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Program Supporting: Fuel Cycle Technologies

Separations and Waste Forms (FC-1)
(Federal POC — Jim Bresee & Technical POC — Terry Todd)

This program element develops innovative methods to separate reusable fractions of used nuclear fuel (UNF)
and manage the resulting wastes. These technologies, when combined with advanced fuels and reactors, form
the basis of advanced fuel cycles for sustainable and potentially growing nuclear power in the U.S. The
campaign supports research through the full range of use-inspired basic research through process engineering
with multi-institutional, multi-disciplinary teams comprised of national laboratory researchers with full
radioactive laboratory capabilities teamed with industry and university researchers. Priority research efforts
revolve around achieving near-zero radioactive off-gas emissions; developing a simplified, single-step
recovery of transuranic elements; and significantly lessening the process wastes. Exploratory paths include
developing fundamental understanding of separation processes and waste form behavior; understanding the
underlying separation driving forces; exploiting thermodynamic properties to effect separations; elucidating
waste form corrosion mechanisms; and investigating novel new approaches to used fuel treatment and
associated waste forms with significantly improved performance. Key university research needs for
separations and waste forms campaign include:

FC-1.1: ELECTROCHEMICAL SEPARATIONS
e Development of fundamental understanding of advanced electrochemical separation methods for
the separation of transuranic elements (Np, Pu, Am, and/or Cm) including the development and
validation of predictive modeling approaches based on fundamental data rather than empirical
approaches;

FC-1.2: ADVANCED SEPARATIONS METHODS
e Development of novel “out of the box” separation methods that have the potential of significantly
reducing complexity and cost of processing fuel while reducing proliferation risk and waste
generation;

FC-1.3: ADVANCED WASTE FORMS
e Innovative waste forms with orders of magnitude higher chemical durability and equal of lower
processing costs compared to currently-employed waste forms such as borosilicate glass
particularly for long-lived fission products such as iodine-129 and technetium-99 and for grouped
fission products high-level waste;
e Fundamental understanding of waste form performance over geologic time scales; particularly for
multi-phase oxide waste forms.

Advanced Fuels (FC-2)
(Federal POC - Frank Goldner & Technical POC — Kemal Pasamehmetoglu)

This program element develops advanced nuclear fuel technologies using a science-based approach focusing
on developing a microstructural understanding of nuclear fuels and materials. The science-based approach
combines theory, experiments, and multi-scale modeling and simulation to develop a fundamental
understanding of the fuel fabrication processes and fuel and clad performance under irradiation. The
objective is to use a predictive approach to design fuels and cladding to achieve the desired performance (in
contrast to more empirical observation-based approaches traditionally used in fuel development).

The advanced fuels program conducts research and development of innovative next generation LWR and
transmutation fuel systems. The major areas of research include, enhancing the accident tolerance of fuels
and materials, improving the fuel system's ability to achieve significantly higher fuel and plant performance,
and developing innovations that provide for major increases in burn-up and performance. The advanced fuels
program is interested in advanced nuclear fuel and materials technologies that are robust, have high
performance capability, and are more tolerant to accident conditions than traditional fuel systems. Key
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university research needs for this activity include:

FC-2.1: CHARACTERIZATION AND INSTRUMENTATION

Development of novel fuel and cladding material characterization techniques and/or innovative in-pile
instrumentation that can be applied to irradiated nuclear fuels and materials that support the goal of
understanding the behavior of and predicting the performance of the nuclear fuel system at a microstructural
level.

FC-2.2: SEPARATE EFFECTS TESTING TO SUPPORT MODEL & MATERIAL SCIENCE DEVELOPMENT
Developing and conducting separate effects tests to provide fundamental physical and chemical data at a
micro-structural level that will support development of predictive, physics-based fuels performance models.
These tests should consider: 1) helping validate lower-length scale and engineering scale models (e.g.,
MARMOT and BISON); and, 2) furthering the understanding of mechanistic material behavior in fuels,
including how relevant microstructures affect the mechanical, thermal, and chemical performance.

Nuclear Materials Control and Instrumentation (FC-3)
(Federal POC - Daniel Vega & Technical POC - Mike Miller)

This program element develops technologies and analysis tools to support next generation nuclear materials
management and safeguards for future U.S. fuel cycles. This includes both extrinsic measures and safeguards
over-laid on a nuclear energy system, as well as the intrinsic design features incorporated into system design.
New technologies and approaches to in-facility accounting and control/safeguarding of nuclear materials will
be pursued under this research area. This research topic will also pursue nano-technology and
nano-materials as they relate to sensors, detectors, and nanoparticle signatures, and other advanced
measurement techniques that could complement the ongoing measurement program. Key university research
needs for this activity include:

FC-3.1: SENSORS AND INSTRUMENTATION

New and improved detector systems and sensor materials that can be used to increase the accuracy,
reliability, and efficiency of nuclear materials quantification and tracking from the perspective of the
operator or state-level regulator. Such systems could include new neutron methods, spectroscopic analysis,
chemical, calorimetric, or other non-nuclear methods, as well as any other novel methods with potential
MC&A benefits.

