and fuel cycle development. Researchers are encouraged to
identify barriers towards enacting those technologies and find ways to surmount those barriers.
The innovative type of research promoted through the NEET program will support technical
leaps forward in nuclear technology. Transformative Nuclear Concepts R&D is not meant to
fund conservative R&D that achieves merely incremental progress, but high-risk—high-reward
concepts that truly push beyond currently conceived research.

NEET has key relationships to other long-term DOE initiatives as identified in the FY 2011
budget request: the Small Modular Reactors (SMR), Next Generation Nuclear Plant (NGNP),
and Light Water Reactor Sustainability (LWRS) programs. National laboratories, universities,
and industry R&D communities will be engaged to enable SMR designs. This effort entails R&D
in materials, fuels, I&C, and fabrication research and testing; modeling and simulation of reactor
systems and components; and probabilistic risk analyses of innovative design features and safety

3
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systems. An emphasis will be placed on simplified operation and maintenance, enhanced
functionality, and increased proliferation resistance and security. Moving the NGNP forward will
require fuel development and qualification, establishment of a licensing basis for gas-cooled
reactor coated-particle fuel, graphite materials qualification, and high-temperature materials
qualification. It will be necessary to develop and benchmark improved simulation techniques as
well as analytical codes and methods. To sustain the existing light water reactor (LWR) fleet
requires R&D to acquire science-based fundamental understanding of materials aging and
degradation and to develop long-life fuel using advanced materials. Advanced instrumentation,
information, and control system technologies also need to be developed along with improved
human—machine interface capabilities.

The workshop had Crosscutting Technology Development breakout sessions and a
Transformative Nuclear Concepts R&D session.

During the Crosscutting Technology Development Breakout sessions, the invited panel members
provided presentations on the “current state-of-the-art,” “future state,” “knowledge gaps,” and
“R&D needs” for their specific technology areas. The audience participated in the discussions
and provided input to these areas. This report captured the ideas presented and discussion during
the breakout session. These do not necessarily represent a complete set of research needs in
these areas.

During the Transformative Nuclear Concepts R&D session, the invited panel members provided
presentations on the “current state-of-the-art,” “grand challenges to be solved,” and “proposed
R&D to solve the grand challenges” for their specific technology areas. This report captured the
ideas presented and discussion during this session. These were examples of some of the
technologies areas; the Transformative Nuclear Concepts R&D planned solicitation, pending

FY 2011 Congressional Appropriation, will not be limited to these examples. All high-risk-high-
reward concepts that have the potential for making significant leaps forward in advanced nuclear
technology development will be considered.




NEET WORKSHOP REPORT

2. Discussion of Crosscutting Technologies

The NEET Program workshop was organized into technology-centered sections:

B Methods for Manufacturing and Construction
®  Proliferation Risk Assessment

®  Reactor Materials

B Advanced Sensors and Instrumentation

Presenters in each session were encouraged to organize and analyze crosscutting concepts
applicable to more than one technological area or more than one research program. For each
technology, panelists described the research activity and its relevance to DOE-NE programs, the
current state-of-the-art, and a desired future state, along with the gaps in technology and
proposed R&D to achieve that future state. Panelists were encouraged to:

®m  Delineate the proposed technical activities and related elements in other DOE-sponsored
R&D programs, considering near- and long-term research.

®m  Discuss gaps between needed and existing capabilities that may be addressed through this
R&D program.

® Identify areas for coordinated research between this program and other R&D efforts,
considering possible cost-sharing with the private sector and university interest in related
educational programs.

2.1 Advanced Methods for Manufacturing and Construction

Since the 1980s, U.S. industry’s manufacturing and construction activity in the nuclear energy
sector has been very limited—primarily aimed at maintenance, retrofits, and upgrade of existing
nuclear plants in the United States and support of construction projects overseas. In the interim,
plant designers have developed new nuclear plant designs that will depend upon new and
advanced methods and technologies for manufacturing and construction to improve quality while
reducing costs and schedules. These new standardized designs, referred to as Generation III or
II1+ (Gen III+), have either already been approved by the U.S. Nuclear Regulatory Commission
(NRC) through design certification or are currently in the NRC certification process.

Some of the new standard plant designs are being built overseas before being used in U.S.
construction projects. The U.S. projects will commence on several sites over the next few years.
This overseas head-start provides an opportunity to obtain and apply lessons learned from the
overseas projects. However, oversees experience also points out the importance of quickly
developing and applying new manufacturing, fabrication, and construction technologies in the
United States that are competitive in a global marketplace, to reduce the costly new plants, and
help to re-establish U.S. technological leadership.
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In addition to the standard plant designs currently in the NRC certification process, even more
advanced designs, e.g. the Small Modular Reactors (SMR), will soon be submitted for NRC
certification. These new designs will rely on even more advanced technologies for fabrication
and construction—e.g., much more extensive use of modularization and factory fabrication.

This section on advanced manufacturing and construction contains ideas discussed at and after
the workshop. It proposes innovative methods for fabrication and component manufacturing that
will help reduce the cost and schedule of new nuclear plant construction. Fabrication innovation
may include laser welding processes, integrated welding and non-destructive examination (NDE)
systems, modular pipe fabrication/welding, ultrasonic machining, modular wiring and cabling
systems, fast and reliable on-site material characterization systems, and new pipe/component
methods for manufacturing. Construction innovation will enhance modular building using
composite structures, seismic base isolation systems, pre-assembled rebar systems, new rebar
materials; transport, lifting, and rigging improvements; and modeling and simulation to improve
design, and construction sequencing.

2.1.1 Overview/Current State of the Art

Global construction and manufacturing methods provide the U.S. with the vision to go from a
“stick built” construction process of the past to a future of innovation in new U.S. power plant
construction development. The U.S. will build with new technologies in all areas of the
Engineering, Procurement and Construction (EPC) process. Engineering is defined as the design
elements of a new build, procurement as the products and services that must be manufactured
and fabricated to support the construction of the plant. EPC was used to focus the workshop
information.

®  Engineering
0 Advances in modeling and simulation
0 Design codes for Steel Plate Concrete Composite Construction
O Base isolation systems for seismic systems
®  Manufacturing and fabrication (Procured items)
0 Welding and inspection technologies
0 Near net shape manufacturing using powder metal or additive manufacturing
0 Ultrasonic machining
O Hybrid laser systems
O Modular systems
®m  Construction
0 Modular rebar systems
0 New rebar materials
0 Advances in concrete formulations
0}

Models for fabrication, modularization, and construction sequencing
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In all of these areas the current practices used in Japan, Korea, France, and other countries that
have continued to develop their EPC for nuclear plant construction were explored along with
innovation in the U.S. and other countries regarding manufacturing technologies, particularly
those used in other heavy industries like ship building, petro-chem and aircraft construction. The
workshop and subsequent discussions demonstrate that the “art of the possible” can be expanded
to redefine how the U.S. builds new power plants.

2.1.2 Future State

To be successful in the future, industry EPC standards will have to adopt pre-planning
approaches, first-of-a-kind situations, and readiness reviews in planning. Industry must fully
recognize the value of effective planning of new nuclear projects and support projects with
adequate cash flow and completion of engineering to the greatest extent possible prior to the start
of construction.

Engineering:

The design development process will use 3-D modeling as the basis for all work. Computer-
Aided Design/Computer-Aided Manufacturing (CAD/CAM) and Building Information
Management (BIM) systems will be integrated with all the engineering analysis and
manufacturing elements to provide a common platform for the EPC and operation of the plant.

Designs using base seismic isolation systems, particularly in SMR’s, will be used to reduce,
minimize, or eliminate the unique requirements of site specific seismic analysis. This can greatly
reduce the numbers of supports and snubbers and well as reduce the severity of seismic loads
imposed on equipment thus helping to reduce cost.

Designs and validated models for concrete composite systems will improve the ease of
construction and costs of containment and large civil structures. It will also provide the
regulatory authorities with a method to evaluate the design of these structural systems.

Manufacturing (Procured Items):

Future nuclear plants will utilize high-productivity welding, ultrasonic welding, and integrated
welding and inspection technologies. The nuclear industry does not fully utilize recent
fabrication advances, especially laser hybrid technology. Despite dramatic improvements, this
technology still faces hurdles. Historically, laser hybrid welding has been expensive and
cumbersome. However, the advent of fiber lasers in recent years has reduced cost and improved
efficiency. These new lasers offer the efficiency and portability necessary for their broad
implementation and acceptance in the nuclear industry. In the future, nuclear plants will be built
utilizing high-productivity welding and integrated welding and inspection technologies. These
methods will improve quality, reliability and cost of the components and systems on a power
plant. Components will be manufactured using new metals and metal working methods allowing
production of near-net-shape sub assemblies, such as valve and pump bodies, that significantly
reduce cost and manufacturing schedules.

Ultrasonic machining will produce low machine forces, increased portability, and improved tool

life, with a simultaneous increase in productivity. For example, the final machining of a typical
reactor closure head requires three to four weeks of non-stop machining to complete; the

7
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integration of ultrasonic machining into the same machining cell, using existing machining
centers, would reduce the machining time by half.

Future devices enabling integrated welding will take into account environmental conditions such

Figure 2. The latest in laser hybrid welding technology, a
portable device that does not require CO, tubes

as temperature, humidity, real-time microstructure monitoring/prediction, close proximity NDE
(within a few inches of the welding operations), and local global positioning systems (GPS). By
accurately monitoring welding torch position and orientation, environmental conditions,
microstructure and weld cooling rates, and pseudo real-time NDE, the welding systems of the
future will be able to achieve true closed-loop weld quality control. Figure 2 shows an example
of the latest in laser hybrid welding technology.

Construction:

Future plants will likely make extensive use of steel-concrete composite structures—a
technology that has the potential of significantly reducing the cost and duration of building large
civil structures such as containment and other safety-related buildings. In the future, industry
will make full use of the new cranes currently being designed and eventually lead the way to the
creation of super-large crane designs for installation of larger prefabricated modules to create
modular components, engineers and contractors will make extensive use of automated
manufacturing with direct CAD/CAM linkage.

The essential elements of civil construction, concrete and steel, will be redeveloped using

improved concrete compositions that are more uniform and have more predictable physical
properties. Rebar (reinforcing bar) will be higher strength and more corrosion resistant. This will

8
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allow lower rebar densities and better concrete placement, thus avoiding concrete deficiencies
like voiding and honeycomb. An example of reduction in rebar density is shown in Figure 3.
Rebar will also be placed as modules, not as individual pieces. The rebar modules will be built

& -
—~—

N

Figure 3. Reduction in rebar density with the use of high-strength rebar
(conventional 60 ksi rebar [left] versus 100 ksi high-strength rebar [right])

in factories or fabrication assembly buildings and will be based on the models discussed under
the Engineering sections.

Future plants will not be constructed in the same way they were in the past. Manufacturing,
fabrication, and construction methods will focus on increasing levels of modularization, which
reduces construction duration and reduces financing costs—two of the biggest factors in the
assuring feasibility of future new nuclear plant deployment.

2.1.3 Knowledge Gaps

To get to the future state, there are many knowledge gaps that must first be closed. In general,
there needs to be EPC processes that are modeled, manufactured and constructed using a
platform that supports the new build technologies, like modular construction, but also can be
maintained and used for the life of the plant. The construction and manufacturing processes used
around the globe must be translated to our new construction activities. More needs to be built in
the shop using methods that reduce cost and improve reliability. Specific improvements are
needed in the following areas:

®  Engineering design software and modeling tools
B Methods of manufacturing to improve cost, delivery and reliability

®  Civil construction methods which reduce the “stick built” designs of the past and take
advantage of new methods for concrete and steel placement.

