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Abstract.  The US Department of Energy Light Water Reactor Sustainability (LWRS) Program is 
focused on enabling the long-term operation of US commercial power plants.  Decisions on life 
extension will be made by commercial power plant owners – the information provided by the research 
and development activities in the LWRS Program will reduce the uncertainty (and therefore the risk) 
associated with making those decisions.  The LWRS Program encompasses two facets of long-term 
operation: (1) manage the aging of plant systems, structures, and components so that nuclear power 
plant lifetimes can be extended and the plants can continue to operate safely, efficiently, and 
economically; and (2) provide science-based solutions to the nuclear industry that support 
implementation of performance improvement technologies. An important aspect of the Light Water 
Reactor Sustainability Program is partnering with industry and the Nuclear Regulatory Commission to 
support and conduct the long-term research needed to inform major component refurbishment and 
replacement strategies, performance enhancements, plant license extensions, and age-related 
regulatory oversight decisions. The Department of Energy research, development, and demonstration 
role focuses on aging phenomena and issues that require long-term research and/or unique Department 
of Energy laboratory expertise and facilities and are applicable to all operating reactors. This paper  
provides an overview of the Department of Energy Light Water Reactor Sustainability Program, 
including vision, goals, and major deliverables. 

1.  Introduction 

Nuclear power has safely, reliably, and economically contributed almost 20% of electrical generation 
in the United States over the past two decades. It remains the single largest contributor (nearly 70%) of 
non-greenhouse-gas-emitting electric power generation in the United States (See Figure 1). 

Domestic demand for electrical energy is expected to grow by more than 30% from 2009 to 2035. At 
the same time, most of the currently operating nuclear power plants will begin reaching the end of 
their initial 20-year extension to their original 40-year operating license for a total of 60 years of 
operation. If current operating nuclear power plants do not operate beyond 60 years, the total fraction 
of generated electrical energy from nuclear power will begin to decline—even with the expected 
addition of new nuclear generating capacity. The oldest commercial plants in the United States 
reached their 40th anniversary in 2009. 
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FIG. 1.  Current electric generating portfolio showing dominance of nuclear as a low carbon emission 
power source. 

The U.S. Department of Energy Office of Nuclear Energy’s Research and Development Roadmap1  
organizes its activities around four objectives that ensure nuclear energy remains a compelling and 
viable energy option for the United States. The four objectives are as follows: (1) develop technologies 
and other solutions that can improve the reliability, sustain the safety, and extend the life of the current 
reactors; (2) develop improvements in the affordability of new reactors to enable nuclear energy to 
help meet the Administration’s energy security and climate change goals; (3) develop sustainable 
nuclear fuel cycles; and (4) understand and minimize the risks of nuclear proliferation and terrorism. 
The Light Water Reactor Sustainability (LWRS) Program is the primary programmatic activity that 
addresses Objective 1.  

Extending the operating lifetimes of current plants beyond 60 years and, where practical, making 
further improvements in their productivity is essential to realizing the administration’s goals of 
reducing greenhouse gas emissions to 80% below 1990 levels by the year 2050. The Department of 
Energy’s role in the LWRS Program is to partner with industry and the Nuclear Regulatory 
Commission to support and conduct the long-term research needed to inform major component 
refurbishment and replacement strategies, performance enhancements, plant license extensions, and 
age-related regulatory oversight decisions. The Department of Energy research, development, and 
demonstration role focuses on aging phenomena and issues that require unique national laboratory 
capabilities and/or long-term research and are applicable to all operating reactors. When appropriate, 
demonstration activities are cost shared with industry or the Nuclear Regulatory Commission.   

Planning, execution, and implementation of the LWRS Program are done in coordination with the 
nuclear industry (the Electric Power Research Institute is a primary industry partner2), Nuclear 
Regulatory Commission, universities, and related DOE research and development programs (e.g., 
Nuclear Energy Advanced Modeling and Simulation, Consortium for Advanced Simulation of Light 
Water Reactors (LWRs), and the Fuel Cycle Research and Development Program) to assure 
relevance and effective management of the work. Coordination with our partners (Figure 2) is 
essential to the success of the LWRS Program. 
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FIG.  2. Light Water Reactor Sustainability Program interfaces. 

 

2.  Light Water Reactor Sustainability Program Research and Development Pathways 

The LWRS Program is organized into the following research and development pathways: 

(1) Materials Aging and Degradation. Research to develop the scientific basis for understanding 
and predicting long-term environmental degradation behavior of materials in nuclear power 
plants. Provide data and methods to assess performance of systems, structures and components 
essential to safe and sustained nuclear power plant operation, providing key input to regulators 
and industry. 