FC-3.2: ANALYSIS TOOLS

Methods for data integration and analysis include cutting-edge work in multi-variant statistical techniques for
process monitoring, risk assessment, plant-wide modeling & simulation directed at the accounting challenges
of high-interest fuel cycle processes, including advanced separations processes.

Used Nuclear Fuel Disposition (FC-4)
(Federal POC — JC De La Garza & Technical POC - Peter Swift)

This program element develops technologies for storing, transporting, and disposing of used nuclear fuel and
high-level radioactive waste and assessing performance of the used fuel and waste forms in the associated
storage and disposal environments.

FC-4.1: STORAGE

Following the issuance of the Blue Ribbon Commission on America’s Nuclear Future Final Report in
January 2012, interim storage of spent nuclear fuel from reactor sites has gained additional importance and
urgency for resolving waste-management-related technical issues. It also provides an opportunity for the
scientific community to bring forward new conceptual designs and innovative research in this area. Key
university research needs for the storage activities include:
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e Innovative approaches to evaluating degradation and aging phenomena of used nuclear fuel,
containers and internals, and storage facilities under extended storage;

e Data and risk informed assessment methods for high-burnup used nuclear fuel for extended storage
applications;

e Development of a superior concrete by chemical additives and curing improvements to increase the
compressive strength, tensile strength and weather ability of the concrete. This work would not
include the addition of mechanical additives such as fiberglass or metal wire. This concrete could
then be used for extended used nuclear fuel storage;

e Development of non-destructive techniques to monitor long-term effects of wet/dry, freeze/thaw,
marine environment effects, the temperature fluctuations and radiation effects on reinforcing steel
and concrete used in the over pack of dry storage system; and

e Innovative research in developing poison materials for long-term criticality control.

FC-4.2: TRANSPORTATION

Technical issues related to transportation of used nuclear fuel has been generally addressed by past industry
studies. However, issues related to transportation of used nuclear fuel after prolonged storage periods provide
new challenges. Key university research needs for transportation activities include:

Materials research that would facilitate transportation of used nuclear fuel,

e  Structural integrity assessment for transporting used nuclear fuel with uncertainty in input
considerations;

e Advanced modeling approaches for radiological analyses of disruptive scenarios relevant to
transportation; and

e Data relevant to risk-informed cask qualification and transportation behavior of high-burnup and
advanced fuels.

FC-4.3: DISPOSAL

Assessments of nuclear waste disposal options start with the degradation of waste forms and consequent
mobilization of radionuclides, reactive transport through the near field environment (waste package and
engineered barriers), and transport into and through the geosphere. Research needs support the development
of modeling tools or data relevant to permanent disposal of used nuclear fuel and high-level radioactive waste
in a variety of generic disposal concepts, including mined repositories in clay/shale, salt, and crystalline rock,
and deep boreholes in crystalline rocks. Key university research needs for the disposal portion of this activity
include:

e Improved understanding of degradation processes (i.e., corrosion and leaching) for used nuclear fuel
and waste forms that could be generated in advanced nuclear fuel cycles (i.e., glass, ceramic,
metallic) through experimental investigations under variable conditions of saturation, temperature,
and water chemistry, leading to the development of improved models to represent these processes;

e Improved understanding of the degradation processes for engineered barrier materials (i.e., waste
containers/packages, buffers, seals) and radionuclide transport processes through these materials
leading to the development of improved models to represent these processes;

e Improved understanding of coupled thermal-mechanical-hydrologic-chemical processes in the
near-field of relevant disposal model environments, leading to the development of improved models
to represent these processes;

e Improved understanding of large-scale hydrologic and radionuclide transport processes in the
geosphere of relevant disposal model environments, leading to the development of improved
models to represent these processes;

e Development of new techniques for in-situ field characterization of hydrologic, mechanical, and
chemical properties of host media and groundwater in a borehole or an excavated tunnel;

e  Aqueous speciation and surface sorption at elevated temperatures and geochemical conditions (e.g.,
high ionic strength) relevant to the disposal environments being considered;

e Consideration of how specific waste forms may perform in different disposal environments using
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theoretical approaches, models, and/or experiments, with quantitative evaluations including
uncertainties of how the long-term performance of waste forms can be matched to different geologic
media and disposal concepts.

e Experimental and modeling investigations for the effect of radiolysis on used fuel, high-level waste,
and barrier material degradation at temperatures and geochemical conditions relevant to potential
storage and disposal environments.