9
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®  Mitigation of dynamic seismic hazards, possibly utilizing base isolation technologies.
Other gaps prevent U.S. manufacturers from competing with the ever-growing low-cost
international market. Heavy component manufacturing needs to incorporate:

Increased automation
Adapted regulations to allow for more on-machine inspections
Innovative approaches to large component /manufacturing

Improved weld, inspect, and repair processes

Innovation in component manufacturing and process metallurgy

Improvements do not stop in the factory. Additional development is needed in setting
requirements to maintain design and quality certifications through transportation to the site.

Lessons learned from currently ongoing fabrication and construction activities supporting
overseas nuclear plant projects must be collected and applied to U.S. projects.

For some portions of the equipment used in the new nuclear plant designs, the competitiveness of
U.S. suppliers needs to be determined and methods for improving their competitiveness
developed. This should provide opportunities to improve quality and safety while reducing costs
and schedule for fabrication/construction.

Where fabrication/construction improvements require regulatory approval (including industry
codes and standards), the actions needed, including confirmatory analysis or testing, to obtain
regulatory approval need to be considered.

2.1.4 Future R&D
To promote innovative EPC practices, the following are potential areas of investigation:
®  Benchmarking and publishing benefits of pre-planning and lessons learned
®  Standardizing approaches that reduce reinforcing steel density in nuclear applications

®  Encouraging industry adoption of a non-proprietary rebar prefabrication approach that
can gain regulatory acceptance, including using mechanical splices for all steel sizes

® [ncreasing crane capacity while maintaining mobility and increasing lift speeds

B Assisting engineers and contractors with understanding automated manufacturing
capabilities and possibilities for CAD/CAM interface

®m  Developing an integrated suite of BIM—3D CAD—-CAM and scheduling/sequencing
software that is designed to support the entire plant life cycle. Developing component
manufacturing technologies that take advantage of modern materials developments and
near-net-shape manufacturing techniques

®  New formulations for concrete

B Instrumentation for monitoring concrete defects during or immediately after placement.

To make high-productivity welding widely accepted in the nuclear industry, R&D must address:

10
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®  Additional data to justify the return on investment
®  Adoption of products into consensus standards

®  Regulatory acceptance

Further R&D is necessary to improve integrated welding:

®  Future devices will be able to take into account environmental conditions such as
temperature and humidity.

m  Travel speed will be accurately measured, allowing environmental conditions to be measured.

®  When NDE is added to the process, a system will be in place to achieve closed-loop weld
quality control.

®  (Quality algorithms need to be developed, allowing for compilation of all recorded data.
Further R&D will also be required to bring advanced component manufacturing to a
deployable stage and to gain regulatory acceptance:

m  Ultrasonic machining

B Near-net-shape manufacturing using advanced materials and processes

2.2 Proliferation Risk Assessment

Nuclear proliferation and terrorism are important issues as reflected by President Obama’s
statement: “We must ensure that terrorists never acquire a nuclear weapon. This is the most
immediate and extreme threat to global security” (Prague, 2009) and the U.S. National Security
Strategy, released May 2010: “There is no greater threat to the American people than weapons
of mass destruction, particularly the danger posed by the pursuit of nuclear weapons by violent
extremists and their proliferation to additional states.”

Minimizing the risks of nuclear proliferation and terrorism is an integral part of NE’s R&D
mission and program. This objective includes considering the full spectrum of risks (from both
nation-state and sub-national threats), the full range of adversary characteristics (including
outsiders, insiders, or combinations of both), and the full spectrum of measures to limit those
risks (including innovative nuclear energy technologies and systems; the materials protection,
accounting and control technologies that are applied to them; and the frameworks and
institutions that create international norms for nonproliferation and security and enable and
verify compliance with these norms). A key part of this integrated program is developing new
approaches for understanding and managing the risks of nuclear energy technologies and fuel
cycle options.

2.2.1 Overview/Current State of the Art

It is important to recognize both the strengths and limitations of risk assessments. Strengths can
include the disciplined approach and clear display of important information, including
uncertainties, in understandable form so that interested parties can scrutinize key assumptions
and, if appropriate, challenge them. Among the most important products of risk assessment are
qualitative insights about the structure and performance of complex systems, deeper
understanding of dependencies and interactions between different subsystems and components,
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and fresh, comparative perspectives on the relative advantages and disadvantages of various
opportunities to reduce and control risks. Bottom-line absolute risk values, by contrast, should be
treated with caution. Risk numbers are not intended to provide the sole—or in many cases, even
the principal—basis for decision making. Risk assessment can be helpful, but it constitutes at
best only one part of a much more complex process.

For NE, the ultimate goal is to use risk information to advance its mission by effectively
informing and guiding its R&D programs, thereby maximizing the prospect of achieving the
benefits of nuclear power in a manner that minimizes nuclear proliferation and terrorism risks.

For overall assessments of proliferation and terrorism, multiple methodologies have been
developed and applied. These include the Generation IV Proliferation Resistance & Physical
Protection (PR&PP) methodology, the International Atomic Energy Agency’s (IAEA)
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) methodology,
and the Simplified Approach for the Proliferation Resistance Assessment of Nuclear Systems
(SAPRA). However, while progress has been made, limitations of these approaches, and others,
have been identified (for example, see review papers from an earlier related workshop

at http://nsspi.tamu.edu/inmm/). A focused R&D program that attacks key issues will advance
our ability to understand the relative risks of various potential proliferation pathways and to
provide a risk-informed basis for prioritizing investments.

2.2.2 Future State

The state of the art and practice for proliferation and terrorism risk assessments will have
progressed and matured so that the tools, applications, and risk management framework are vital
and indispensable for proliferation and terrorism risk management and are widely accepted as
such. This will enable us to better answer key questions, such as:

B Which innovative concepts and designs will minimize proliferation and terrorism risks?

®  How can a nuclear energy technology or system design be optimized to ensure that its
operation will minimize the development of skills or technologies that could be used in a
nuclear weapons program? (And how can we better maintain assessments as living tools
for the lifecycle of technologies and systems?)

®  How can the design and operation of a nuclear energy system be optimized to ensure that
the system can be safeguarded effectively and efficiently in a safe and economic fashion?
Alternatively or additionally, will the optimization delay diversion or misuse?

®  What are the benefits and risks of nuclear fuel service concepts?

®  How can the global nuclear enterprise architectures be designed to minimize proliferation
opportunity?

®  On what (and when) do we spend our next dollar to minimize proliferation opportunity?
B What is the risk of the “do nothing” option?

However, important issues to consider as a part of the development efforts include understanding

that there is no technological “silver bullet,” assuring consistency with and support to U.S.
government policy, and understanding and clearly defining questions to be answered and
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potential utility of the results. Risk management should be the overall objective with a goal of
supporting “risk-informed” and not “risk-based” decisions.

Efforts should include soliciting a broad spectrum of stakeholder input, involving experts with
risk management experience in other fields, and benchmarking risk management techniques in
nuclear power, aviation, the space program, and the Navy. Lessons learned from previous work,
including material attractiveness assessments and the importance of broader integrated systems
analysis, should be considered and incorporated.

2.2.3 Knowledge Gaps

The Reactor Safety Study (WASH-1400) was the first major application of probabilistic risk
assessment (PRA) to reactor safety. The study highlighted gaps in risk analysis including human
factors, core melt and containment response, data needs, and common-cause failures (CCFs). In
the three decades since the publication of this study, reactor risk assessment has become widely
accepted as an essential tool for nuclear safety. The potential value of risk assessment for
nonproliferation and security has been recognized, and recent progress has been made in
developing methodologies and tools; nonetheless, when comparing the maturity and acceptance
of risk assessment and risk management techniques across the two domains of reactor safety and
proliferation/terrorism, a large gap remains.

The literature regarding risk assessment for nuclear proliferation and terrorism dates back more
than 30 years. In recent years—especially since September 11, 2001—there has been a renewed
emphasis on several facets of nuclear-relevant risk analysis work, focused especially on
counterterrorism (not limited to nuclear terrorism), homeland security (including not only
terrorism but “all hazards”), counterproliferation (which is related to, but distinct from,
nonproliferation), and other similar topics.

A key gap highlighted in this work is the ability to understand, analyze, and combat an intelligent,
adaptive, and determined adversary. This is an extremely challenging problem, whether or not
one uses risk assessment. In addition to the presence of intelligent adversaries, all of the usual
challenges of risk assessment apply, including complexity of the phenomena being examined,
sparse data, limited models, large uncertainties, difficulties in effectively communicating risk
information, and dangers of misinterpretation or misuse. This is partially owing to differences in
the problems, but it also provides the impetus for the research topics identified in the Future

R&D section below. Additional challenges that have been identified include:

®  Change of threats (or perceived threats) with time (days, years, decades)
Completeness of scenarios being considered

Impacts of human performance

Harmonizing design understanding with potential safeguards/protection possibilities

Test cases and “benchmark” standards against which these methodologies can be tested
(prototypic cases and small systems studies)

Ability to estimate uncertainties (and sensitivity analysis)
Expert elicitation in the proliferation/terrorism context
Lack of empirical data on “failure rates” for nonproliferation and security systems
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Mathematical methods for both technical and behavioral characteristics

Quantifying the behavior of intelligent adversaries (including terrorists, proliferators, and
disgruntled employees)

B Addressing “global market” considerations (requiring dynamic studies with both time and
geographic risk transfer)

Risk metrics that can support comparisons of dissimilar proliferation pathways
Need for information protection and classification
Effectively communicating results (to different audiences)

Because the U.S. approach to risk assessment may not be representative of another country’s
culture, experience and knowledge, analyses that can be both country-specific and country-
neutral would be beneficial.

Additionally, there has been confusion regarding terminology, such as the term “proliferation
resistance” (the characteristic of a nuclear energy system that impedes one or more states’
diversion or undeclared production of nuclear material or misuse of technology in order to
acquire nuclear weapons or other nuclear explosive devices). This confusion further challenges
development efforts that must include experts from a broad set of disciplines. Continuing to hone
the ability to effectively articulate both the goals of innovative assessment tools and approaches
and the results of assessments will facilitate needed cross-cutting R&D.

2.2.4 Future R&D

A three-pronged approach to focusing and sustaining R&D targeted at developing innovative
new approaches and applying them to high-priority technologies, systems, and architectures will
address both the needs and challenges identified. Effective integration between multiple
programs and organizations (e.g., NE, NNSA, NRC, and the Department of State) will be an
important part of executing needed R&D. Drawing on a rigorous and expanded scientific base
will be essential for success. This will include research by institutions of higher education,
national laboratories, and other organizations.

m  Develop a proliferation and terrorism risk assessment RD&D roadmap.
¢ Include a cross-section of potential areas for new and innovative work.
e Utilize independent expert review and advice.
e Incorporate results of fundamental R&D and advanced applications.
®  Perform science-based investigator-driven fundamental R&D.
e Develop innovative methods.
o Utilize cross-disciplinary teams (including, e.g., political scientists, social scientists).

e Focus initially on key topics and approaches that will significantly advance
capabilities, for example:
- Adversary decision models for proliferation and terrorism
- Mathematical methods for performing risk analysis (e.g., game theory)
- Treatment of uncertainty
- Best practices for expert elicitation
- Risk communication
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e Enable assessment of multiple pathways in a systematic manner with consideration of:
- Pathway attributes affecting adversary choices (e.g., attractiveness, cost)
- Probability of detection
- Delay after detection
- Latency
- Consequences (including effects beyond nuclear detonations and radiological

dispersion)
e Improve transparency and repeatability of analyses.
B Apply risk assessment tools to high-priority problems and issues.

e Establish standardized “benchmark problems” for consistent comparisons of different
methods.

e Perform prototypic evaluation studies of proliferation and terrorism risks, focusing on
a range of nuclear energy systems of interest to DOE.

e Demonstrate the value and uses of risk assessments; understand their practical
strengths, limitations, and the insights that can inform risk management decisions
concerning advanced nuclear energy systems.

e Highlight gaps in risk assessment methodology to inform the longer-term RD&D
agenda.

e Provide guidance on metrics that can be used by systems analysts when considering
(in an approximate way) key aspects of proliferation and terrorism in context or other
parameters such as economics, safety, and waste management.

