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ABSTRACT

The purpose and mission of the Integrated Operations for Nuclear Business
Model and research effort at Light Water Reactors Sustainability (LWRS)
Program is to identify and integrate technological and programmatic changes and
modernizations to nuclear plant operations. These changes, called “work
reduction opportunities,” are first advanced and integrated into the integrated
operations for nuclear model then verified and explored further in applied ways
with partnering utilities and plant sites.

As the integrated operations for nuclear model gains structure, researchers
actively seek to incorporate new work reduction opportunities as components to
the existing work reduction opportunities suite from ongoing research within the
LWRS Program. To achieve this, each pathway in the LWRS Program was
assessed, and interviews conducted with each pathway lead to gather insights into
current and future research and development efforts that could contribute to the
creation of new work reduction activities.



Page intentionally left blank

Vi



CONTENTS

1. INTRODUGCTION ... .ottt ittt sttt sttt s e seebe s se et e sae et e e st eneabeaneabeseeneenenneas 1
1.1 Plant MOAernization GrOUP.......cocueeiiiieeiesieeie st sieeteestesieeeesteeeeste e e eesaeeseeseesreeneeseesneeneeneens 1
1.1.1 Modernization of Field-End Digital Infrastructure............cccocovevveiiiiievie e, 2
1.1.2 Data Capture and VisUAlIZAtioN ...........cccooiiieieiecie e 3
1.1.3 Integrating Artificial Intelligence and Machine Learning with Sensor
=1 0] [0 0 3 T=T 1 SR 5
1.1.4  Use of Enterprise Data for Operational Decision-MakKing............ccccceovvevieniviineinennnnn, 6
1.1.5 Developing a Business Case Concerning the Economic Benefits of
Reducing Maintenance FreqQUENCIES .........cocveirieiieieseeie et 7
1.2  Flexible Plant Operations and Generation (FPOG)..........cooeiiiieiiiiie e 8
1.2.1  Use of Nuclear Plants to Produce HYdrogen..........cccccuevvevieniiesie e e 8
1.2.2 Expansion of Steam Production and Accessing the Markets for Thermal
ENBIQY ettt br e nare e anreas 10
1.2.3 Using Gasification to Turn Black Liquor into FUel ............ccccoviiiiiiiiiniiieeeee 11
1.3 Risk Informed Systems AnalysiS (RISA) .....cuiiiiiiiiiiieiee s 12
1.3.1 Risk-Informed Asset Management .........cccoceieeiieieeieie et 12
1.3.2 Risk-Aligned Data-Driven CompPlianCe.........ccccoviriiiiniiiiieieeeeese e 13
1.3.3 Evaluations of Accident-Tolerant Fuel (ATF) with Higher Burnup............c.cc....... 14
1.3.4 Plant Reload Optimization........ccccccveiiieiieeiie i re e s snee s 15
1.3.5 Risk Assessment of Digital I&C SYStEMS.......c.cciiieiiiiiiieicse e 15
1.3.6  ENhanCed FIre PRA........o oottt et steenaeneenne s 16
1.3.7 AL SUPPOIEd LIDAR ..ottt ettt nee s 17
1.3.8 Risk-Informed Aging Management and Subsequent License Renewal (SLR)......... 17
1.4 PhySiCal SECUIMLY GIOUD.....iiieeitieieeiiesie st eieeieesteeste e ste e st e s e s te e sreesreesreesteesreesneeeneeeeeeneeees 18
1.4.1 Augmented Reality for FOrce-on-Force EXErCiSeS.......covvviviiiiiieieieeiieseseeiesieaneas 19
1.4.2  Advanced Sensors Unique to Nuclear Power Plants...........cccccooivevviieive s 20
1.4.3 Performance Based Risk Informed Assessment for SECUrity.........ccccoeeviiiveiennnnnne 20
1.4.4 Remote Operated WEAPOMS. ......ccciiuiiiiieiee e seeseesteeeee e e e steesreesreesneesneeaneeesseesseessenas 21
1.5  MaterialS RESEAICH ......ooueiiiie ettt sttt enae e e e 22
1.5.1 Predicting the Embrittlement Trend Curve for Reactor Pressure Vessels
Under High Fluence Conditions in Extended Operations............ccoccevveveieseeeennenn, 23
1.5.2 Thermal Annealing of Reactor Pressure VESSEl........ccoccivvieriieiie i e e see e 24
1.5.3 Address Potential Concern of Stress Corrosion Cracking on a High
Chromium and Nickel Based AHOY 690 ..........ccccoivveiieieiiieriesecee e 25
1.5.4 Replacing Lithium Hydroxide with Potassium Hydroxide for PWR Water
[0 B0 1 o] PSSR 25
15,5 Concrete Performance / Degradation After Irradiation............cccceoviviiiinicnenenennn. 26
1.5.6 Developing an Effective Cable Condition Monitoring Program ............c.ccccceeevennen. 27
1.6 SUMMANY TADIE ...ttt ens 28
1.6.1  ODSEIVALIONS .....oviieieieiieeiiesie sttt sttt e ste et e tesreeseenbesseesaesreaneesaeareeneeneeas 29
1.6.2  Areas fOr GrOWEN ..o e 30
Appendix A Research Area Summary Materials Plant Modernization Group ...........cccccevvveeveveeienenneas 31
Appendix B Flexible Plant Operations & Generation (FPOG).........ccccveviiiiiiiiinieie e e 37
Appendix C Research Area Summary Materials Risk Informed Systems Analysis (RISA) .........cccccue.... 46