Fuel Cycle Option Analysis (FC-5)
(Federal POC - Kenneth Kellar & Technical POC — Temi Taiwo)

This program element performs analysis and evaluates integrated fuel cycle systems with the purpose of
identifying and exploring sustainable nuclear fuel cycles that are candidates for future deployment. Results of
these studies and R&D activities must be effectively disseminated to program stakeholders and the public in
an accurate, open, and simple manner. Proposals are being solicited in the following areas:

FC-5.1: Fuel Cycle Options Catalogue

A catalog of fuel cycle options is currently being developed within the Fuel Cycle Technologies Program.
This sub-element is soliciting fuel cycle analysis from universities for the purposes of populating the fuel
cycle catalog, developing university expertise in the analysis of advanced fuel cycle systems, and training the
next generation of fuel cycle analysts. A draft Fuel Cycle Data Package template that defines the information
needed and associated analysis assumptions is provided

here: https://inlportal.inl.gov/portal/server.pt/document/115165/fcdp_template report rev04 pdf

Proposals to develop Fuel Cycle Data Packages for fuel cycles in any or all of the following fuel cycle groups
will be considered for awards:
e  Multi-stage fuel cycle options using only thermal reactors, with the attribute for significantly
reducing actinide content of nuclear waste.
o  Multi-stage fuel cycle designed for continuous recycle of actinides using only fast reactors.
e Fuel cycles using targets containing transuranic elements and/or fission products for reducing their
content in nuclear waste.

FC-5.2: Fuel Cycle Simulator
It is important to develop effective methods to communicate the potential benefits of alternative nuclear fuel
cycle options and associated enabling technologies that could be developed in the future. A significant
activity to achieve this is the development of an open-source fuel cycle simulator that will enhance the
program’s ability to educate, communicate, and support decision-making about future fuel cycles and related
technologies. Key university research needs for this activity include:

o Develop modules for the fuel cycle simulator that support specific types of fuel cycles or fuel cycle

technologies;
o Develop capabilities for whole system optimization and economic analyses;
e Assistance in building libraries of historic facility/infrastructure information (national/global)

Project Proposals can be for portions or all of the items above. For information about the Fuel Cycle
Simulator see http://cyclus.github.com/.

Nanonuclear R&D (FC-6)
(Federal POC - Ingrid Milton & Technical POC - Stu Maloy)

The Fuel Cycle Technologies program is initiating a new research topic with the purpose of exploring the
potential for nano-science and nano-technologies to support the development of sustainable nuclear fuel
cycles. Proposals are being solicited that would make a significant contribution in the area of nanonuclear
technology and would result in the development of new capabilities that could be useful to nuclear energy.
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This program element investigates the use of nano-particles, nano-structured materials, and/or nano-scale
materials, properties, or processes to enhance mechanical, chemical, physical, or thermo-hydraulic properties
and performance in nuclear fuel cycle applications, such as:

e Reactor (in-core) materials with nano-scale precipitates that could improve mechanical performance
as well as radiation tolerance.

e Nano-scale coatings that could be included on the exterior or the interior of fuel cladding to improve
corrosion resistance and surface hardening, and pellet-clad interactions on the cladding interior.

e Chemical interaction and separation methods using nano-particles and/or nano-porous materials
that can enable techniques to capture fission product gases either from reprocessing operations or
directly within a reactor fuel assembly thereby reducing the potential for releases from normal or
accident conditions.

e Advanced fuels engineered and/or fabricated with nano-technologies to enable longer service lives,
reduce fabrication process losses, and/or reduce the potential for failure in normal or accident
conditions including increased fission gas retention, plasticity, radiation tolerance, heat transfer
capability, as well as reduced fuel cladding chemical and/or mechanical interactions.

e Nano-technology enabled sensors and/or in-service monitors that can directly monitor for radiation,
temperature, pressure, in situ diagnostics of material properties and mechanical response, corrosion,
neutron flux, stress/strain or even chemistry with little effect on system performance with
significantly reduced size and weight and increased sensitivity, performance, and functionality.

o Nanotechnology-based detectors that can discriminate between neutron and gamma radiation and/or
have enhanced sensitivity for the detection of fissile materials with very low neutron activation
fluxes.

Proposals are sought from research teams, with a demonstrated connection to basic hano-science research.

Mission Supporting: Fuel Cycle Technologies

Fuel Resources (MS-FC1)
(Federal POC - Stephen Kung & Technical POC — Sheng Dai)

The secure and economical supply of nuclear fuel is essential for the long-term use of nuclear power for
energy applications. Continued federal R&D investment in uranium resources will be the foundation to
enable future nuclear power expansion. The focus of fuel resources R&D is to identify “game-changing”
approaches not presently being addressed by private industry or non-governmental organizations. Specific
areas of interest include: (1) molecular-level understanding of the coordination modes, sorption mechanisms,
and kinetics of uranium extraction; (2) design and synthesis of functional ligands with architectures tailored
chemical performance; (3) physical and chemical tools for characterizing of adsorbent materials; (4)
development of new polymer sorbents via advanced manufacturing and surface grafting techniques; and (5)
development of innovative elution processes.

Nuclear Data and Measurement Techniques (MS-FC2)
(Federal POC - Daniel Vega & Technical POC - Tony Hill)

This research topic will pursue advanced measurement techniques that could complement the ongoing
measurement program. Such a topic includes Innovative ideas for detector development and testing to collect
high fidelity data for improvements in cross section evaluations, covariance data, multiplicity, and spectrum
information for candidate fuel and structural materials. In addition, robust sensitivity analyses are required to
prioritize high value data collection and refinement techniques.
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Computational Methodologies (RC-1)
(Federal POC - Steve Reeves & Technical POC — Hans Gougar)

Computational methodologies R&D is focused on providing practical tools to analyze the gas-cooled reactor
core neutronics/thermal-hydraulics, performance; reactor gas-coolant thermal fluids behavior during normal
and transient conditions, and accident scenarios; and safety evaluations for advanced gas reactor reactors and
design of scaled experiments. Additionally, the computational fluid dynamics code validation, verification,

uncertainty, and qualification benchmark effort is focused on validating practical tools to analyze advanced
gas reactor passive cooling systems.

