
The Fuel Cycle R&D Program

Systems Analysis

Bradley WilliamsBradley Williams
Systems Analysis Federal Program Manager
Office of Systems Engineering and Integration
Office of Nuclear EnergyOffice of Nuclear Energy
U.S. Department of Energy

July 28 2010July 28, 2010
NEUP Workshop



Outline

 The Fuel Cycle R&D Program

 Systems Analysis Mission, Objectives and Grand Challenge

 Core Capabilities

 Next Generation Fuel Cycle Simulator Next-Generation Fuel Cycle Simulator

 Summary

2

July 28, 2010 NEUP Workshop - Systems Analysis Breakout



Nuclear Energy Roadmap

 Nuclear energy objectives:Nuclear energy objectives:
 were developed to focus resources on national 

imperatives for clean energy, economic 
prosperity and national securityprosperity, and national security.

 Nuclear power will play:
 an important role in helping to meet the nation’s p p g

goals of energy security and GHG reductions.

─ Studies have projected potential growth on 
the order of 50 to 100 GWe by 2030the order of 50 to 100 GWe by 2030.

 Roadmap addresses transformation of NE programs to a more 
science-based approach.
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Objective 3:  Sustainable Fuel Cycles

 Goals
I th t d fi d l f l l t h l i t d l─ In the near term, define and analyze fuel cycle technologies to develop 
options that increase the sustainability of nuclear energy

─ In the medium term, select preferred fuel cycle option for further development
─ By 2050, deploy preferred fuel cycley , p y p y

 Challenges
– Develop high burnup fuel and 

str ct ral materials to ithstandstructural materials to withstand 
irradiation for longer periods of 
time

– Develop simplified separations, 
waste management, and 
proliferation risk reduction 
methods

– Develop optimized systems to 
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e e op opt ed syste s to
maximize energy production while 
minimizing waste



Three Potential Fuel Cycle Options

Electricity process heat

Once-Through (Open) 

Ore recovery, refining and 
enrichment

Fuel

Reactor Geologic disposal of used fuel

Electricity, process heat

Modified Open *

Geologic disposal of processOre recovery refining and

Reactor

Electricity, process heat
Geologic disposal of spent 

fuel  (after at least one 
reburn)

Full Recycle (Fully Closed) *
El t i it h t

Fuel treatment

Geologic disposal of process 
waste

Ore recovery, refining and         
enrichment

Fuel

S i

Ore recovery, refining and 
enrichment Fuel

Reactor

Electricity, process heat

Geologic disposal of process 
waste

5

July 28, 2010 NEUP Workshop - Systems Analysis Breakout

Separation

*A specific fuel cycle strategy may include more than one fuel design, reactor design, or fuel treatment process.



Changes: Advanced Fuel Cycle Initiative (w/GNEP) 
to Fuel Cycle Research and Developmenty p

Advanced Fuel Cycle Initiative Fuel Cycle Research and
With GNEP Development

Incremental improvement of TransformationalIncremental improvement of 
existing technologies

Transformational 
breakthroughs

Driven by better utilization of 
Yucca Mountain repository

Unconstrained range of 
storage and disposal options

Focused on near-term 
technology deployment

Long-term, goal-oriented, 
science-based approach
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Fuel Cycle R&D Technical Areas

 Separations and Waste Forms

 Advanced Fuels

 Materials Protection, Accounting, and Control for Transmutation, g,

 Used Nuclear Fuel Disposition

T t ti R&D Transmutation R&D

 Modeling and Simulation

 Systems Analysis

– FCRD also has a Systems Engineering activity used to evaluate and assess 
i f l l ti d i
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various fuel cycle options and issues.



Systems Analysis Campaign 
Mission and Grand ChallengeMission and Grand Challenge

 Mission:  Perform integrating 
analyses of nuclear energy and fuelanalyses of nuclear energy and fuel 
cycle systems to inform fuel cycle 
R&D, programmatic decisions, 
strategy formulation, and policy gy p y
development

 Grand Challenge:  Develop a fuel 
cycle simulator as part of a suite of 
tools to support decision-making, 
communication, and education, that 
synthesizes and visually explains thesynthesizes and visually explains the 
multiple attributes of potential fuel 
cycles

Systems analysis is a predictive/strategic tool, enabling a more 
proactive approach to understanding the behavior of various fuel
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proactive approach to understanding the behavior of various fuel 
cycles and their impact on the associated policy choices 



Systems Analysis Objectives

 Develop program metrics and technical requirements, and 
id tif th iti l l t f th t h dditi lidentify the critical elements of the system where additional 
development will provide the greatest impact

 Identify and evaluate potential system architectures that can 
meet program objectives and in coordination with systems 
engineering and technical integration, identify gaps or 
di t ithi i f l l R&D ti itidisconnects within ongoing fuel cycle R&D activities