vii



APPENdiX D PhYSICAI SECUFILY .. .veiuiieiee ettt e e sre et e e sreenreenneas 53

AppendiX E MaterialsS RESEAICH.........cci ittt r et s re e testeenenrs 65
Appendix F Briefing Paper on Evaluation of ION Cost Reduction Opportunities for LWRS
PrOgram PAtWAYS .......ecieeiee ettt e st e ste e te e st e steesn e eneeenteeteesteesreesneeanneenes 71
TABLES

Table 1. Results summary for Process LOgIC CONIrOIIENS. ......cuvvvviieeiee e 3
Table 2. Results summary for Additional Field Sensors Data Visualization Software Data

Analysis Software or Cloud COMPULING. .....cveiiiiiiiieieeeee e 4
Table 3. Results summary for Artificial Intelligence and Machine Learning Software. ..........cc.ccoceveevennn 6
Table 4. Results summary for Bi-directional Data INterrogator. ...........cccocvevevenieiiese e 7
Table 5. Results summary for Incorporation of Risk of Failure Due to Maintenance. ..........c..cccccvvvveverienee. 8
Table 6. Results summary for Technology to Generate Hydrogen from Thermal or Electrical

0] RO O UPT PP PP P PPRPP 10
Table 7. Results summary for Technology to Distribute Excess Thermal Energy Directly to

LGN 1 0] 1 1T £ 11
Table 8. Results summary for Technology to Gasify Black LiqUOT. ........c.ccceviviiiiiii e 12
Table 9. Results summary for Risk Informed Asset Management SOftware. .........ccccoceveieeveveceeieseennn 13
Table 10. Results summary for Artificial Intelligence / Machine Learning. .........ccccoocevvrvivniinieneneneinenn 14
Table 11. Results summary for Risk-informed Software Suite to Evaluate ATF Safety...........ccccoevenne. 15
Table 12. Results summary for Risk-informed Software Suite Digital 1&C System Replacement

O] 00 = 1 PO 16
Table 13. Results summary for Fire PRA Software Suite and Model. ..........ccoovvoveveiiviieienice e 17
Table 14. Results summary for LiDAR Plant Model Atrtificial Intelligence / Machine Learning.............. 17
Table 15. Results summary for License Renewal Program Risk Informed Tools to Evaluate Aging

(000 101 010 ] 1= 1 TSRS 18
Table 16. Results summary for Augmented Reality Software and Programming Capability