Research efforts have been initiated and/or completed in the areas of neutronics, thermal-hydraulics, and
multiphysics, in terms of time-dependent coupled fuel/neutronics/thermal fluids modeling, reactor kinetics
effects, and mechanical-neutronics-thermal fluid interactions during graphite dimensional changes under
irradiation with thermal and neutronics feedback. Advanced reactor plant simulation and safety analysis
methods development has been initiated for uncertainty and sensitivity analysis for statistical importance
ranking. Integral effects experiments focused on in-vessel thermal fluids are underway at the High
Temperature Test Facility (Oregon State University) and complementary separate and mixed effects
experiments have been planned and initiated. Similarly, an ex-vessel integral test is being constructed at
Argonne National Laboratory (Natural Circulation Shutdown Test Facility) with complementary
experiments underway at some universities to generate data on ex-core heat removal and cavity cooling. A
range of supporting scaled fundamental, separate, and mixed effects experiments are needed to complement
these integral tests.

Thermal-hydraulics methods proposals are sought in the areas of:

Steam ingress flow and chemistry particularly among lower support structures,

Plenum-to-plenum heat transfer under natural circulation,

Experimentally-validated analyses of heated two-component stratified or bypass flow,

Methods that integrate externally initiated events (e.g. earthquake, flooding) and core/reactor

dynamics and structures vibrations (e.g. graphite reflector and prismatic block movement)

e Validation of models using safety analysis and CFD codes (e.g. RELAP5, TRAC, STAR-CCM+,
and FLUENT but other NRC or reactor vendor computer simulation codes will also be considered).

Advanced Technologies, Development and Demonstration (RC-2)
(Federal POC - Brian Robinson & Technical POC - Bob Hill)

Advanced technologies can enable new Small Modular Reactor (SMR) concepts and designs to achieve even
greater levels of safety and resilience, flexibility of use, sustainability and construction or operational
affordability. SMRs differ from large plants in their fundamental design features, which may require or
benefit from new analysis methods to quantitatively characterize the performance and risk factors associated
with SMRs. Innovative engineering techniques for operations and reliability are sought that are designed
from the outset to provide increased levels of safety and robustness and new functionalities while also
maintaining or improving the performance. These advanced technologies or innovative engineering
techniques have to lead to economically viable concepts for eventual commercial deployment. We are
seeking proposals that support the identified needs of our advanced reactor technology development efforts
specifically in the following areas:

RC-2.1: INSTRUMENTATION, CONTROL, HUMAN, MACHINE INTERFACE (ICHMI) (E.G. ADVANCED HIGH
TEMPERATURE INSTRUMENTATION, IN-SERVICE INSPECTION TECHNIQUES OR DIAGNOSTIC AND
PROGNOSTIC SYSTEMS).

RC-2.2: COMPONENT AND TECHNOLOGY DEVELOPMENT (E.G. CORROSION AND OXYGEN CONTROL
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SYSTEMS OR COMPACT HEAT EXCHANGER DESIGNS).
ADVANCED STRUCTURAL MATERIALS (RC-3)

(FEDERAL POC - BiLL CORWIN & TECHNICAL POC — JEREMY BUSBY)

Specific areas of materials technology supporting the development of advanced reactor systems are
recognized to need additional research and are the focus of requests for proposals this year. The two areas in
which work is being solicited are: 1) the long-term prediction of emissivity of structural materials for high
temperature reactor systems and 2) the experimental measurement and prediction of creep-fatigue in
applicable high-temperature alloy systems.

RC-3.1: LONG-TERM EMISSIVITY

The passive cooling of some high temperature reactor systems depends upon decay heat transfer through the
reactor pressure vessel (RPV) wall and its radiative dissipation into the reactor cavity. This process requires
an adequately high emissivity on the outer surface of the RPV, as well as any inner surfaces in the vessel
interior and internals integrally involved in radiative heat transfer. Building upon existing short-term
studies of vessel emissivity, develop and validate models of emissivity of the relevant RPV and internals
materials for up to 60 years of operation to predict lifetime emissivity values of pressure vessel and reactor
internal materials in air and/or relevant reactor coolants.

RC-3.2: CREEP FATIGUE

Accurate predictions of the interactions of creep and fatigue for structural materials for advanced,
high-temperature reactors are critical for safety and design, but are limited by the limitations of the available
experimental data upon which such models and predictions are based. Most experimental data developed for
creep-fatigue interactions are fundamentally fatigue tests with various types of tensile or compressive hold
periods superimposed on them. The resulting data typically includes more fatigue damage than creep
damage, whereas in many high temperature nuclear components in long-term service the actual mix of
damage often includes more creep than fatigue. Hence, proposals are sought to generate a better mechanistic
understanding of creep-fatigue interactions, especially under loading conditions where creep is the
predominant damage mechanism. Materials of interest include Alloy 617, Alloy 800H, 9Cr-1MoV and other
alloys for advanced high temperature reactor application. Approaches might include novel experimental
methods and/or modeling with substantial experimental validation.