Ultimately these R&D efforts will lead to both evolutionary and revolutionary tools and
methodologies for assessing and comparing the proliferation and terrorism risks of alternative
nuclear energy technologies, nuclear fuel cycle systems, and global nuclear energy architecture
options. These new and improved tools for proliferation and terrorism risk assessment will
strengthen our ability to perform grounded comparison of the benefits and drawbacks provided
by different options. These tools and methodologies will also provide a yardstick for measuring
progress in addressing proliferation and terrorism issues and/or barriers, and ultimately in
producing a set of innovative and viable options for the future nuclear energy enterprise.

2.3 Reactor Materials

This session covered the component of the program that will facilitate new classes of alloys and
materials through openly competed alloy development efforts and promotion of modern
materials science tools and techniques. This will enable transformational reactor performance
under a wide range of operating conditions with the general goal of improved strength and
radiation resistance. Innovative steels designed with modern materials science techniques may
increase maximum operating temperature as much as 200°C and high dose limits by 100 percent
over the leading materials systems.

The session had four main goals:

®m  Describe the proposed scope of activities related to innovative reactor materials and their
relevance to DOE-sponsored programs.
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®m  Delineate between proposed technical activities and program elements related to
innovative reactor materials in other DOE-sponsored R&D programs.

®  Discuss input on gaps between needed and existing capabilities.

®  Identify areas for coordinated research between this proposed R&D program and other
R&D efforts.

2.3.1 Overview/Current State of the Art

Materials degradation and performance is a common concern in existing reactors, and
understanding the long-term behavior of materials in the reactor core, vessel, and other
subsystems is critical for safe and reliable reactor operation. Little data exists on the dynamics of
material degradation and failure modes in harsh environments. For the existing nuclear reactor
fleet, areas in which materials issues must be resolved include:

m  Reactor pressure vessels (RPVs) and primary piping
Core internals

Secondary systems

Weldments

Concrete

Cabling

Buried piping

Some current issues in materials technology, according to industry experts, include:
®  No integrated models for long-term behaviors
® Limited range of accuracy

Limited range of extrapolation for material systems (for example, there is a possibility of
late-blooming phases in RPV steels)

Understanding of processing and chemistry variable behavior
The possibility that current practices use excessive conservatism in some cases

An inability to differentiate between certain materials

Limited acceptance of alternative technologies, which require significant validation and
qualification efforts

Some LWR materials issues are being examined in other DOE programs. For example, current
reactors with Zircaloy fuel cladding, stainless steel reactor internals and ferritic steel pressure
vessels have certain materials challenges. Fuel behavior under more severe duty leads to
acceleration (breakaway) of processes such as irradiation growth and uniform corrosion. Also,
hydriding can cause embrittlement and degradation of reactivity-initiated accident (RIA)
resistance. Pressure vessel embrittlement is an issue for plant life extension. Stress corrosion
cracking (SCC) of reactor internals is also a problem.

One current mission in the DOE materials research programs with regard to innovative reactor
core materials is to develop and demonstrate fabrication processes and in-pile performance of

16




NEET WORKSHOP REPORT

advanced fuels and targets (including the cladding) to support the different fuel cycle options
defined in the NE roadmap.

Advanced metallic alloys and even ceramics are being researched for possible use in the fuel
cycle. In certain ceramics such as SiC, radiation-induced—ultra-fine-high-energy defect
nanostructures make the ceramic material extremely resistant to radiation. Recently SiC was
proven to be subject to progressive radiation damage beyond 3 dpa up to ~40 dpa. In certain
metallic alloys, such as ODS steels, the fine oxide dispersions have shown resistance to radiation
doses greater than 100 dpa.

Despite differences in operating requirements and conditions, there are common needs across
different goals and technologies and programs. Alloy development, for example, is a common
activity among key programs. Joining is universally required, although in different forms.
Compeatibility, radiation damage and predictive capabilities are also applicable to various
research efforts. Finally, ASME code qualification and subsequent NRC approval are important
for all reactor technologies.

Cutting-edge research in modern materials science requires new tools: new microscopy
techniques, new characterization tools, new computational ideas and applications.

Today, many nuclear engineering problems require interface modeling, fluid instability, phase
transition, fluid—structure interaction, etc., coupled with various systems for simulations of
nuclear engineering problems. For example, the pair distribution function (PDF) technique
provides information about the atomic arrangements over short, intermediate and long distances.
PDF was originally developed for liquids and amorphous materials. However, its ability to
characterize materials on various length scales makes it ideal for studying nanomaterials. Thanks
to advances in computational modeling and high-energy synchrotron sources, PDF can be used
successfully on more materials. High-resolution energy dispersive x-ray diffraction (EDXRD)
and phase mapping can be used to measure the internal stress/strain field or map phases and
chemical distributions within samples. EDXRD is useful for engineering applications,
particularly in examining phase and/or chemical composition over time, such as assessing
hardening cement or mapping residual stress from shot peening or fatigue cracks.

As noted above, addressing radiation damage is one common need for most materials and reactor
systems. However, neutron irradiation sources, while prototypic, are expensive and sparse. These
facilities are being used for long-term irradiations, but it takes many years to perform the
irradiations, and the post-irradiation examinations (PIEs) require hot cells extending the time for
analysis for another one to two years. Currently, simulations of specific high-dose irradiation
conditions are being investigated using ion irradiation. One novel technique uses in situ
transmission electron microscopy (TEM) analysis of materials under ion irradiation to study the
fundamentals of defect formation under irradiation.

The combination of multiple ion beams has been used historically to perform controlled
fundamental studies of radiation effects on materials at facilities worldwide. Several facilities in
Europe and Japan combine multiple ion beams with TEM. However, a facility at a synchrotron
or a high-energy proton accelerator combined with in Situ characterization techniques would be
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unique in the world. Emulating specific radiation effects in a reactor environment would require
an ion source in the hundreds-of-kilovolts energy range (ion implanters) for implanting helium
and hydrogen and an ion source in the megavolt range accelerating ions of the same material as
the sample (self ions). Some current issues in multiple ion beams research follow:

®  Computational modelers are frequently required to try to decipher complicated and path-
dependent material processes from very few data points for macroscopic materials
properties at the end of long irradiation exposures.

®  Experiments at far-from-nominal conditions are generally not performed, but could be
beneficial to computational modelers and provide valuable data so that materials
performance estimates are not solely based upon extrapolation during reactivity and

temperature transients.

The new tools and research targets provide opportunities for increased collaboration, such as
enhanced collaboration within DOE-NE programs, new opportunities with other DOE offices,
and the creation of new mechanisms for collaboration with non-government entities.

2.3.2 Future State and Knowledge Gaps
As the nuclear power industry moves forward with building new LWR plants, extending the
lifetimes, or developing new advanced systems and investigating options to close the fuel cycle,
several key needs and directions will be required. Each is described below.

There are several materials technology needs associated with the upcoming increase in demand
for nuclear power, as well as for continuing support of current nuclear power-generating
capability. Different reactor technologies are being considered to fulfill upcoming power
demands in the near term, intermediate term and long term. Table 1 below lists the material

implications of these technologies.

Near Term
Plant Relicense existing Gen llI
Options plants
(40, 60 years)
Reactor Existing BWR and PWR

Technologies | plants

Materials Understanding of existing
Technology plant materials
Implications | qantification of time-

dependent materials
properties

Intermediate Term

Relicense existing Gen IlI
plants

(60, 80 years)
Build new Gen llI+ plants

Advanced BWR and PWR
plants

Extended understanding of
traditional materials
validation of “improved
materials” used to repair
Gen lll reactors

Long Term

Relicense existing Gen IlI+
plants

(80 years)
Build new Gen IV plants

Improved BWR and PWR
plants, supercritical water
reactors, gas-cooled reactors,
lead- and sodium-cooled
reactors

Understanding of materials
properties in extended
conditions (temperature,
environment, etc.)

Table 1. Materials implications of near-term, intermediate-term, and long-term technologies
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Materials Performance Issues. The nuclear community requires a well-validated extensive
database of materials properties to reliably predict and overcome materials degradation issues.
Existing materials will need to be put into new regimes, and testing must reach the same level at
which existing materials have been validated. Desirable properties for fast reactor clad and duct
(Figure 4) include:

®  High thermal conductivity (allows lower fuel temperature)

PISTON RING

FLOATING COLLAR
(TOP LOAD PAD)

COOLANT INLET PORTS

NOZZLE ASSEMBLY

Figure 4: Fast reactor clad and duct

Compatibility with fuel (especially for metal fuels)
Compatibility with coolant (typically sodium)
Sufficient strength and ductility

Thermal creep resistance (allows higher coolant AT through the reactor, which leads to
greater thermal efficiency for power)

®  Physical and mechanical immunity to radiation
®m  Affordability

Having a knowledge base of the suitability of materials for specific nuclear plant applications is
the future state of the art in materials research. The database should benchmark computational
tools with real measurements.

In addition, there is a fundamental lack of knowledge in the processing—microstructure—property
relationship in advanced materials (steel, concrete, and non-conventional reactor materials).
Validation and trust in new testing techniques and research-level materials is also important.
Also, obtaining real-time, continuous monitoring data of material corrosion and degradation in
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extreme environments is necessary to achieve many of the stated reactor materials goals. Real-
time studies have not been applied to materials in extreme environments.

Extended Service. New materials challenges caused by extension of service life to 40 years, 60
years or beyond include increased exposure to extreme temperatures, stresses, coolants and
neutrons. Choosing the right materials can impact key flexibility, safety and economic
requirements for advanced fast reactor development.

Plant life extension will also require certification that material degradation has not affected the
plant’s ability to perform safely, especially with regard to pressure vessel embrittlement. Higher
fuel burnup, which decreases waste volume and allows longer fuel cycles, would use more
highly enriched fuel (five percent) and longer residence times. This leads to increased radiation
damage and corrosion. High burnup also affects accident limits for RIAs and loss-of-coolant
accidents. Power uprates increase outlet coolant temperature to bump up power, leading to
higher corrosion rates and flux gradients. Degradation of fuel during dry storage is another issue.

Some key materials technology needs for LWR plant sustainability are in the areas of RPV steels,
irradiated stainless steels for internals and nickel-base alloys. With regard to irradiated stainless
steels for LWR internals, plant relicensing will call for quantitative degradation models of plants
for specific configurations and service histories. Relicensing has demonstrated the capability for
advanced finite element analysis (FEA) and materials modeling to provide useful, quantitative
predictions of materials degradation. This research area must also investigate measuring the
effects of aging and dose on certain components and understanding material variants.

For LWR RPVs, drivers and opportunities in materials research include refinement of the
embrittlement trend curve analysis, which the extension of reactor life to 60 years necessitates.
Life extension also calls for high fluence and understanding of flux rate effects. High fluence
data entails a number of additional requirements. Also, the use of an alternative pressurized
thermal shock rule and trend correlations calls for assessment of applications to specific plants
with specific data. These drivers and opportunities are applicable to new plants as well as
existing ones.