Augmented Reality Headsets and HardWare. ..........cccocvviieiieeie e seesee e e veesaeeseee e 19
Table 17. Results summary for Advanced Intrusion Detection SENSOrS. ........ccccveveveieerieiesiese e 20
Table 18. Results summary for Probabilistic Risk Assessment Software and Techniques. ..........c.cccc.e.... 21
Table 19. Results summary for Remote Operated Weapon SYSIEMS. .......cc.covevririrerenieieesese e 22
Table 20. Results summary for Charpy Impact Testing Embrittlement Curve (forthcoming). .................. 23
Table 21. Results summary for Reactor Pressure Vessel Thermal Annealing..........ccocovvvivininincnennn, 24
Table 22. Results summary for Aoy 690 TeSt RESUILS. ........c.coviiiiiiiiieee s 25
Table 23. Results summary for Potassium Hydroxide vs Lithium Hydroxide. ........c.cccccooiviiiiniiininennns 26
Table 24. Results summary for Guidelines for Irradiated CONCrete. ........coveveiiiiciiiiie e 27

viii



Table 25. Results summary for Condition-Based Cable Monitoring Program. ........c.ccccvvvviveieenieenneninens 28

Table 26. Integrated summary results for all the research iNitiatives..........cccccocvvviveiiiiiiic e 28



Al
AMP
ATF
CAS
CBS
CCNG
CWP
DARPA
EQ
FPOG
GALL
HTSE
1&C
ION
IRA
LOCA
MI
MSPI
MSR
NRC
O&M
PLC
PRA
PWR
R&D
RISA
SCC
SLR
SSCs
VVER
WRO

ACRONYMS

artificial intelligence

aging management programs

accident tolerant fuels

central alarm station

concrete biological shield

Combined Cycle Natural Gas
Circulating Water Pump

Defense Advanced Research Projects Agency
Environmental Qualification

Flexible Plant Operations and Generation
Generic Aging Lessons Learned
high-temperature steam electrolysis
instrumentation and control

integrated operations for nuclear
Inflation Reduction Act

Loss of Coolant Accident

machine learning

Mitigating System Performance Index
molten salt reactors

U.S. Nuclear Regulatory Commission
operation and maintenance

Process Logic Controller
Probabilistic Risk Assessment
pressurized water reactor

research and development

Risk Informed Systems Analysis
stress corrosion and cracking
Subsequent License Renewal
systems, structures, and components
water-water energy reactor

work reduction opportunities



Complete Evaluation of ION Cost Reduction
Opportunities for LWRS Program Pathways

1. INTRODUCTION

The Light Water Reactor Sustainability (LWRS) Program, sponsored by the U.S. Department of
Energy (DOE) and coordinated through a variety of mechanisms and interactions with industry, vendors,
suppliers, regulatory agencies, and other industry research and development (R&D) organizations,
performs research to develop technologies and other solutions to improve economics and reliability,
sustain safety, and extend the operation of nation's fleet of nuclear power plants.

The LWRS program has two objectives to maintain the long-term operations of the existing fleet:

1. To provide science and technology-based solutions to industry to implement technology to exceed the
performance of the current business model; and

2. To manage the aging of systems, structures, and components (SSCs) so nuclear power plant licenses
can be extended and the plants can continue to operate safely, efficiently, and economically.

The LWRS Program research and development pathways are:

e Plant Modernization — R&D to address nuclear power plant economic viability in current and future
energy markets through innovation, efficiency gains, and business model transformation using digital
technologies.

e Flexible Plant Operation and Generation — R&D to identify opportunities and develop methods for
light-water reactors (LWRs) to directly supply energy to industrial processes to diversify approaches
to revenue generation.

¢ Risk-Informed Systems Analysis — R&D to develop and deploy risk-informed tools and methods to
achieve high levels of safety and economic efficiencies.

o Materials Research — R&D to develop the scientific basis for understanding and predicting long-term
environmental degradation behavior of materials in nuclear power plants.

e Physical Security — R&D to develop methods, tools, and technologies to optimize and modernize a
nuclear facility's security posture.

1.1 Plant Modernization Group

The Plant Modernization Pathway research and development efforts address critical gaps in
technology development and deployment to reduce risk and cost. The objective of these efforts is to
develop, demonstrate, and support the deployment of new digital 1&C technologies for nuclear process
control, enhance worker performance, and provide enhanced monitoring capabilities to ensure the
continued safe, reliable, and economic operation of the nation’s nuclear power plants.