MATERIALS AGING AND DEGRADATION: ACCELERATED TEST TECHNIQUES
AND VALIDATION (RC-4)

(FEDERAL POC — RICHARD REISTER & TECHNICAL POC — JEREMY BusBY)

Materials and components under extended service conditions will see very long lifetimes under stress,
temperature, corrosive coolant, and/or neutron or gamma radiation fields. Clearly, it is not viable to start
laboratory tests at this time to duplicate 80 years of life in a timely manner. Some accelerated testing will be
necessary. Techniques and approaches for providing relevant data using accelerated test techniques are
sought. Modeling tools, experimental studies, and/or validation of accelerated testing and material response
are appropriate for key reactor materials under relevant environments including, but not limited to stress,
corrosive environment, radiation, and elevated temperature. Interpretation via modeling and simulation of
material aging response using non-destructive evaluation techniques is of particular interest. Materials of
interest include, but are not limited to, core internal components (stainless steels), cast stainless steel piping,
reactor pressure vessel steels, concrete, and cable insulation. Universities engaging in this effort will be
expected to produce concepts, supporting data and/or model predictions demonstrating the viability of these
techniques with a high level of quality assurance.
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RISK-INFORMED SAFETY MARGIN CHARACTERIZATION (RISMC):
ADVANCED MECHANISTIC 3D SPATIAL MODELING AND ANALYSIS
METHODS TO ACCURATELY REPRESENT NUCLEAR FACILITY EXTERNAL
EVENT SCENARIOS (RC-5)

(FEDERAL POC — RICHARD REISTER & TECHNICAL POC — CURTIS SMITH)

A current gap in safety modeling for nuclear facilities is robust external events modeling such as spatial
impacts and interactions from seismic events. Consequently, modeling complex spatial phenomena at current
and future nuclear power plants related to external environmental impacts will be important for predictive
performance and safety evaluations. To capture both normal and off-normal conditions, the plant behavior
and response will seek to allow for mechanistic scenario representations, wherein the developed methods
mimic the complicated behavior. Universities helping in this activity will be expected to provide mechanistic
approaches that represent spatial types of interactions through a physics-based 3D environment. These
environments should be capable of mimicking realistic physics such as water through building flow paths;
failures of components and structures; and objects impacting other objects in order to represent probabilistic
external events. These methods should be compatible with the INL-developed MOOSE (Multiphysics Object
Oriented Simulation Environment) platform that is the platform used in other modeling activities in the
LWRS program. It is the goal of the research and development to couple probabilistic and mechanistic
calculations together such that we will be able to search for potential vulnerabilities resulting from external
events.

INSTRUMENTATION, INFORMATION, AND CONTROL: MONITORING

TECHNOLOGIES FOR SEVERE ACCIDENT CONDITIONS (RC-6)
(FEDERAL POC - DAMIAN PEKO & TECHNICAL POC - DWIGHT CLAYTON)

The accidents at the Three Mile Island Unit 2 (TMI-2) and Fukushima Daiichi Units 1, 2, and 3 nuclear power
plants demonstrate how monitoring instrumentation can be important to managing severe accidents but that
the harsh environments of severe accident challenge those instrumentation systems.

With currently design approaches, the environments such instruments would function in during severe
accidents could be significantly harsher in terms of high temperatures, high pressures, high radiation fields,
high temperature gradients, etc) and designers also need to consider loss of external power sources. Novel
technologies, such as remote (stand-off) sensors, wireless technology, and self-powered instruments have
emerged since the design of many current NPPs.  Application of these novel technologies could
fundamentally change the challenges associated with deploying a severe accident monitoring capability.
Self-powered instruments relieve designers of the challenge of ensuring an external power supply. Wireless
technologies relieve designers of the burden of routing and protecting wires. Standoff monitoring capabilities
relieve designers of the burden of having to design and deploy instrumentation to withstand the harsh
environment it is trying to measure by removing the instrument to a more benign location.

Research in novel technologies is sought that, by eliminating or simplifying some of the challenges
associated with current design approaches, will result in simpler, more economical instrumentation for
monitoring an NPP during severe accident conditions than is possible with current instrumentation design
approaches. Possible responses to this call would include novel technologies for monitoring water level,
temperature and pressure, fuel and component temperature, reactor power level, containment pressure,
temperature, and hydrogen concentration.
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RADIOISOTOPE POWER SYSTEMS: INNOVATIVE FUEL FORM PROCESSING
DEVELOPMENT OF GENERAL PURPOSE HEAT SOURCES FOR NASA
APPLICATIONS (RC-7)

(FEDERAL POC — ALICE CAPONITI & TECHNICAL POC — STEPHEN JOHNSON)