Advanced Materials Development. Regarding fuels, enabling multifold increases in burnup
will require development and testing of advanced alloys suitable for clad and duct and other
high-dose core components to >400 dpa over the clad and duct operating conditions. These
alloys must be radiation-tolerant, corrosion-resistant, weldable and processed into tube form—
and cladding must be resistant to chemical interaction with fuel.

Using FM steels for cladding creates issues with increased radiation damage that can cause
microstructure evolution in cladding property degradation; this is especially true for sodium fast
reactors. The higher temperature also requires corrosion-resistant material, especially with
supercritical water-cooled reactors and lead-cooled fast reactors.

Development of either radiation-tolerant materials or radiation-controlled materials will be

necessary. Examples include extremely radiation-tolerant ODS steels or innovative new
materials such as alloys that precipitate radiation-tolerant precipitates under irradiation or

20




NEET WORKSHOP REPORT

amorphous metallic glasses. A desired future state could entail development of radiation
tolerance through grain boundary/interface engineering (e.g., nanograined Cr/Nb multilayers).
This would lead to radiation-controlled material (i.e., a multilayer that has a weak layer that
breaks off after given exposure, possibly with built-in sensors of material properties).

Composites are likely to greatly advance materials for nuclear reactors. They break the link
between properties usually used in conventional homogeneous materials, such as ductility and
strength. The challenge in the nuclear industry will be acceptance because the reactor must be
designed differently to enable use of materials with very low fracture toughness and difficult
joining challenges. Designers may not be open to considering composites.

Understanding radiation-induced radiation insensitivity in ceramics is important. In certain
ceramics such as SiC, defect configuration and the stabilizing mechanisms have yet to be
understood. It is necessary to achieve understanding of how SiC accommodates one-percent
Frenkel defects that are stable and finely distributed. This may lead to the finding of other
materials or materials systems that are inherently radiation-immune. Tiny defect clusters, antisite
defects, defect-impurity clusters, etc., are not quantitatively characterized presently.

Modern Materials Science Tools. Combining x-ray total diffraction and PDF analysis of data
and EDXRD, it will be possible to evaluate radiation damage and measure material properties on
the same sample. This will be a powerful and unprecedented opportunity to investigate the effect
of radiation damage on material properties. Relating microstructural changes to material
properties is essential to the materials design process. By combining these experimental
capabilities, it may be possible to directly relate the environmental conditions (dpa and annealing
temperature) to microstructural features (dislocation structures, point defects, segregation of
solutes) to mechanical properties (elastic modulus and yield strength).

With regards to multiple ion beam research, a breakthrough that needs to be pursued is non-
destructive 3D diffraction probes with micron-range resolution, which can provide information
on positions, orientation, boundaries, stress and strain, size and phase change of each individual
grain during irradiation. Another breakthrough is the characterization on mesoscopic length
scales to provide a linkage between micro- and macro-structures (coupling small-angle and wide-
angle x-ray scattering [SAXS and WAXS]). The new generation x-ray tools open the way to
time-resolved measurements: metastable and transient states can be looked at, and observations
can be carried out as the material evolves under the irradiation/implantation beam. For example,
fast CMOS area detectors can collect 10—1,000 frames per second while the material is being
irradiated.

2.3.3 NEET Materials Cross-Cut Vision

The advanced reactor materials cross-cut effort will enable the development of innovative and
revolutionary materials and provide broad-based modern materials science support to ongoing
materials research within all of the NE imperatives. This will be accomplished through
innovative and competitively awarded materials development, promoting the use of modern
materials science via up-front investments in new capabilities and establishing new research
partnerships with other agencies.
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Under this effort, innovative materials development is a key element. This competitively
awarded research will support all nuclear concepts and, if successful, enable revolutionary new
reactor designs and performance limits. In several programs (Fuel Cycle R&D, NGNP, LWRS,
Gen IV), elements of similar research already exist, but these are mostly incremental in nature
and are specific to one or a limited number of applications. Research into specific degradation
modes or materials needs unique to a particular reactor design should be performed in the
supporting program as specific requirements and unique testing needs; potential for overlap
makes inclusion in the materials cross-cut less advantageous. The NEET cross-cut research
offers much higher risk and reward.

To support these objectives and research within all the NE imperatives, three major research
areas are envisioned as part of the materials crosscut. Specific FY 2012 goals include:

® [nitiating competitively awarded research tasks on innovative and enabling materials.
®  Providing modern materials science tools to this research and all imperatives.

e Competing and acquiring at least two new tools for national research.

e Enabling and enhancing the nation’s capability for ion beam irradiations.

®  Improving cooperation and collaborative research for nuclear materials.
Each of these primary areas is described in more detail below.

Innovative and Enabling Materials. Using modern materials science techniques and research
partnerships, this task will design, develop, and validate new structural materials or fabrication
techniques for use in advanced reactors supporting all NE imperatives. New high-risk—high-
reward concepts well beyond those currently considered by most industrial interests will be
explored to provide alloys with improved performance over traditional materials. Improved
performance may include a five- to ten-fold increase in strength or increased maximum operating
temperature by over 200°C with a service period of at least 80 years. Concepts such as optimized
steels with engineered microstructures may provide revolutionary gains. Other more radical
concepts such as multi-layered metals or metal-ceramic composites have great potential but have
never been evaluated for nuclear service. New concepts will be explored via a competitive
proposal and seed-funding process. After a three-year period, the most promising concepts will
be selected for further development, and a new batch of seed projects will be chosen. Specific
criteria for award selection will be developed in FY 2010 and based partly upon an upcoming
Gordon conference on extreme materials.

Modern Materials Science. Upfront investments in new tools will enhance the application of
modern materials science techniques to research in the five NE imperatives and major programs.
Key components to modern materials science include computational techniques, experience, and
modern tools and research techniques. Investments in new tools such as atom-probe tomography,
high-resolution mapping tools, and other techniques such as ion-beam radiation or new tools for
radiation damage studies will promote greater gains in all areas of research.

Collaborative Materials Research. Fostering new partnerships with other agencies may yield

new research partnerships, enhanced collaboration, or possibly shared investment in research
facilities. Possible collaborators include the Office of Science, the Office of Fossil Energy, the
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Office of Fusion Energy Sciences, the ITER project, EERE and NASA. Increased visibility of
NE programs will spur interest in new partnerships.

2.3.4 Future R&D

® A number of industrial solutions can support sustainability in the power-generating
reactor fleet. They are:

* Application-specific empirical models (PWR, BWR, Fast Reactor)
e Specific alloy performance data
e Bounding data for material classes
e Sparse database
e Materials repair and mitigation processes (proof-of-performance data)
¢ In-place NDE methods and performance monitoring
®  Some basic science support is needed for these efforts, particularly in the following areas:
¢ Integrated quantitative models of materials behavior and degradation
e Metallurgical effects in alloy behavior (chemistry, microstructure effects)
e Property variation with respect to material variants
o Extension of materials property database
e New materials repair, coating and surfacing methodologies
e Advanced sensing and monitoring technologies — application to “materials condition”

®  Some drivers and opportunities have been identified in materials science that will be
needed for future reactors. Understanding is needed in these areas:

e Materials properties in new environments and temperatures, such as different cooling
systems (gas, liquid metal) and temperature increases

e Thermal irradiation interactions (mechanisms)
e Rates of interactions
e Quantitative assessments of materials property retention (reverse of degradation)

®  To ensure good materials knowledge in time for the development of future reactor
designs, the research community needs to:

e Target materials performance values
e Identify systems options

e Generate data

e Build models

e Produce reliable predictions

®  With regard to innovative core materials, the nuclear community must:

Develop fuels and targets that increase efficiency of nuclear energy production
e Maximize utilization of natural resources

e Minimize generation of high-level waste

e Minimize risk of nuclear proliferation

®m  The great challenge will be to obtain:
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e Multi-fold increase in fuel burnup over the currently known technologies

e Multi-fold decrease in fabrication losses with highly efficient predictable and
repeatable processes

® In certain advanced materials such as SiC, ODS steels, amorphous metals, and other
advanced alloys, future R&D needs include:

e Advanced characterization of defects in irradiated materials, e.g. positron, LEAP,
semi-conducting proper characterization

e Advanced in situ characterization in TEM, ion beams
e Atomistic computational simulation and analysis

®  Development of fully integrated nuclear power plant control systems is also important to
reactor materials development. Researchers need to:

e Develop a rapid method to characterize the microstructure and mechanical properties
of various new alloy compositions at various dpa levels

e Perform rapid testing of a large number of materials up to high dpa levels

e Develop a microscope with nanometer resolution and nanosecond-to-microsecond
time resolution for in situ irradiation

B Drivers and opportunities in the area of nickel-base alloys for LWRs include:

e Forged alloy 690 behavior (SCC initiation data and SCC crack propagation rates)

e Alloy 690 weldments (SCC properties of weldments)

e Chemical mitigation effects (crack initiation and growth, hydrogen, zinc, noble metals)
®m  Researchers must characterize radiation damage through:

Total x-ray diffraction with subsequent PDF analysis

High-resolution EDXRD and phase mapping

Observation of annealing of radiation damage in situ at a beamline

Study of the interactions of defects with interfaces internal to the microstructure

®m  Researchers should carry out real-time studies of material transformation under
conditions relevant to nuclear plant operations using methods such as:

e Active radiometry (corrosion)
e Interferometry (swelling)
e Plasma sampling (surface chemistry)

®  PDFs and structure determination need to be performed for materials of interest for
advanced reactors and nanomaterials. Knowledge gained from these studies needs to be
incorporated more quickly into the materials design cycle. Fabrication, irradiation testing,
and characterization should be performed iteratively to optimize material microstructure
to withstand high-temperature—high-stress—high-radiation environments.

®m  With regards to research on multiple ion beams, future R&D should include:

e Measurements at existing beamlines on irradiated samples to define dose and
implantation depth versus the beamline parameters and techniques used (energy, beam
size, flux, resolution)

e Specification of the ion beams
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e Simulations of beamline performance

®m  There is currently no fast neutron source for testing in the United States. Researchers
must go to China or Japan for that capability. DOE may have to rely on shielded radiation
and special capsules in the Advanced Test Reactor, as well as other tests, which will buy
time to get access to international facilities.

2.4 Advanced Sensors and Instrumentation

This workshop session covered sensors, instrumentation, and related technologies that crosscut
nuclear energy programs. Topics discussed included advanced sensors, instrumentation and
algorithms for advanced diagnostics and prognostics to improve physical measurement accuracy,
predict future state, and both quantify and reduce uncertainties; digital monitoring and control
technology; fiber optic and wireless digital instruments; and integrated control systems and
decision aids to improve performance and reliability.

2.4.1 Overview/Current State of the Art

The sensors and instrumentation in existing plants were built to ensure safety in operation; many
elements of these systems are not optimized for human—system interaction. Nor were they
designed to facilitate optimizing operations, performing maintenance, modernizing systems and
enhancing functionality. Current LWRs have individual control centers that are functionally
dedicated, physically isolated, largely analog, and spatially relatively large. Operational activities
are human-intensive with little automation outside safety and protection systems. Over time, staff
activities to maintain the status quo of systems have increased for a number of reasons,

including:

® Increased effort and costs to maintain [&C systems that are aging and becoming obsolete

®  Reduced staff and knowledge drain (e.g., staff aging and retirement, loss of tacit
knowledge, new plants thinning talent)

®  New requirements and commitments such as for addressing cyber security concerns

Overall there are few computer-based decision and support aids to help staff perform activities
more efficiently to reduce burdensome workload and stress levels, and reduce likelihood of
human errors. More automation would allow for complementary capabilities to be implemented
at the control system level to enhance monitoring of process variables and implement control
actions; increase system status awareness, reliability and availability; and reduce staffing for
functions that can be automated and completed more efficiently using computer-based
capabilities.