(2) Advanced Light Water Reactor Nuclear Fuels. Improve scientific knowledge basis for 
understanding and predicting fundamental nuclear fuel and cladding performance in nuclear 
power plants. Apply this information to development of high-performance, high burn-up fuels 
with improved safety, cladding integrity, and improved nuclear fuel cycle economics. 

(3) Advanced Instrumentation, Information, and Control Systems Technologies. Develop, 
demonstrate and deploy new digital technologies for instrumentation and control architectures 
and provide monitoring capabilities to ensure the continued safe, reliable and economic 
operation of the nation’s operating nuclear power plants. 

(4) Risk-Informed Safety Margin Characterization. Develop and deploy approaches to support the 
management of uncertainty in safety margins quantification. This pathway will develop and 
demonstrate a risk-assessment method tied to safety margins and create advanced tools for 
safety assessment that enable more accurate representation of nuclear power plant safety 
margins. 

 
A summary of the technical work planned in each pathway is provided in the following subsections.  
More detail on these activities can be found in the Light Water Reactor Sustainability Program 
Integrated Program Plan3 and on the LWRS Program website (www.inl.gov/lwrs). 
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2.1  Materials Aging and Degradation Pathway 

Nuclear reactors present a very challenging service environment. Components within the containment 
of an operating reactor must tolerate high-temperature water, stress, vibration, and an intense neutron 
field. Degradation of materials in this environment can lead to, in some cases, reduced performance 
and failures. Materials degradation in a nuclear power plant is extremely complex due to the various 
materials, environmental conditions, and stress states. Over 25 different metal alloys can be found 
within the primary and secondary systems. Additional materials exist in concrete; the containment 
vessel; instrumentation, information, and control systems equipment; cabling; buried piping; and other 
support facilities. Dominant forms of degradation may vary greatly between the different systems, 
structures, and components and can have an important role in the safe and efficient operation of a 
nuclear power plant. 

The Materials Aging and Degradation Pathway includes research and development to develop the 
scientific basis for understanding and predicting long-term environmental degradation behavior of 
materials in nuclear power plants. The work will provide data and methods to assess the performance 
of systems, structures, and components essential to safe and sustained nuclear power plant operations. 
The research and development products will be used to define operational limits and aging mitigation 
approaches for materials in nuclear power plant systems, structures, and components subject to long-
term operating conditions. 

The following topics are covered under this pathway: 

(1) Reactor materials 
(a) Mechanisms of irradiation-assisted stress corrosion cracking 
(b) High-fluence effects on reactor pressure vessel steels 
(c) Precursor states (e.g., damage from grinding, polishing, and installation) and their 

influence on crack-initiation in nickel-based alloys used as piping in nuclear power 
plants 

(d) Effects and magnitude of irradiation-assisted stress corrosion cracking at very high 
fluences 

(e) Evaluation of risk for high-fluence core internal components to swelling 
(f) Evaluation of risk for high-fluence core internal components to embrittlement due to 

phase transformations 
(g) Extending the mechanistic understanding of irradiation effects on reactor pressure vessel 

steels 
(h) Environmentally assisted fatigue mechanisms to predict life for this mechanism 
(i) Techniques for nondestructive examination of key reactor metals 

(2) Concrete 
(a) Mechanisms of concrete degradation 
(b) Techniques for nondestructive examination of concrete 

(3) Cabling 
(a) Mechanisms of cable degradation 
(b) Techniques for nondestructive examination of cables 
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(4) Mitigation technologies 
(a) Weld repair 
(b) Assessment of thermal annealing as a mitigation technology for reactor pressure vessel 

and core internal embrittlement 
(c) Advanced replacement alloys. 

Service materials from active or decommissioned nuclear power plants will be used to assess degradation 
models to further develop the scientific basis for understanding and predicting long-term environmental 
degradation behavior. 

A high-level summary of the milestones for the Materials Aging and Degradation Pathway is shown in 
Figure 3. Detailed year-by-year milestones can be found in the LWRS Program Integrated Program 
Plan.3 

 

FIG. 3. Summary of Materials Aging and Degradation Pathway milestones.   

2.2  Advanced Instrumentation, Information, and Control Systems Technologies 

Reliable instrumentation, information, and control systems technologies are essential to ensuring 
safe and efficient operation of the U.S. LWR fleet. These technologies affect every aspect of nuclear 
power plant and balance-of-plant operations. In 1997, the National Research Council conducted a 
study concerning the challenges involved in modernization of digital instrumentation and control 
systems in nuclear power plants. Their findings identified the need for new instrumentation, 
information, and control systems technology integration. Today, digital technologies are 
implemented as point solutions to performance concerns with individual instrumentation, 
information, and control systems components. This reactive approach is characterized by planning 
horizons that are short and typically only allow for ‘like-for-like’ replacements. This results in a 
fragmented, non-optimized approach that is driven by immediate needs. As a long-term strategy, 
this is inefficient in light of the evolution of instrumentation, information, and control systems 
technology, the availability of skills needed to maintain this legacy technology, and the associated 
high costs and uncertainties. 