Space and Defense Power Systems program has designed, developed, built and delivered radioisotope power
systems (RPS) for space exploration and national security applications for over fifty years. Radioisotope
power systems uniquely enable missions that require a long-term, unattended source of electrical power
and/or heat in harsh and remote environments. These systems are reliable, maintenance free, and capable of
producing heat and electricity for decades. These systems convert the decay heat from Pu-238 into electricity
— either using thermoelectric couples to induce direct current electricity flow in the case of radioisotope
thermoelectric generators or through a dynamic energy conversion system using free-piston Stirling engines
in the case of Stirling radioisotope generators currently under development. Both types of RPS designs use
the General Purpose Heat Source — an aero shell module which contains four ceramic fuel pellets clad in
iridium and nested in layers of graphitic structures to provide thermal and impact protection. Many of the
technologies and materials used in the General Purpose Heat Source were developed decades ago. Proposals
for improving current manufacturing processes are encouraged.

Proposals are sought for new and innovative methods of manufacturing ceramic Pu-238 heat sources that are
enveloped by the geometry and heat output of current designs and lead to enhanced safety performance. The
ceramic product should be compatible with the current iridium alloy used in the encapsulation process. An
emphasis on reliable processing parameters and enhanced personnel safety should be considered paramount
in a new method of production.
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REACTOR CONCEPTS RD&D - (MS-RC1)

(FEDERAL POC - SAL GoLuB & TECHNICAL POC —BoB HiILL)

Development of new reactor concepts that may offer the potential for revolutionary improvements to
reactor performance and/or safety is sought. Such advanced reactor concepts could include the
incorporation of advanced systems or components into existing concepts (e.g. Generation-1V systems such
as the gas fast reactor, molten salt reactor or lead fast reactor), inclusion of innovative design alternatives
(e.g., new fuel type, nano-engineered coolants, etc.), or designs employing radically different technology
options (e.g., advanced coolants, fuel, or operational regimes). Concepts could also include small modular
reactors with unique capabilities to address operational missions other than the delivery of baseload electric
power, such as industrial process heat or mobile reactors that can provide temporary power during
emergency situations. The scope of the proposed project should include a thorough viability assessment of
the concept, a detailed technology gap analysis and a comprehensive technology development roadmap that
identifies research needed on key feasibility issues.

RADIOISOTOPE POWER SYSTEMS R&D - (MS-RC2)

(FEDERAL POC — ALICE CAPONITI & TECHNICAL POC — STEPHEN JOHNSON)

Space and Defense Power Systems program has designed, developed, built and delivered radioisotope power
systems (RPS) for space exploration and national security applications for over fifty years. Radioisotope
power systems uniquely enable missions that require a long-term, unattended source of electrical power
and/or heat in harsh and remote environments. These systems are reliable, maintenance free, and capable of
producing heat and electricity for decades. These systems convert the decay heat from Pu-238 into electricity
— either using thermoelectric couples to induce direct current electricity flow in the case of radioisotope
thermoelectric generators or through a dynamic energy conversion system using free-piston Stirling engines
in the case of Stirling radioisotope generators currently under development. Both types of RPS designs use
the General Purpose Heat Source — an aero shell module which contains four ceramic fuel pellets clad in
iridium and nested in layers of graphitic structures to provide thermal and impact protection. Materials used
in the early designs for these systems are increasingly difficult to obtain. Proposals that identify more readily
available materials that can perform effectively in the extreme environment of atmospheric re-entry are
encouraged.

Proposals are sought for the development of alternate materials for the aero shell module that protects
radioisotope power system fuel during potential atmospheric reentry events. The material will need ablation
resistance, thermal conductivity, and structural strength (compressive and tensile) that meet minimum
performance requirements.
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NUCLEAR ENERGY ADVANCED MODELING AND SIMULATION (NEAMS)

VALIDATING NEAMS FUEL PIN MoDELS (NEAMS-1)

(FEDERAL POC — DAN FUNK & TECHNICAL POC — KEITH BRADLEY)

The Nuclear Energy Advanced Modeling & Simulation (NEAMS) program is focused on developing
improved analytical capabilities for simulating the performance of advanced reactors and fuels. NEAMS is
producing a comprehensive “pellet-to-plant” simulation toolkit through efforts within two product lines:
Fuels and Reactors. The Fuels Product Line is building tools that incorporate mechanistic material behavior
models with modern computational methods and up-to-date computer hardware. The Reactor Product Line
supports analysis of advanced reactor performance by providing three dimensional, high-fidelity,
coupled-physics simulation capability that scales with the needs of the user and the complexity of the
problem. This product line also supports Relap-7 development in conjunction with NE’s Light Water Reactor
Sustainability Program to improve upon 30 years of experience with RELAP 5. NEAMS is soliciting
contributions as follows:

Performance of validation studies using the NEAMS tools for predicting fuel performance in a Light Water
Reactor (LWR) environment. Of particular interest is the assessment of the engineering-scale tool (BISON)
against experimental data for Pressurized Water Reactor (PWR) fuel pins contained in the FRAPCON,
FRAPTRAN, and FUMEX-I11 experimental databases. Both deficiencies in irradiation performance models
as well as gaps in the experimental databases should be identified as areas needing further development.
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NUCLEAR ENERGY ENABLING TECHNOLOGIES (NEET)