At current plants, LWRs primarily use analog technology for control and safety instrumentation
in stove-piped system architectures employing conventional control theory (i.e., proportional—
integral—derivative [PID] control). The use of digital technology for safety-related functions has
been limited with deployment of most digital modernization activities focused on high pay-back
controls (e.g., turbine, feedwater). Current instrumentation capabilities do not monitor or
examine risk-critical components and functions to automatically capture and process data
relating to those functions. Condition-based maintenance still predominately uses periodic
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manual measurements. Regarding fleet-wide monitoring and diagnostics, there has been limited
adoption by the nuclear industry. Fleet-wide monitoring has found moderate penetration into the
fossil industry with proven success.

Regarding resilience, reactor protection systems depend on very limited setpoint modification,
preventing reactors from supporting grid restart after a blackout. Risk meters support nuclear
power plant configuration management using an underlying PRA model. Risk meter technology
helps ensure that in planning outages the facility remains within an envelope of acceptable risk.

For condition-based monitoring (CBM), both active and passive component aging requires
awareness through measurement, and the associated sensor requirements are different than for
operational measurements. Passive components (e.g., pressure vessel, class one piping, etc.) and
their degradation mechanisms may be expected to increasingly dominate risk as a plant ages.
Active components (e.g., pumps, valves, motors, etc.) are likely to be largely managed by CBM
and replaced in a timely fashion (i.e., just in time) at the onset of critical degradation. Recent
advances have begun to focus on the means of incorporating specific materials degradation
mechanisms into PRA models, which provide the engine for risk meter technologies. There is, as
yet, no strong methodological basis for the risk analysis of passives, although work is in progress
in this area.

Current sensor technology consists mostly of devices that generate analog signals, when

accuracy and reliability might be improved through introduction of available digital technologies.
Known issues exist relating to drift and measurement uncertainty for some families of sensors.
This situation constrains plant staff activities through increased inspection and outage testing
intervals, required regular manual calibration and in situ testing during power operations, all of
which are costly, labor-intensive and time-consuming. To minimize cable runs, which are costly
to install, maintain and replace, hardwired power and data cables employ multiplexing and
localized electronics to the extent practical. However, backfitting additional wired sensors is very
costly and inhibits introduction of new measurement capabilities to support enhanced plant status
awareness and condition monitoring.

Given the number of sensors and monitors at any given nuclear power plant, a wealth of
information is constantly being generated and transferred through cabling and limited
networking. Since the last new nuclear plant was built in the United States, communication
technologies have greatly advanced. However, NRC has yet to approve current state-of-the-art
technologies, such as digital communication. At existing plants, automation through the adoption
of digital technologies tends to be found in islands. Small parts of the plant often communicate
very well within their respective areas but not very well with the entire plant. Additionally, data
transmission is limited by unique environments of advanced reactors, such as high temperatures
and radiation. Finally, sensors and instrumentation systems and associated systems are often
“paste-ons” in the design process.

Current practice in the U.S. nuclear industry is considerably behind other process industries in
the use of digital technology. A significant factor contributing to this condition is the uncertainty
and perceived financial risk arising from the current subjective regulatory framework for I&C
systems at nuclear power plants. The primary issue that complicates the treatment of digital I&C
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systems within licensing assessments is uncertainty about how to address software. The
complexity of software-based systems drives uncertainty in understanding failure mechanisms,
estimating reliability, and ensuring quality. Consequently, subjective regulatory reviews
introduce significant conservatism to provide reasonable assurance of safety, thus imposing a
cost and predictability burden on the licensing process that inhibits the use of modern technology.
Two key manifestations of regulatory uncertainty involve software quality assurance and
diversity and defense-in-depth. While the regulatory situation for software quality is stable, it
depends on a costly process-oriented approach to establishing quality that still leads to subjective
rather than objective evidence. Thus the quality of software-based systems cannot be quantified
or readily assessed. The present inability to establish a clear basis for the degree and nature of
diversity that is necessary to resolve concerns about CCF is the highest-priority I&C issue facing
the nuclear industry today. Current approaches to satisfy regulatory concerns are complex and of
uncertain effect. The combined impact of these technical issues has contributed to delay or
cancellation of modernization projects while introducing a critical path concern for the licensing
of new plants.

2.4.2 Future State

As with the current deployed instrumentation technology, safety is by far the most important
factor when designing a new plant. However, the next generation of reactors will probably also
consider the impact of design features on effectiveness of human performance. Advanced
concepts for nuclear reactor designs will include more highly automated control and information
systems and therefore have the potential for a reduced operational staff. New plants will have
new [&C architectures, with increased functionality, for distributed control, remote operation,
and remote expert support. These new operation technologies will integrate automation and
human performance for safe and efficient operation.

The future of operations will incorporate changes to concepts of operation with highly integrated
control and display capabilities, integration with centralized expertise and fleet-wide and/or
industry-wide asset support functions. The use of computerized aids, intelligent agents,
automation and remote experts will help to reduce operational staff levels. There will be shared
control through function allocation and adaptive automation. Distributed control systems,
possibly employing intelligent software agents, will communicate with smart instruments and
controllers. Real-time data mining will be available with faster-than-real-time monitoring
(model-based) and much-faster-than-real-time scenario simulation. These advances will allow
operators to investigate multiple scenarios before acting on a decision. Advanced human—system
interface (HSI) technologies will include interactive interfaces. Computerized decision aids and
displays based on cognitive research will be used to support better and faster operator decisions.
Operators will also have improved situation awareness, knowledge capture and transfer
approaches.

Future plants will have resilient and adaptive digital controls. These new controls will be capable
of functioning in high-noise (uncertain) environments. They will have the ability to account for
system conditions and configurations to function with fewer mode dependencies, and they will
be able to adapt their control algorithms to avoid over- or under-control. Figure 5 shows a
performance of resilient communication graph. Truly resilient power stations will withstand grid
blackouts. Plants will also have centralized, nearly autonomous multi-unit controls with bump-
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Figure 5: Performance of resilient communications

less cogeneration capabilities and with command and control validation. Improved monitoring
will allow for optimized operations, maintenance, and asset management decisions by providing
integrated detection, diagnostics, and prognostics. There will be plant- and fleet-wide integration
of asset information. A dynamic plant-wide control system could also communicate with local
emergency agencies, other power plants, and electric grid operators.

Future risk meters or systems that provide a system condition index could analyze real-time data
from a network of active and passive element monitors to provide a dynamic, predictive
condition/risk profile for key systems and sub-systems and units of the plant. This
methodological base would also provide risk-informed insight into design and placement of
advanced sensors to achieve the greatest uncertainty-reduction efficacy in risk prediction.

Sensors will be developed to withstand higher temperature regimes and harsh environments for
new operating conditions and applications. New sensors will have the ability to directly measure
primary process parameters that would otherwise be inferred or measured from a distance,
thereby resolving the technical challenges posed by corresponding loss in precision and increase
in uncertainty that limits the value of indirect measurements for control and condition prediction.
Sensors could be integrated into key active and passive material elements (e.g., for cladding
damage measurement). RFID tags applied to nuclear material could be used for security. Future
sensors will be able to give enhanced system condition awareness. For example, new sensors can
provide accurate measurement of circulating flow, activity levels in coolants, and even real-time
measurement of the purity of working fluids, which can enable proactive management of coolant
chemistry and, in turn, help minimize corrosion of pressure boundary materials and components
that contact the fluids. Sensor quality will also be improved, minimizing measurement drift and
supporting longer intervals between maintenance and service outages. As sensors improve, so
must their associated electronic components. Electronics will also need to be radiation-tolerant to
enable installation in close proximity to the process (e.g., in-vessel) and support localized
processing of low-amplitude, high-noise measurements.

To support these innovations, future plants will require new methods of communication. They
must be able to support greater data generation, higher sampling frequencies and transmission
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demands that are expected to accompany advancements in digital sensor, measurement, and
control technologies. These new methods must be qualified for the unique operational
environments represented by different advanced nuclear energy programs. Finally, any new form
of communication must meet standards and regulatory requirements for data integrity, reliability
and security.

Future plants will likely take advantage of wireless communications, which currently have
reliability and security concerns. An operator relies on uninterrupted signals to make informed
decisions, so resilient communications will be used. They will be secure and open and have early
perception and response times, signal integrity, and state awareness.

Barriers and unnecessary regulatory burdens will be resolved for optimal, cost-effective use of
advanced technology at future nuclear power plants. In effect, the regulatory framework for
licensing digital I&C systems will be based on objective rather than subjective acceptance
criteria. The reduction of uncertainty will result from research that investigates the nature of
software-based systems and provides the basis for characterizing quality and dependability (i.e.,
safety, reliability, availability, diversity and robustness to faults) in terms of quantifiable
measures through well-established metrics.

2.4.3 Knowledge Gaps

There are gaps between our knowledge of the current state of operations and that expected for
the future state of operations. New concepts of operations will be developed which will require
testing and validation. Highly integrated controls and displays supporting plant and human
cognition and response are needed to allow for effective teamwork between human and
automated systems. We also need to know that operators will be able to effectively intervene if
automation or computer-based aids fail. To help humans integrate with automation, physical and
virtual reality control room test beds must be built to help develop and test proposed solutions
and design alternatives cost effectively. Cognitive research is needed for decision making and
information displays, along with much-faster-than-real-time scenario simulation. Effective and
secure collaboration with remote experts will allow for reduced staffing without negative impacts
on safety and performance. Verification and validation and configuration management of new
technologies must be developed. Effective procedures and training approaches for new
technologies and concepts of operations will need to be created.

Proposed control technologies—autonomous, reconfigurable, resilient, and multi-module—must
be developed and demonstrated. There is a need for well-defined proof-of-concept benchmarks
and studies that could be performed at dedicated testing facilities. Progress requires a science and
technology knowledge base for on-line measurements that enables implementation of diagnostics
and prognostics, to either supplement or potentially replace some current in-service inspections.
As system capabilities are enhanced, sensors must have a wider range of measurement
capabilities, as well as better data acquisition and transmission, with increased bandwidth
requirements, to facilitate the use of data in diagnostics and prognostics. When condition
assessments or indices and remaining useful life metrics are calculated, the model-based
prognostics include uncertainty in resulting data. It is necessary to first understand and then
bound what are inherently ill-posed inverse problems with sparse data that, in many cases, are
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poorly constrained. Determining confidence measures for the prognostic estimates (ideally
bounding the worst-case uncertainty) is a significant mathematical challenge.

The nuclear sensor industry needs to develop and qualify new sensors, addressing environmental
robustness through the materials employed and demonstrating innovative measurement methods
to detect and monitor physical condition and behavior of plant systems. Achieving the future
state will require innovative measurement and data integration/predictive technologies, robust
materials to withstand high temperatures and radiation, improved sensor functionality, new
standards, and test bed facilities. The industry lacks an understanding of what really needs to be
measured to ensure future plant safety, as well as the rate at which change occurs (i.e., the
remaining useful life). Safety and capacity factors could be maintained and potentially improved
with new sensors, which should also have self-diagnostic capabilities and promote data
integration to enhance condition and future condition assessments.