This research pathway will enable modernization of the legacy instrumentation, information, and 
control systems in a manner that creates a seamless digital environment that encompasses all aspects 
of plant operations and support – building a three-dimensional information architecture that 
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integrates plant systems, plant processes, and plant workers in an array of interconnected 
technologies as follows: 

• Plant systems – beyond the monitoring and control functions of these systems, extend plant 
information within these systems directly into the processes that support the plant work 
activities and directly to the workers performing these activities. 

• Plant processes – integrate processes with real-time 
plant information to enable task automation, plant 
status control, more accurate procedure and work 
package usage, enhanced risk management, and 
other such functions, based on actual plant 
configuration, performance, and operational 
constraints. 

• Plant workers – immerse plant workers in an 
information-rich environment that provides 
immediate, accurate plant information and allows 
the workers to conduct plant processes directly at 
the plant location, using mobile technologies, 
augmented reality (e.g., “seeing” radiation fields), and real-time video, which enables virtual 
collaboration and collective situational awareness among all participants in a work activity, both 
at the job site and in remote locations. 

The following topics are covered under this pathway: 

• Development, demonstration, and deployment of new digital technologies for instrumentation 
and control architectures and providing monitoring capabilities to ensure the continued safe, 
reliable, and economic operation of the nation’s operating nuclear power plants 

o Reliable digital instrumentation, information, and control systems technologies are 
essential to life extension 

o New technologies to monitor and characterize the effects of aging and degradation in 
structures and components 

• Development of capabilities to support long-term nuclear power plant operations and 
management 

o Support creation of new technologies that can be deployed to address the 
sustainability of today’s instrumentation, information, and control systems 
technologies 

o Improve understanding of, confidence in, and facilitate transition to these new 
technologies 

o Support development of the technical basis needed to achieve technology deployments 
o Create or renew infrastructure needed for research, education, and testing 

• Advanced instrumentation, information, and control systems technologies 
o Reduce the technical, financial, and regulatory risk of upgrading the aging 

instrumentation, information, and control systems to support extended plant life 
beyond 60 years 
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o Provide the technological foundation for a transformed nuclear power plant operating 
model that improves plant performance and addresses the challenges of the future 
business environment 

Work activities are grouped into the following major areas of enabling capabilities: 

• Highly integrated control room 

• Highly automated plant 

• Integrated operations 

• Human performance improvement for field workers 

• Outage safety and efficiency 

• Centralized online monitoring and information integration 

A series of 18 “pilot projects”a were defined within these enabling capabilities as the roadmap for 
industry to collectively integrate new technologies into NPP work activities. For online monitoring, 
two broad areas of development have been defined at the present, which will be further defined into a 
series of additional pilot projects. 

A high-level summary of the milestones for the Advanced Instrumentation, Information, and Control 
Systems Technologies Pathway is shown in Figure 4.  The II&C Pathway Strategy can be found in the 
Long-Term Instrumentation, Information, and Control Systems (II&C) Modernization Future Vision 
and Strategy4.  Detailed year-by-year milestones can be found in the LWRS Program Integrated 
Program Plan.3 

 

FIG. 4. Summary of Advanced Instrumentation, Information, and Control Systems Technologies 
Pathway milestones. 

                                                      
a A pilot project is an individual demonstration that is part of a larger strategy needed to achieve 
modernization according to a plan. It is small enough to be undertaken by a single utility, it 
demonstrates a key technology or outcome required to achieve success in the higher strategy, and it 
supports scaling that can be replicated and used by other plants. 



 

8 

2.3  Risk Informed Safety Margin Characterization 

Safety is central to the design, licensing, operation, and economics of nuclear power plants. As the 
current LWR nuclear power plants age beyond 60 years, there are possibilities for increased frequency 
of systems, structures, and components failures that initiate safety-significant events, reduce existing 
accident mitigation capabilities, or create new failure modes. Plant designers commonly “over-design” 
portions of nuclear power plants and provide robustness in the form of redundant and diverse 
engineered safety features to ensure that, even in the case of well-beyond design basis scenarios, 
public health and safety will be protected with a very high degree of assurance. This form of defense-
in-depth is a reasoned response to uncertainties and is often referred to generically as “safety margin.” 
Historically, specific safety margin provisions have been formulated, primarily based on “engineering 
judgment.” 

The ability to better characterize and quantify safety margin holds the key to improved decision-
making about LWR design, operation, and plant life extension. In addition, as research and 
development in the LWRS Program and other collaborative efforts yield new data and improved 
scientific understanding of physical processes that govern the aging and degradation of plant systems, 
structures, and components (and concurrently support technological advances in nuclear reactor fuels 
and plant instrumentation, information, and control systems), needs and opportunities to better 
optimize plant safety and performance will become known. 