ADVANCED METHODS FOR MANUFACTURING: (NEET -1)

(FEDERAL POC — ALISON KRAGER & TECHNICAL POC — JACK LANCE)

(Up to 2 years and $400,000 total project cost, estimate up to 2 awards)

The Advanced Methods for Manufacturing program seeks to conduct research and technology development
to improve the methods by which nuclear equipment, components, and plants are manufactured, fabricated,
and assembled. The initial focus and emphasis will be placed on Small Modular Reactor (SMR) technologies.
Proposals could draw upon innovative and successful manufacturing and fabrication practices found in
related industries such as oil, aircraft, and shipbuilding. These proposals should pursue innovative methods to
manufacture or fabricate components faster and with better quality; and to improve factory assembly of plant
modules, thereby reducing the cost and schedule requirements for new nuclear plant deployment. Specific
goals include:

e Accelerate deployment schedule by 3 to 6 months compared to new plant construction estimates;
e Reduce component fabrication costs by 20% or more;
o Increase performance of key subsystems without cost increase or schedule delay.

The program seeks to develop manufacturing and fabrication innovation, assembly processes and materials
innovation that support the “factory fabrication” and expeditious deployment of SMR technologies. Potential
areas for exploration can be found in the NEET 2010 Workshop report
(http://www.ne.doe.gov/pdfFiles/Neet Workshop 07292010.pdf) and include:

e Factory and field fabrication techniques that include strength assistance tooling, heavy lift and load
leveling equipment;

e Assembly and material innovation to enhance modular building techniques such as advances in high
strength concrete and rebar, inspection equipment, and pre-assembled rebar systems;

e Advances in modular construction to include improved design codes, improved methods for
transport and delivery and advancements in integrated prefabrication.

Through innovation in manufacturing, fabrication and assembly, significant advancements in nuclear
technology quality, performance and economic improvements will be achieved. One of the key success
criteria for the program is the development of products or components that will gain acceptance by the
appropriate regulatory or standard-setting bodies and licensed for commercial nuclear plant deployment.

ADVANCED SENSORS AND INSTRUMENTATION: (NEET -2)

(FEDERAL POC — SUIBEL SCHUPPNER & TECHNICAL POC — DWIGHT CLAYTON AND RICHARD WOOD)
(Up to 2 years and $400,000 total project cost, estimate up to 2 awards)

The Advanced Sensors and Instrumentation program seeks to develop the scientific basis for sensors and
instrumentation to address critical technology gaps for monitoring and controlling advanced reactors and fuel
cycle technologies.

The goal of this program is to provide crosscutting research that:

e  Contributes to the success of the NE R&D programs by obtaining the needed I&C technologies that
support experiments, deliver unique sensors and related technologies for each reactor technology
concept and fuel cycle facility;

e Enables the broader mission of the Office of Nuclear Energy, by supporting common ASI
technology development objectives; and
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e Can overcome current barriers to nuclear energy system deployments.

Improvements and advancements are needed in the technical area of Advanced Sensors and Instrumentation
technologies to enhance economic competitiveness for nuclear power plants and promote a high level of
nuclear safety. Specific ASI research and development proposals are sought for the following topics:

e Design of a custom radiation tolerant electronics system, using the best available commercial or
near-commercial technologies necessary for operation in a severe nuclear environment. The
proposed system should provide observable evidence that the technology is capable of being
implemented in a radiation-tolerant multi-functional robot for in-containment reconnaissance under
severe accident conditions.

e Methods to quantify software dependability characteristics that can facilitate the resolution of
factors that inhibit the expanded use of modern digital technology by the nuclear power industry.
The current reliance of process-oriented software quality assurance programs and the resultant
subjective evaluation of digital system safety drive the nuclear industry to choose between
maintaining legacy technologies that have proven licensable or embarking on costly, non-optimum
implementations that are constrained to pose the least amount of licensing risk. Development of an
objective technical basis for evaluating the suitability for software-based instrumentation and
control (1&C) systems in safety applications at nuclear power plants would enable a science-based
safety case to be demonstrated and thus reduce regulatory uncertainty. Demonstration of measures,
metrics, and methods and/or development of design support and analysis tool are sought to permit
science-based quantification of the safety, quality, dependability, and reliability characteristics of
software-based 1&C systems.

e Development of highly secure, wireless communication infrastructures that support flexible,
expandable 1&C architectures that can reduce the cost of expensive cable runs; enable greater
information access and plant automation; and allow add-on sensors and instruments to be introduced
as needed. With cable runs costing up to thousands of dollars per foot, there is incentive to adopt
wireless technologies in nuclear power plants where possible. However, security, reliability, and
electromagnetic compatibility concerns limit its use by the nuclear power industry. Therefore, the
proposed wireless communications technology should demonstrate communications resiliency by
providing acceptable performance characteristics such as security, data integrity, interference
resistance, and quality of service.