Each new reactor design will have its own specific measurements needs. Sensors and related
instrumentation will have to be tailored for each type of new system. Process measurements need
to be improved in terms of uncertainty and quantification. Self-calibrating and drift-free sensors
are needed for extended as-is operations. Suitability for deployment within an in-vessel
environment is necessary to support continuous long-term operation with minimized penetrations.
Research is needed on material development and testing of sensors and to support qualification
for harsh environments. In addition, innovative measurement technologies are lacking for direct
measurement of process variables or health/condition indicators and for assessment of future
condition.

To support the new systems, the nuclear industry must have communication technologies with
proven:

®  Physical and cyber security

Safeguards to support nonproliferation

Process stability and efficiency

Human and automation considerations
Interleaving of human and automation responses

Automation on the fly, semi-autonomous operations

Measurement and adaptation considerations

How the information is presented to operators must also be addressed. This factor includes the
collation of diverse indicators, prioritization of information, and tailoring of consumer
information. Future communication technologies will need a hierarchical, multi-agent approach,
which can also provide independent oversight.

As with any new technology or product, these systems will have to meet the proper requirements,
guidance and regulations. In some cases, specifications and approved regulatory guidance must
be updated so that the nuclear industry can use these new products. Specifically, developing and
demonstrating comprehensive quantitative measures of software quality and digital system
reliability are needed to address regulatory uncertainty. In addition, optimal resolution of current
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high-priority licensing challenges requires determination of effective, technology-based
strategies for implementing diversity and defense-in-depth within the 1&C architecture of a
nuclear power plant to replace expedient, overly conservative strategies that are currently
emerging. Research to resolve these technical issues holds promise of potential transformative
breakthroughs in the treatment of digital technology that can improve cost, reduce complexity
and regulatory uncertainty, and eventually remove impediments to the modernization of [&C
technology usage in the nuclear power industry.

2.4.4 Future R&D
To improve operations, researchers need to develop/test/demonstrate:

B Automation and intelligent aiding to support a target staffing regime, including utilization
of off-site expertise and support to a reduced staff control room

B Advanced automation and shared control technologies for different advanced nuclear
energy programs

®  Advanced HSI information and communications technologies to support monitoring and
control, including impact on human performance

®  Performance measures for control systems and operational staff to assess the impact of
staffing changes and automation on human performance

® A technology-neutral approach for licensing, including development of an objective
technical basis for resolving key issues such as:

e Diversity (nature, impact and comparative value for I&C systems)

e System dependability (including metrics for software quality, models for digital
system reliability, and testing approaches to validate fault coverage)

®  Expanded HSI and controls to include new concepts of operations:

e Display of systems associated with equipment being maintained (electrical, fluid,
control)

e Adaptive control

* Prohibited actions (trips, technical specification violation, personnel safety)
¢ Integrated on-line monitoring and diagnosis

e Resilient control

e Technical specification limit timer

A designated facility is needed for testing and demonstrating advanced monitoring and control
techniques, as well as prognostic testing. To improve control techniques, researchers need to
develop/test/demonstrate:

®  Autonomous and reconfigurable controls
®m  Cyber security in remote control/operation

m  Resilient control strategy for decision-making and control under unknown internal or
external causes

®  Functional architectures to enable integration of controls, diagnostics, and decision
capabilities in support of autonomous operation
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An understanding of the control of multi-modular nuclear stations

A risk-informed instrumentation process

Dynamic setpoints for reactor protection systems to improve resilience
Robotics

Monitoring, diagnostics- and prognostics-related R&D needs include:

Identifying critical equipment and differences between active and passive system
elements

Quantifying prognostics uncertainty

Defining data sets to facilitate trials for testing prognostic algorithms
Developing integrated life-cycle diagnostics and prognostics algorithms
Integrating diagnostic and prognostic information into dynamic PRAs
Identifying and modeling dominant failure modes for critical equipment
Designing and evaluating sensors necessary for degradation monitoring
Developing sensor-failure-tolerant diagnostics and prognostics algorithms
Finding novel ways to use sensors

e Noise analysis

Integrating data from local inspections into a global condition assessment

e Fundamental differences between operating an aging plant using periodic in-service
inspections and deploying online monitoring

Using multisensor data fusion for local and global condition index estimation

Determining confidence measures for prognostic estimates (ideally bounding the worst-
case uncertainty)

Coupling controls with models including FEA to identify potential high-fatigue
evolutions and other parameters to be monitored

Developing acoustic monitors that listen for cracks
Developing advanced image and vision systems to:
¢ Enforce the two-person rule
o Identify intent by tracking movement within a facility
e Remotely monitor processes and in-vessel components

Investigating sensor placement to facilitate effective implementation of control and
diagnostics

Other R&D specific to sensors should examine:

Identification of critical process variables:
e Detection

e In-core versus ex-core
- Profile the core using remote sensing
— Infer core temperature from pump operations
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e Improved process measurement (reliability, availability, accuracy, etc.)
e Post-accident monitoring

Sensors required for online monitoring

Opportunities for integrated structural sensing

Test bed design and implementation for sensor development and testing
Materials research and testing — radiation, temperature, chemistry, etc.
Uncertainty characterization — signal processing and validation
Self-calibrating sensors

Self-testing for sensor failure diagnostics

Drift-free sensors

Energy harvesting/scavenging for long-term sensor operation

In-pile sensors for fuel testing to shorten development time by looking at fuel during
irradiation, skipping PIE

Importing sensors, measurement technologies and data processing from other industries
B Quantum computing integrated into plant control system to secure system signals

m  Ultrasound imaging of heat exchanger and reactor vessel during operation (particularly
for non-water-cooled reactors)

m  RFID sensors for fuel/nuclear material monitoring

® A methodological basis for fusion of probabilistic materials degradation models, data
associated with new monitoring technologies, and age-dependent risk models

Finally, researchers must conduct technology readiness assessments of communication needs
unique to advanced nuclear applications, with performance requirements. R&D will include tests
and evaluations of candidate technologies and architectures in controlled environments and test
beds. Standard test protocols for proposed control system and wireless and related communication
media will need to also undergo further R&D efforts. R&D for interoperability should include
computing systems as well as communications. Researchers need to develop/test/demonstrate:

®  Candidate network architectures

® Fault-tolerant network architectures
®  Transceiver designs
m

Cryptographic, authentication and other secure communication protocols and
technologies to ensure data integrity and security

®  The electronics needed to transmit signals for on-line monitoring (e.g., modern acoustic
emission)

For all sensors and instrumentation systems and associated systems, R&D should address/
include:

®m  Scoping studies to establish:
e What needs to be measured
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¢ Criteria for extended and sensitive advanced systems for in Situ and real-time
monitoring

e Modeling and simulation needs
®m  Redundancy versus diversity

®  Obsolescence: infrastructure that will accommodate changing technologies and
vulnerabilities

®  Embedding into design to improve performance and reliability
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3. Transformative Nuclear Concepts R&D

Research on transformative nuclear concepts will pursue non-traditional nuclear energy ideas
that offer the potential to improve system performance and possibly radically alter nuclear
system configuration and development needs. This could include the development of specialized
nuclear fuels, revolutionary materials, or coolants; new techniques for energy conversion, waste
disposal, or nonproliferation; or other innovations. Pending FY 2011 Congressional
appropriation, DOE-NE will support a competitive solicitation process for investigator-initiated
projects in the area of transformative concepts.

The purpose of the transformative concepts session was to solicit input on R&D areas needed to
transform nuclear energy. The objectives of the panel were to:

®  Describe the current and near-term research in reactor and power-conversion
technologies, fuels and fuel management, waste disposal, nonproliferation, etc.

®  Discuss needs and challenges for nuclear technology that could transform existing or
future nuclear systems.

®  Obtain input from stakeholders regarding areas for research that could be supported under
this program’s solicitation.

3.1.1 Overview/Current State of the Art
Reactor and Power Conversion

®  The current state of the art is LWR technology in a once-through fuel cycle (open) with a
steam plant power conversion system.

®  Advanced modeling work is important for robust capabilities, such as lifetime modeling
predictions and combined effects. Conservative assumptions are employed for current
designs.

®  The current state-of-the-art technology in advanced energy conversion is based on
conventional steam plant technology (Rankine Cycle). Currently, the focus is on
advanced energy conversion technologies for capital cost, safety, efficiency, and compact
system benefits beyond the current Rankine cycle. The supercritical CO, closed Brayton
cycle, in particular, is a promising option (maybe other supercritical fluids as well).
Advanced energy conversion brings safety benefits from fluid compatibility, eliminates
any coolant-water reactions, and explores designer fluids for improved heat transfer and
compact components.

®  Currently, no base technology exists for seismic isolation systems on nuclear plants.
Although seismic isolation technologies are established for conventional buildings and
structures, they have not been deployed in any current reactor plants within the United
States. Seismic isolation may be required for reactors deployed in seismically active areas.
Also, SMRs may need seismic isolation systems to be “standardized” and deployable.
Containment locations or airplane shields may pose challenges for this technology.
Accommodating expansion across the seismic gap may also be a challenge.
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B The current state-of-the-art heat exchanger technology is the tube-and-shell heat
exchanger. Advanced compact heat exchanger technology can reduce the commodities
and size of current base technology. For example, in liquid-metal reactor studies, a hybrid
configuration suited for the Na-to-CO; heat exchanger is the this heat exchanger with
larger formed plate heat exchanger channels on the Na side and smaller printed circuit
heat exchangerTM channels on the CO, side.

Fuels and Fuel Management

®  Within the area of fuels and fuel management, the current goal is development and
demonstration of fabrication processes and in-pile performance of advanced fuels/targets
(including the cladding) to support the different fuel cycle options (Figure 6) defined in
the NE roadmap. Research objectives include development of fuels/targets that:

Increase efficiency of nuclear energy production.

e Maximize utilization of natural resources (uranium, thorium).
e Minimize generation of high-level nuclear waste (spent fuel).
Minimize the risk of nuclear proliferation.
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Figure 6: Fuel cycle options

Waste Disposal

®  The mission of the Used Fuel Disposition Campaign is currently to identify alternatives
and conduct scientific research and technology development to enable storage,
transportation and disposal of used nuclear fuel and wastes generated by existing and
future nuclear fuel cycles.
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® Interim storage of used nuclear fuel is demonstrated to be safe and licensable. Existing
facilities can be licensed to store low-burnup LWR fuel (<45 GWD/MTU) up to 60 years.
Additional regulatory and technical bases are needed for interim storage of low-burnup
fuels past 60 years and for interim storage of high-burnup fuels.

®m  Regarding transportation, extensive operational experience exists for LWR fuels and
DOE high-level waste. Transportation of high-burnup fuels and advanced fuel forms is
less advanced. Secure transportation options are currently limited for Category I and II
materials.

®  The goals of nuclear waste disposal R&D at this stage are to:

e Provide confidence that the United States has viable disposal options that will be
available when national policy is ready.

e Identify and research the generic sources of uncertainty that will challenge the
viability of disposal concepts and complicate licensing.

e Increase confidence in the robustness of generic disposal concepts to reduce the
impact of unavoidable site-specific complexity.

e Develop data and a model that will be ready to support repository licensing when
needed.

Non-Proliferation

®  The current state of the art for non-proliferation includes risk assessment methods, safety
and security by design.

3.1.2 Grand Challenges
Reactor and Power Conversion

®m  Three over-arching grand challenges have been identified in the area of reactor and
power conversion:

e Develop transmutation options that meet a broad range of fuel cycle strategies ranging
from deep burn actinide consumption to extended uranium utilization.

e Develop high-performance transmutation options with usable energy products —
comparable to LWR generation costs.

e Demonstrate prevention of radiation release to public for all events — normal operation,
accidents, or malevolent acts.