This pathway will develop and deploy approaches to support management of uncertainty in safety 
margins quantification to improve decision-making for nuclear power plants. Management of 
uncertainty implies the ability to (a) understand and (b) control risks related to safety. Consequently, 
the Risk-Informed Safety Margin Characterization Pathway is dedicated to improving both aspects of 
safety management. 

The following topics are covered under this pathway: 

• Margins analysis techniques 
o Develop techniques to conduct more accurate margins analysis, including a 

methodology for carrying out simulation-based studies of margin 

• Simulation components of the risk-informed safety margin characterization toolkit 
o RELAP-7b 

� Systems code that will simulate behavior at the plant level 
� Advanced computational tools and techniques to allow faster and more accurate 

analysis 
o Simulation controller (RAVEN – Reactor Analysis and Virtual control Environment 

� Provides input on plant state to RELAP-7 (including operator actions, 
component states, etc.) 

� Integrates output from RELAP-7 with other considerations to determine 
component states 

o Aging simulation 
� Component aging and damage evolution will be modeled in separate modules 

that will couple to RELAP-7 and RAVEN. 
A high-level summary of the milestones for the Risk Informed Safety Margin Characterization 
Pathway is shown in Figure 5. Detailed year-by-year milestones can be found in the LWRS Program 
Integrated Program Plan.3 

                                                      
b RELAP-7 development is carried out in partnership with the DOE-NE Nuclear Energy Advanced Modeling 
and Simulation Program. 
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FIG. 5. Summary of Risk Informed Safety Margin Characterization Pathway milestones. 

2.4  Advanced Light Water Reactor Nuclear Fuels 

Nuclear fuel performance is a significant driver of nuclear power plant operational performance, 
safety, operating economics, and waste disposal requirements. Over the past two decades, the nuclear 
power industry has improved plant capacity factors with incremental improvements achieved in fuel 
reliability and burnup. However, these upgrades are reaching their maximum achievable impact within 
the constraints of the existing fuel designs, materials, licensing, and enrichment limits. 

The Advanced LWR Nuclear Fuels Pathway is developing advanced cladding designs and computational 
models to predict fuel performance. The focus is on developing the scientific knowledge basis for 
understanding and predicting fundamental nuclear fuel and cladding performance in nuclear power 
plants and applying the information to development of high-performance, high-burnup fuels with 
improved safety, cladding, integrity, and nuclear fuel cycle economics. Silicon carbide ceramic matrix 
composite materials are the leading cladding option for LWR fuels under investigation in this pathway 
because of their potential for significant improvements in performance. Direct cooperation with the DOE 
Fuel Cycle Research and Development Program is important to the success of this pathway. The Fuel 
Cycle Research and Development Program investigates additional fuel and cladding options and 
performs evaluations of fuel cycle issues related to economics, fabrication, recycling, and storage of 
advanced fuel options. 

The following topics are covered under this pathway: 

• Silicon carbide ceramic matrix composite designs and concepts 
o Increase the understanding of advanced LWR fuel design concepts and apply this 

understanding to create safer and more economic nuclear fuel 
o Perform a sequence of increasingly complex out-of-pile and in-pile tests to understand and 

demonstrate performance 

• Mechanistic understanding of fuel behavior – model development 
o Develop a fuel mechanical property change model as a function of exposure 
o Develop a pellet cladding interaction model 
o Develop mesoscale models of microstructure fuel behavior 
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• Advanced tools 
o Develop fuel performance tools, including mechanical models of composite cladding and 

design studies of advanced silicon carbide cladding 
o Perform experiments to verify design and safety margin calculation tools. 

A high-level summary of the milestones for the Advanced LWR Nuclear Fuels Pathway is shown in 
Figure 6. Detailed year-by-year milestones can be found in the LWRS Program Integrated Program Plan. 

 

FIG. 6. Summary of Advanced LWR Nuclear Fuels Pathway milestones. 

3.0  Conclusions 

The domestic electrical energy sector is being challenged to supply increasing amounts of electricity in a 
dependable and economical manner and with reduced carbon dioxide emissions.  Nuclear power is an important 
part of answering the challenge through long-term safe and economical operation of current nuclear power plants 
and with building new nuclear power plants. While implementing the Nuclear Energy Roadmap’s Objective 1, 
the Department of Energy Light Water Reactor Sustainablity Program is designed to provide, in 
collaboration with industry programs, a sound technical basis for licensing and managing the long-term safe 
operation of existing operating nuclear power plants. The LWRS Program will produce near-term results to 
support the first (and subsequent) decisions by nuclear power plant licensees on second license 
renewals as well as provide important information for future nuclear power plants. 
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