 Develop and maintain a set of analysis and communication 
tools and associated data for analysis of fuel cycle systems

 Conduct analysis and provide information that supports 
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y p pp
strategic planning and policy development



Systems Analysis in the US Program has 
transitioned from confirmatory to predictivey p

 Under the Global Nuclear Energy Partnership (GNEP)gy p ( )
– Systems Analysis was used to integrate the data developed under the 

campaigns into a consistent picture of system behavior
– High-level requirements were fixed

 Under the FCT Program
– Systems Analysis is being used to define the data needed to achieveSystems Analysis is being used to define the data needed to achieve 

the desired system performance and make sure that the innovative 
technologies being pursued are compatible

– Requirements must evolve with time
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Systems Analysis Core Capabilities

 Fuel cycle models assess static and dynamic interactions
– Static analyses assess parameter interactions
– Dynamic analyses include strategy implementation with constraint feedback

 Economic analysis assesses system costsy y
– Cost basis database/report provides externally reviewed cost reference information
– Uncertainty analyses help target where R&D will have the most impact

 Transmutation physics provides isotopic information Transmutation physics provides isotopic information
– Used in static and dynamic calculations to assess fuel cycle characteristics (e.g., radioactivity, 

radiotoxicity, and decay heat)

 Waste form analyses assess loading and performance Waste form analyses assess loading and performance
– Assess benefits/challenges provided by various fuel cycle systems through analysis of waste 

stream disposition options
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 US and global analysis of energy sources and CO2 emissions



There are several levels of tools 
used for Systems Analysisused for Systems Analysis

 Simple Calculation Tools
– Spreadsheets developed for various purposes, often on 

 Core Analysis Codes
– Transmutation Calculations

a short schedule
– Documentation and generalizing them can result in a 

tool that has broad use (e.g., Fuel cycle Integration & 
Tradeoffs model)

– These tools may also be used as building blocks for 
more complex tools (such as VISION or the Fuel Cycle 

– Powersim portion of VISION
– Typically these need better wrappers to improve I/O 

processes and to provide bridges between codes that 
reduce the human error of cut and paste

 Next Generation Fuel Cycle Simulator
 Both static and dynamic tools are neededSimulator)

 Communication Tools
– We’re just starting to think about these

 Both static and dynamic tools are needed
– Static analyses are typically less sensitive to 

assumptions and therefore help us understand 
phenomenological behavior

– Dynamic analyses are closer to a real system with 
feedback impacts

High-level model(s) for quick turn-around requests 
• a high-level cross-comparison of various options and 
• innovative options where the technology knowledge isn’t adequate for detailed 
assessments

Model(s) for more detailed analyses 
• develop system level requirements (e.g., VISION)

Model(s) for sub-system analysis (e g recycling facility loss fraction model)
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Model(s) for sub-system analysis (e.g. recycling facility loss fraction model), 
• develop quantitative requirements for subsystems



Systems Analysis Tools

 Energy sector modeling toolsgy g

 Integrated fuel cycle modeling 
toolstools
– Dynamic
– Static

 Economics analysis tools
– Dynamic
– StaticStatic

 Transmutation analysis tools
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Fuel Cycle Simulator – Systems 
Campaign Grand ChallengeCampaign Grand Challenge

 Develop a fuel cycle simulator as part of a suite of tools to support decision-
making, communication, and education, that synthesizes and visually explains 
the multiple attributes of potential fuel cycles

– Intent is to have greater functionality than current generation tools (Complement not replace)
– Likely to require greater compute power (Current tools are mostly PC-based)

 The Fuel Cycle Simulator is the next generation FCR&D systems analysis tool.  
As such, it needs to:

– Support analysis of fuel cycle systemsSupport analysis of fuel cycle systems
• Evaluate potential system architectures that can meet program objectives
• Help identify critical elements of the system where additional development will provide the greatest impact

– Help inform fuel cycle R&D, programmatic decisions, strategy formulation, and policy 
development

• Assess system architectures per program metrics and technical requirements
• Provide sensitivity and uncertainty analysis to help identify high value R&D 
• Communicate system projected performance and related uncertainty to inform decision making

– Communicate to stakeholder
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Fuel Cycle Simulator Overview

 The Fuel Cycle Simulator (FCS) is the next generation FCR&D 
t l i t lsystems analysis tool.

– FCS will complement current static and dynamic analysis tools
– Emphasis is from system mechanistic models to enterprise models
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FCS Overview (cont’d)

 FCS scope includes:
– All functions of the fuel cycle (mining, milling, conversion, enrichment, fuel 

fabrication, irradiation, storage, transportation, separations, waste forms, disposal)
– Target users include laboratories, universities, industry, policy makers

 FCS basic features will be finalized in the next 6 months.  Proposed 
features includes:
– Open source approach
– Object oriented language (e.g. Java, C++)
– Modular architecture (supports varying level of detail across system)
– Extensive data libraries (facilities, transmutation, economics, etc.)