Fuels and Fuel Management

®  The grand challenges for fuels and fuel management are achieving a multi-fold increase
in fuel burnup over currently known technologies and achieving a multi-fold decrease in
fabrication losses with highly efficient predictable and repeatable processes.

®  Within the area of ceramic fuels, grand challenges include:
e Powder synthesis and optimization for processing and performance testing of feedstock

* Feedstock/processing sol-gel and resin particle R&D in support of advanced
processing and particle fuel development
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e Powder conditioning and process control in processing, which are fundamental to
ceramics fuels R&D

®  For fuel core materials development, challenges include:
e A knowledge base up to 200 dpa high-dose core materials irradiation data

e Development of advanced materials with improved radiation tolerance to greater than
400 dpa under reactor operating conditions

Waste Disposal

®  Grand challenges include providing technical bases for confidence in the safety and
security of handling spent fuel and wastes from existing and proposed future fuel cycles:

e Permanent disposal
e Long-term and extended interim storage
e Transportation

Non-Proliferation

®  R&D must support development of the capability for assured nuclear materials security in
future nuclear energy systems through:

e Next-generation nuclear materials accounting, including more accurate, near real-time,
on-line/at-line and nondestructive methods

e Advanced integrated materials control and process-monitoring technologies, including
intelligent data management and analysis, and real-time situational awareness of
inventories, operations, activities and anomalies

e Innovative protection strategies, including transformational breakthroughs in
preventing, detecting and responding to attacks

3.1.3 Future R&D
Reactor and Power Conversion

®  Future R&D needs include development of:

e Transformative system (cycle)-level non-traditional nuclear energy concepts that can
radically alter nuclear system configuration and development needs and that address
the grand challenge of a fully closed fuel cycle.

e Advanced power conversion technologies to improve upon performance of the
Rankine cycle base technology area:
- One current technology being pursued is the S-CO, Brayton cycle technology.
- This area includes alternative balance-of-plant cooling technologies
(minimization of water use).

e Advanced materials and alloys for structural and heat transfer components:
- Next-generation materials allow for improved performance, e.g., improved
safety margins, longer lifetimes, thinner components, and higher operating
temperatures. Example of potential benefits is shown in Table 2.
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Structure Parameter Baze Advanced
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Table 2. Example of advanced materials benefits

- Research needs in development and testing of advanced alloys include creep
fatigue testing, environmental effects (coolant, irradiation, temperature), and
welding and joining techniques. ASME code qualification of materials is
needed for reactor utilization.

B Modeling and simulation research for reactor applications should focus on performance
improvements:
* Higher-fidelity modeling allows for improved performance of existing technology.

e Improved modeling and simulation facilitates exploration and assessment of
innovative configurations and features outside the existing database.
e Integrated physics modeling in future design tools allows optimization of
configuration and performance:
- Integration of physics, fluids, and structural modeling
- Tailored systems based on more detailed understanding
- Streamlined iterations to investigate design refinements

®  Possible R&D for reactor and power conversion includes technology for improving the
reliability, maintainability and inspectability of advanced reactor systems and
components:

e Advanced in-service inspection technology for permanent reactor structures
* In situ repair technology for reactor plant systems and components
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®  Other Grand Challenges and research needs were identified in the DOE’s Basic Energy
Sciences Advisory Committee workshop held in October 2006.

Fuels and Fuel Management
B Possible R&D for metallic fuels includes:

e Transformational advancements to achieve high burnup and low process losses:
- Low-swelling metallic fuels
- Stable to phase transformations to high burnup

Chemical inertness with the fuel cladding

Net-shape fabrication

- Low-temperature fabrication to reduce process losses

* Modeling and simulation:
- Atomistic-level understanding of burnup
- Effects of transmutation elements on phase stability while attaining high
burnup

B Possible R&D for ceramic fuels includes:

e Transformational advancements to achieve high burnup, low process losses, e.g.:
- Zero-swelling fuels
- Fission gas capture or release to eliminate fission gas buildup
- High thermal conductivity fuels
- Mechanically robust fuels
- Net-shape fabrication
- Low-temperature fabrication to reduce process losses

e Modeling and simulation of ceramic fuels:
- Understanding high burnup at the atomic scale
- Effects of transmutation elements on fuel performance

®  Within the area of coated particle fuels, needed R&D includes:

e Transformational advancements to achieve high burnup and low process losses:
- Robust particle fuels with zero fission gas release to high burnup
- Additives to getter fission gases during burnup
- Processes for uniform-coated-particle production

e Modeling and simulation:
- Modeling burnup in coated particles at the atomic scale
- Predicting particle fuel failure at high burnup

®  Within the area of irradiation and testing of advanced fuels, needed R&D includes:

e Transformational advancements to irradiate to high burnup, including:
- Developing small-scale techniques to gain a fundamental understanding of
high burnup in advanced fuels
- Developing techniques for accelerating achievement of high burnup on
advanced fuels
- In situ physical measurements under irradiation down to atomistic scale

e Transformational advancements to test fuel property changes after high burnup, such
as:
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- Developing techniques for quick and accurate measurement of physical
properties on irradiated fuels

- Developing small-scale techniques for testing physical properties on fuels
after high burnup irradiation

Waste Disposal

®  R&D needed for used nuclear fuel storage includes:

e Degradation and aging phenomena, such as:
- Aging of fuel, cladding, and primary container
- Aging of storage site infrastructure
- Long-term monitoring and NDE techniques

e Radiological consequences of storage, such as:
- Advanced modeling for aircraft crash analysis
- Advanced modeling for sabotage event analysis
- Integration of security requirements with storage design and operations
- Advanced modeling for dispersion of radioactive materials

®  R&D needed for used nuclear fuel transportation includes:
e Risk-informed cask qualification, including modeling and data

e Radiological consequences of storage, including:
- Advanced modeling for dispersion of radioactive materials following accident
or intentional destructive acts
- Data for behavior of high-burnup and advanced fuels

®  R&D needed for used nuclear fuel disposal includes:

- Waste form performance, e.g., volume, activity, thermal output, durability in a
range of environmental conditions

- Container materials for alternative disposal concepts; evaluation of material
performance in a range of environmental conditions

- Advanced modeling and simulation tools to evaluate performance of generic
disposal concepts

- Field and laboratory experiments to validate models for generic disposal
concepts

- Operational design validation for alternative disposal concepts, e.g., deep
borehole disposal concepts

Non-Proliferation

®  With regard to MPACT, future R&D should include development of laser ablation
methodology to determine the elemental composition and plutonium/uranium content in
hulls. Laser-induced breakdown spectroscopy (LIBS) can use atomic emission, Raman,
or structural characterization of a solid sample.

®  MPACT should integrate visible and Raman spectroscopic techniques with macroscopic
solution property measurements (non-invasive ultrasound-based viscosity, density,
conductivity, temperature, refractive index) in an on-line process monitor for spent
nuclear fuel safeguards. The research community should focus on:
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e Preparing a database of spectral and physical property measurements (density,
conductivity, temperature, etc.) over a wide range of plutonium and minor actinide
solution compositions.

e Developing interpretive and predictive models for the quantification of plutonium and
minor actinides based on multiple physical property measurements and selected inputs
from spectroscopic sensors.

e Validating this new technology against current methods.
e Translating the laboratory system into online real-time configuration.

®  On-site mini-processing of nuclear waste (one spent rod at a time) to separate and vitrify
wastes using modern directed energy tools would provide a politically acceptable
solution to nuclear waste disposal.
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4. Summary and Conclusions

The NEET program proposed for FY 2011 will support development of crosscutting
technologies that directly support and complement DOE-NE’s advanced reactor and fuel cycle
concepts, focusing on innovative research that offers the promise of dramatically improved
performance.

The workshop successfully promoted discussion on what research will be needed under the new
NEET program. This workshop was not designed to solve any of the problems facing the nuclear
industry, nor was the goal to produce a final list of research topics. Rather, the workshop was
intended to encourage stakeholder participation and gather ideas for research that is needed to
advance nuclear technology in support of multiple reactors and fuel cycle concepts.

Based on the panel sessions, below is a summary of the relevant findings in each technical area.

Innovations in manufacturing and construction have led to the ability to construct new nuclear
power plants more efficiently and reliably than ever before. The future of the industry is modular
design, along with advances in composite structures, seismic base isolation, and pre-assembled
rebar systems. Innovations in transportation, lifting and rigging, materials, welding, and
modeling will also have profound impacts. However, new products and processes are irrelevant
if they do not receive regulatory approval; technology must first pass through the regulatory
process for out-of-the-box ideas to be considered.

In addition, R&D must take a holistic approach. For example, construction code cases that
replace radiographic inspection with ultrasonic techniques offer secondary implications for
online monitoring. Alternate monitoring capabilities, in turn, could affect pathways for theft of
materials. Virtual environments and other integrated programs could help examine multiple
aspects of next-generation technologies more holistically.

Minimizing the risks of nuclear proliferation and terrorism is an integral part of NE’s RD&D
mission and program. Science-based investigator-driven R&D will focus on key challenges: for
example, adversary decision models for proliferation and terrorism, mathematical models for
performing risk analysis, and treatment of uncertainty. Additionally, focus on expert elicitation
techniques in the proliferation/terrorism context and effective communication of results will be
an important part of these efforts. In parallel, risk assessment tools should be applied to high-
priority problems and issues to help demonstrate the value and uses of such tools and
methodologies while highlighting gaps and informing longer-term R&D. The program will
utilize cross-disciplinary teams (including political scientists and social scientists) and solicit a
broad spectrum of stakeholder input including expertise from, and benchmarking against, risk
management techniques used in other fields. Ultimately, these R&D efforts will lead to
innovative, vital, and indispensable tools and methodologies for assessing, comparing, and
managing the proliferation and terrorism risks of nuclear energy technology, fuel cycle systems,
and global nuclear energy architecture options.
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Further research is required to both enhance current materials and develop or uncover new
materials, such as advanced composites. Composites have the potential to offer designers
substantially different properties from conventional homogeneous materials, altering such basic
characteristics as ductility and strength. The challenge in the nuclear industry will be convincing
designers to consider composites in new applications.

Although every material will have different testing requirements, not every material will need to
receive the same battery of tests. Proposals should outline the possibilities for each material, as
well as what testing has already been done and what remains to be done. New characterization
tools and new modeling and simulation tools are cross-cutting, but performance requirements do
not necessarily overlap different reactor types. Since materials will have specific applications,
separating program goals from the goals for specific materials will be difficult. In a high-risk—
high-reward environment, R&D could generate materials with cross-cutting applications.

Needs for advancement in instrumentation, controls, and related technologies were identified
across all of DOE’s nuclear energy programs. These include needs for new sensors to accurately
measure nuclear process behavior as well as reduce the uncertainty in measurements obtained.
These sensors will be able to withstand high temperatures and radiation and measure system
properties directly. Sufficient cross compatibility does not exist between sensors in use today for
nuclear process measurement and those that will be needed for the kinds of processes and
environmental conditions envisioned by nuclear energy programs.

In new nuclear power plants, monitoring and control technologies will be based on different
technologies and act differently than their counterparts in existing nuclear power plants. New
systems will be digital and incorporate automation to achieve high reliability, safety, and
enhance plant efficiency. The focus of new monitoring and control technologies will be on
resilience; they must be able to reliably perform in high noise conditions, offer greater
functionality, be mode aware, and function collectively using intelligent technologies. Future
nuclear energy systems should also integrate systems and functions that are today independent
and isolated. This includes multiple operating nuclear units, applications of nuclear heat for new
processes (e.g., industrial heat, desalination, etc.) and electricity. Needs for integrated control,
communications, data transmission for digital technologies, and their qualification for nuclear
deployment can best be addressed through a program of crosscutting R&D.