Organizations performing this research will be expected to produce concepts, techniques, capabilities, and
equipment that are or can be demonstrated in simulated or laboratory test bed environments representative of
nuclear plant applications.

Successful applications will describe truly innovative sensors and instrumentation that offer the potential for
revolutionary gains in reactor and fuel cycle performance and that can be applied to multiple reactor designs
and fuel cycle concepts.
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REACTOR MATERIALS: (NEET -23)
(FEDERAL POC — SUE LESICA & TECHNICAL POC — JEREMY BusBY)

(Up to 3 years and $1,000,000 total project cost, estimate up to 5 awards)

The NEET Crosscutting Reactor Materials program seeks applications for advanced reactor materials
characterization techniques and tools. Successful completion of awards will provide advanced methods for
sample preparation and new tools and techniques for examining and understanding material microstructures
in a variety of conditions ranging from as-received to treated or irradiated.

Developing an extensive understanding of reactor material behavior in extreme environments is vital to the
development of new materials for service in advanced nuclear reactors. This understanding is also needed for
the extension of the operating lifetimes of the current fleet of nuclear reactors. Advanced characterization
methods utilizing advanced tools and techniques, coupled with modeling and simulation and advanced
sample preparation tools will further the understanding of the effects of irradiation, temperature, pressure and
corrosive environments on material microstructures and mechanical behavior. Modern sample fabrication
tools could also allow for more efficient use of existing irradiated materials and enable fabrication of smaller
specimens from previously examined materials.
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Simulation of Neutron Damage for High Dose Exposure of Advanced Reactor Materials
(IRP-RC)

(FEDERAL POC - BiLL CORWIN & TECHNICAL POC — JEREMY BUSBY)
(Up to 3 years and $5,000,000 total project cost, estimate up to 1 award)

Some of the components and structures envisioned for advanced, high temperature reactors will need to
operate to cumulative radiation doses that are too high to be obtained in a reasonable time in the test reactors
that are available for experimental study today. Neutron exposures to doses of hundreds of displacements
per atom (dpa) may be required for certain critical materials. Qualifying those materials for such service will
require assurance of their ability to retain their essential properties, such as strength, ductility, geometric
stability, etc. at such very high doses. Alternate means of evaluating the properties of materials under these
high doses will be necessary.

The Department of Energy’s NEUP is seeking proposals for an Integrated Research Project (IRP) to
demonstrate the capability to predict the properties of structural materials after extremely high radiation
exposure. Essential elements of this capability will be the ability to expose materials to surrogate irradiation
doses from sources other than test reactors under accelerated dose rates and correlate the results of those
exposures to the equivalent exposure from neutrons in the appropriate reactor environment being simulated.
It is expected that major components of demonstrating this capability will comprise a combination of ion
irradiations and interpretive materials modeling (or the equivalent), plus the post irradiated examinations
(PIE) needed to evaluate changes in mechanical, fracture, and thermo-physical properties caused by the
irradiation. Effects that will need to be specifically addressed in the interpretation of the surrogate irradiations
will include, but not be limited to, those associated with the accelerated rate of irradiation and any related
temperature effects of the sample materials, the differences in atomic and macroscopic response of the
materials to the type of irradiation particle (i.e., neutron vs. ion), energies and spectrum of the irradiation, and
the relative effects of atomic displacement damage vs. He and H production and accumulation.

To demonstrate the capability to evaluate materials at high irradiation doses, benchmarking of the required
experimental and analytical elements shall be performed via a focused study of comparative results of
neutron vs. surrogate irradiations under high-dose conditions specific enough to show the strengths and
limitations of the capability. Items that should be addressed in the benchmarking should include: details of
the surrogate exposure facility utilized for the study, irradiation rate and spectrum effects, relative effects of
displacement damage vs. He or H production, methods for PIE of microstructure and materials properties,
impacts of irradiation method on microstructure and materials properties, and strengths and limitations of the
analytical methods used to relate the surrogate irradiations to comparable neutron irradiations.

Proposals are sought to develop, integrate, and demonstrate capabilities to evaluate the exposure of materials
and associated property changes to equivalent irradiation doses that may exceed 200 dpa.

The proposal should include a detailed description of 1) existing experimental facilities and any proposed
modifications thereof that will be utilized for the surrogate irradiations; 2) existing PIE capabilities to assess
effects of the irradiations; 3) the interpretive methods planned to evaluate the differences of the impact of the
surrogate irradiation methods on the exposed material proposed with those that would occur in future reactor
conditions, along with any planned development of them; and 4) the approaches for benchmarking the
alternate irradiation exposure with comparable neutron irradiations. Proposals should also include both cost
and schedule estimates and descriptions of the technical approach and its proposed outcome of sufficient
detail in order to determine the feasibility of the proposal within the time and budget allocated for this project.
Favorable consideration will be given to those proposals that allocate greater relative resources towards the
combined experimental and analytical studies planned to benchmark the approaches proposed and less
resources towards facility development or improvements, inasmuch as a high technical credibility of the
approach is maintained. Modification of surrogate irradiation facilities to demonstrate this capability shall be
limited to $1.5 million.
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