S iti it d t i t l i t– Sensitivity and uncertainty analysis support
– GUI to support novice/casual to expert users

 Construction of the core FCS is expected to start in the 2nd half of FY11
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 Construction of the core FCS is expected to start in the 2 half of FY11



Work scope Description

 Potential areas of interest:
– Assistance in setting up open source infrastructure
– Assistance in developing the information backbone for the FCS 

(minimum data sets for modules, database development)
D l f b i d l f h f h f l l M– Development of basic modules for each stage of the fuel cycle.  More 
detailed/specialized modules will be developed after these basic 
modules are in place

– Development of facility modules for each major technology in each stage– Development of facility modules for each major technology in each stage 
(e.g. gaseous diffusion, centrifuge, and laser enrichment)

– Front end GUI development to support range of users
– Flexible back end GUI development to support range of module outputFlexible back end GUI development to support range of module output 

information
– Assistance in building libraries of historic facility/infrastructure 

information (national/global)
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Summary

 Systems Analysis provides the integrating analyses for the FCR&D 
Program

 Systems Analysis assesses all aspects of the nuclear enterprise and 
fuel cycle infrastructurefuel cycle infrastructure

– An advanced fuel cycle involves balancing costs and benefits across a range of 
attributes

– Trade studies and integrated scenario assessments demonstrate system behaviorg y

 Systems analysis is used to:
– Explore options
– Select a compatible set of technologies
– Focus R&D
– Look for cost reductions

Assess risk
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– Assess risk
– Assist in communication to stakeholders



Backup SlidesBackup Slides
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Four Main NE R&D Roadmap 
ObjectivesObjectives

 R&D Objective 1:
Develop technologies and other solutions that can improve the– Develop technologies and other solutions that can improve the 
reliability, sustain the safety, and extend the life of current reactors.

 R&D Objective 2: R&D Objective 2: 
– Develop improvements in the affordability of new reactors to enable 

nuclear energy to help the Administration’s energy security and climate 
change goals.

 R&D Objective 3:
– Develop Sustainable Nuclear Fuel Cycles

 R&D Objective 4:
– Understand and minimize the risk of nuclear proliferation and 
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p
terrorism. 



Once-Through Fuel Cycle

 With once-through, used nuclear fuel is disposed in 
ita repository.

 Uranium utilization is less than 1%.

 Fuel burnups have increased through the years.

 Higher burnups result in less spent fuel disposed 
but do not increase uranium utilization.

 Programs are pursuing advanced fuel designs that 
may double fuel burnups (100 GW/MTHM).
– Fuels may required enrichments higher than 5%.

 Higher burnups results in less spent fuel disposed 
but similar amounts of actual waste (transuranics 
and fission products).
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Full Recycle 

 With completely closed fuel cycles, high-
level waste forms are disposed in alevel waste forms are disposed in a 
repository.

 Recycle of plutonium to LWRs as MOX 
increases uranium utilization, but it is 
still very low.

 Recycle all transuranics into fast 
reactors combined with breeding in 
depleted uranium can enable uraniumdepleted uranium can enable uranium 
utilization to approach 99%.

 Both aqueous and dry technologies are being considered for fuel processing.
 Both metal and oxide fuels are being considered for fast reactors.Both metal and oxide fuels are being considered for fast reactors.
 As part of FCRD new technologies are also being assessed.

−   Alkaline dissolution and separation, ionic liquid extraction and electrochemical separation, super 
critical fluid extraction, uranium crystallization, volatility approaches (airox, deox, fluoride volatility, 
etc) and zone refining
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etc), and zone refining



Modified Open Cycle

 Modified open cycles involve reuse 
of fuel which may require some form 
of treatment.

 T t t difi ti f th O id f l ft V l id ti Treatment means modification of the 
used fuel.  

 This could be as simple as heat

Oxide fuel after Voloxidation

 This could be as simple as heat 
treating the used fuel cladding or as 
complex as chemical processing and 
recladding the fuel.

 Some separations processes 
employed for full recycle may be 

d f h difi d l
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used for the modified open cycle.

Melt Refining 



Modified Open Cycle Examples

 Breed and burn concepts (including the 
traveling waves designs) both with and g g )
without fuel conditioning

 Deep burn of transuranics in high-
temperature gas reactors (requires fueltemperature gas reactors (requires fuel 
processing)

 Deep burn of transuranics in inert matrix 
fuels le
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 Accelerator driven systems Reactor Core Design with Axial Propagation