These new technologies must be considered for implementation at the design stage. Modular
components, digital instrumentation and controls, and PR&PP features should not be “paste-ons”
but incorporated at the earliest stages of design. Reactor materials research needs to be “ahead of
the curve” so that vendors can take new materials properties into consideration while developing
new designs and allowing time for NRC certification.

The transformative nuclear concepts R&D session goal was to identify R&D areas in which
non-traditional nuclear energy concepts could offer the potential to radically alter nuclear system
configuration and development needs. To help determine what projects will ultimately move
forward, carefully developed metrics and criteria were recommended as tools to rank and select

o




NEET WORKSHOP REPORT

transformative projects. The research areas presented in this session were only a representation
of grand challenges. Numerous other high-risk—high-reward concepts have the potential for
enabling significant leaps forward in advanced nuclear technology development. These concepts
will be the focus of the open solicitation pending FY 2011 appropriation.

All ideas gathered during this workshop will help NE shape the new NEET program for FY 2011.
Collaborative efforts must continue to ensure appropriate crosscutting research and technology
development relevant to the various reactor and fuel cycle concepts within the scope of NE R&D
programs. The activities undertaken in this program must complement those within the Reactor
Concepts RD&D and Fuel Cycle R&D programs by providing a mechanism for pursuing broadly
applicable R&D in areas that may ultimately benefit specific reactor and nuclear fuel concepts.
Leveraging the knowledge generated through activities in the NEET program will provide useful
information for program and strategic planning and will allow NE to address key challenges
affecting nuclear reactor deployment (e.g., capital cost, technology risks, and proliferation
concerns).
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Appendix 1 — Agenda

U.S. Department of Energy, Office of Nuclear Energy (DOE-NE)
Nuclear Energy Enabling Technologies (NEET) Program Workshop

Hilton Rockville Executive Meeting Center
Thursday, July 29, 2010

AGENDA

7.30-830am  Registration and Continental Breakfast
8:30-9:40am  Opening Plenary

8:30 am Logistics
Ms. Suibel Schuppner, NEET Program, DOE-NE
8:35 am Welcome and Introduction
Dr. Warren F. Miller, Jr., Assistant Secretary for Nuclear Energy
8:50 am Keynote Address: Overview of NE R&D Roadmap
Dr. Peter Lyons, Principal Deputy Assistant Secretary for Nuclear Energy
9:15 am Overview of NE's R&D Budget and the NEET Program

Mr. Sal Golub, Associate Deputy Assistant Secretary for Nuclear Reactor Technologies, DOE-NE
9:40-10:.00am  Break
10:00-12:00 pm Morning Breakout Sessions — Crosscutting Technology Development

Advanced Methods for Manufacturing and Construction
Moderator: Dr. Jack Lance, Idaho National Laboratory

Non-Proliferation Risk Assessment
Moderator: Dr. Sara Scott, Los Alamos National Laboratory

Reactor Materials
Moderator: Ms. Sue Lesica, U.S. Department of Energy

Advanced Sensors and Instrumentation
Moderator: Dr. Bruce Hallbert, Idaho National Laboratory

12:00-1:00pm  Lunch (provided)
Guest Speaker: Dr. Arun Majumdar, Director, ARPA-E
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U.S. Department of Energy, Office of Nuclear Energy (DOE-NE)
Nuclear Energy Enabling Technologies (NEET) Program Workshop

Hilton Rockville Executive Meeting Center
Thursday, July 29, 2010

AGENDA (continued)

1:.00-3:00pm  Afternoon Breakout Sessions — Crosscutting Technology Development

Advanced Methods for Manufacturing and Construction
Moderator: Dr. Jack Lance, Idaho National Laboratory

Non-Proliferation Risk Assessment
Moderator: Dr. Sara Scott, Los Alamos National Laboratory

Reactor Materials
Moderator: Ms. Sue Lesica, U.S. Department of Energy

Advanced Sensors and Instrumentation
Moderator: Dr. Bruce Hallbert, Idaho National Laboratory

3:00 - 3:20 pm Break

3:20-5:30pm  Discussions on Transformative Nuclear Concepts Research and
Development
Moderator: Dr. Kemal Pasamehmetoglu, Idaho National Laboratory
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Appendix 2 — Breakout Sessions

U.S. Department of Energy, Office of Nuclear Energy (DOE-NE)
Nuclear Energy Enabling Technologies (NEET) Program Workshop

Advanced Methods for Manufacturing and Construction
Moderator: Mr. Jack Lance, Idaho National Laboratory

Panel: Mr. Nate Ames, Edison Welding Institute (EWI), Nuclear Fabrication Consortium
Mr. Kenneth Barry, Electric Power Research Institute (EPRI), Advanced Nuclear Technology Program
Mr. Craig Hanson, Babcock & Wilcox (B&W)
Mr. John Simmons, URS Washington Group

Goals and Objectives:

This session will explore areas where new and innovative technologies can be developed to support the continuing
growth of the U.S. nuclear power industry. Focus is on the areas of advanced manufacturing and fabrication
technologies and advanced construction methods.

The goal is to reduce cost and schedule for new nuclear plant construction and make fabrication of NPP components
faster and cheaper with better reliability. Ultimately the goal is to restore the U.S. position as a manufacturer and
constructor of NPP designs in the U.S. and the world. Fabrication innovation can include welding technologies that
use multiple processes including lasers, integrated welding and NDE systems, advances in pipe fabrication and
welding to support modular build, advances in large machining processes such as ultrasonic enhanced machining,
wiring and cabling systems that support modular builds, fast and reliable material characterization systems that allow
for material identification at receipt and on the job, in seconds with documentation, and innovations in pipe and
component insulation systems.

Construction innovation will take modular building to a higher level with advances in composite structures, base
isolation systems for seismic integrity, rebar systems that are pre-engineered and assembled, possibly using new
rebar materials; innovations in transport, lifting and rigging activities; innovation in structural materials and how they
are used; new practices in field assembly and welding and in modeling to improve the design, construction, and
project management of large-scale construction.

Proliferation Risk Assessment
Moderator: Dr. Sara Scott, Los Alamos National Laboratory

Panel: Dr. Robert Bari, Brookhaven National Laboratory
Dr. William Charlton, Texas A&M University
Dr. William Burchill, Past President, American Nuclear Society
Mr. Mark Whitney, National Nuclear Security Administration
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Goals and Objectives:

This session will solicit views of a broad cross-section of stakeholders on the following questions:
e Would you favor an expanded R&D effort on proliferation and terrorism risk assessment? Why or why not?

e Inwhat ways have current Proliferation and Terrorism Risk Assessment Methodologies been useful, and
how might research funding make them more effective?

o Ifan expanded R&D program were initiated, what aspects of proliferation and terrorism risk assessment
should receive priority attention? What are the most promising or fruitful areas for such research? What are
the least promising or least worthwhile? If a mix of topics were considered, what would be appropriate
elements of a balanced portfolio?

e If an expanded R&D program were initiated, what cautions and recommendations should DOE-NE bear in
mind as they plan and implement the program?

The session will identify promising R&D opportunities for a new initiative on proliferation/terrorism risk assessment
R&D.

Reactor Materials
Moderator: Ms. Sue Lesica, U.S. Department of Energy

Panel: Dr. Jeremy Bushy, Oak Ridge National Laboratory
Dr. Michael Burke, Westinghouse
Dr. Stuart Maloy, Los Alamos National Laboratory
Dr. Arthur Motta, Penn State University

Goals and Objectives:

Develop new classes of alloys and materials, not yet considered for reactor performance that may enable
transformational reactor performance. The custom design of innovative steels using modern materials science
techniques, industrial knowledge, and previous experience can improve performance over traditional materials by a
factor of five to ten, increasing the maximum operating temperature by 200 degrees Celsius for a period of at least 80
years. Concepts that may be evaluated include optimized alloy composition, engineered microstructures, age-
tempered microstructures, or combinations thereof. Other, more radical concepts that may be explored to enable
even greater performance include bimetallic layers, metal/ceramic composites, ion-beam or surface-modified alloys.
A wide range of operating conditions will be considered, with the general goal of improved strength and radiation
resistance.
Objectives are as follows:
o  Provide a description of the proposed scope of activities in this crosscutting program related to innovative
reactor materials and their relevance to DOE sponsored programs.
o Delineate between the technical activities proposed in this program element and program elements related
to innovative reactor materials in other DOE sponsored R&D programs.
e Discuss and receive input on gaps between needed and existing capabilities that may be addressed through
this R&D program.
o |dentify areas for coordinated research between this proposed R&D program and other planned or ongoing
research and development efforts.
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Advanced Sensors and Instrumentation

Moderator: Dr. Bruce Hallbert, Idaho National Laboratory

Panel: Dr. Richard Wood, Oak Ridge National Laboratory
Dr. Joseph Naser, Electric Power Research Institute
Dr. Wes Hines, University of Tennessee
Dr. John Collins, Idaho National Laboratory

Goals and Objectives:

Inform stakeholders about the status of planning for a multi-year program of research and development on sensors,
instrumentation, and related technologies that crosscut DOE nuclear energy programs. Solicit input on out-year plans
for research and development needed to achieve end-state capabilities that can be applied to nuclear energy
development programs.

Objectives are as follows:

o Provide a description of the proposed scope of activities in this crosscutting program related to sensors,
instrumentation, and related technologies and their relevance to DOE sponsored programs.

¢ Delineate between the technical activities proposed in this program element and program elements related
to instrumentation, controls, and related technologies in other DOE-sponsored R&D programs.

e Discuss and receive input on gaps between needed and existing capabilities that may be addressed through
this R&D program.

o |dentify areas for coordinated research between this proposed R&D program and other planned or ongoing
research and development efforts.

e  Obtain input from stakeholders regarding (1) existing capabilities and programs related to sensors and
instrumentation; (2) private sector interest in opportunities for cost-shared R&D; (3) university interest in
educational programs that may be sponsored under this program.

Transformative Nuclear Concepts Research and Development Panel
Moderator: Dr. Kemal Pasamehmetoglu, Idaho National Laboratory

Panel: 1. Reactor and Power Conversion: Mr. Christopher Grandy, Argonne National Laboratory
2. Fuels and Fuel Management: Dr. Stuart Maloy, Los Alamos National Laboratory
3. Waste Disposal: Dr. Peter Swift, Sandia National Laboratories
4. Non-Proliferation: Mr. Mark Mullen, Los Alamos National Laboratory

Goals and Objectives:
The goals of this panel are as follows:

o Inform stakeholders on the proposed open competitive solicitation, pending FY 2011 Appropriation, for
projects that relate to any aspect of nuclear energy generation — reactor and power conversion
technologies, fuels and fuel management, waste disposal, nonproliferation, and so forth — ensuring that
good ideas have sufficient outlet for exploration.

e Solicitinput on research and development areas/gaps needed to transform nuclear energy. The research
on transformative nuclear concepts will pursue non-traditional nuclear energy ideas that offer the potential
for improved system performance and may radically alter nuclear system configuration and development
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needs. This could include the development of specialized nuclear fuels, revolutionary materials, tailored
coolants, new techniques for energy conversion, or other innovations.

The objectives of this panel are as follows:

e Provide a description of the current and near-term research in reactor and power conversion technologies,
fuels and fuel management, waste disposal, nonproliferation, among others.

e Discuss gaps and needs for nuclear technology that could transform existing or future nuclear systems.

o Obtain input from stakeholders regarding areas for research that could be supported under this program’s
solicitation.
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