New value from 1&C technologies is possible if they are integrated with work processes, directly
support plant staff, and are used to create new efficiencies and ways of achieving safety enhancements. A
goal of these efforts is to motivate the development of a seamless digital environment for plant operations
and support by integrating information from plant systems with plant processes for plant workers through
an array of interconnected technologies:

e Plant systems — beyond centralized monitoring and awareness of plant conditions, deliver plant
information to digitally based systems that support plant work and directly to workers performing
these work activities.



e Plant processes — integrate plant information into digital field-work devices, automate many manually
performed surveillance tasks, and manage risk through real-time centralized oversight and awareness
of field work.

e Plant workers — provide plant workers with immediate, accurate plant information that allows them to
conduct work at plant locations using assistive devices that minimize radiation exposure, enhance
procedural compliance and accurate work execution, and enable collaborative oversight and support
even in remote locations.

The development and collaborations through this pathway are intended to overcome the inertia that
sustains the current status quo of today’s 1&C systems technology and to motivate transformational
change and a shift in strategy—informed by business objectives—to a long-term approach to 1&C
modernization that is more sustainable.

The following research initiatives capture current efforts to fulfill the objectives of the Plant
Modernization Pathway within the LWRS Program

1.1.1  Modernization of Field-End Digital Infrastructure
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 1.

e Opportunity Description: Among the areas with the greatest work reduction opportunity from
modernization is the replacement of existing analog field-end devices—which work within key
systems such as pumps and pump motors—with field-end devices that have computing capabilities.
These field-end devices may include pump motor sensors, motor controllers, and motor starters.
Relevant field-end devices could also include process control such as skid-mounted conditioning
units.

o Upgrade: The modernization consists of eliminating analog and mechanical safety logic functions,
such as the start and trip logic, currently relayed within the component circuit breakers. These
functions can be accomplished using a computing edge device such as a programmable Process Logic
Controller (PLC). The PLC replaces the analog logic system within the breaker.

Further systems that could benefit from digital modernization include medium voltage switchgear and
starters, which some companies have already modernized following a similar rationale as described
above. The modernization of these systems has allowed for the elimination of all relay contacts.

e Advantages and Benefits: Modern digital systems have numerous advantages over analog and
mechanical systems. While analog systems use predictive maintenance schedules and take up many
technician man-hours to maintain, digital systems facilitate condition-based maintenance through
their ability to auto-generate reporting of failures and internal parameters. Additionally, digital
alternatives either do not require calibration or are automated by the device itself. Finally, analog
systems contain numerous components which have high failure rates and require replacements that
often cannot be easily or cheaply procured. Digital alternatives are solid-state systems that have no
moving parts and therefore do not experience wear or mechanical failure.



e Potential Savings: Savings from the digital modernization of field-end devices will come from two
sources. First, modernization will lead to full-time employment reductions in craft resources through
reduced maintenance requirements on the analog logic components within component breakers.
Preventative and non-repetitive maintenance will decrease because digital systems require fewer total
man-hours to test and maintain. Digital components also eliminate man-hours consumed with
calibration. Secondly, since the analog and mechanical control logic components will be replaced
with a computing edge device, fewer overall components will be needed to service the system. This
will lead to reduced material spending and abate cost escalation due to obsolescence or inflation.

e Challenges: The major challenge of digital modernization of field-end instruments is the high up-front
capital investment costs of modernizing numerous field-end components. Economic modeling of
similar—although less ambitious—modernization initiatives also point to relatively long payback
periods. This makes them particularly sensitive to changes in certain modeling parameters such as
discount rate variability.

Table 1. Results summary for Process Logic Controllers.
Technology Requirements Cost Savings Type Functions Impacted Positions Impacted

Process Logic Controllers Direct Labor Maintenance Craft Technicians
Efficiency Gain

1.1.2  Data Capture and Visualization
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 2.

e  Opportunity Description: Modernization of data visualization capabilities and the utilization of
dynamic dashboards provide considerable work reduction opportunities, especially combined with
digital upgrades made to plant sensors. The development of a methodology for role-specific
visualization allows for the curation and management of data in ways that allow for operational and
efficiency improvements. Purposeful mapping of what, how, and by whom data is used means that
the necessary data is collected, while not expending resources on the collection of data that serves no
purpose. This data can be integrated using dynamic dashboards to allow for data to be presented in a
way that is useful to the receiver.

e Upgrade: Dynamic dashboards are made effective by parametrizing real sensor data with the expected
impacts of these variables on the component or system under observation. For example,
understanding the likely condition of plant cables would require utilizing a dashboard with predictive
capabilities for the impact of normal environment temperature and temperature variation above or
below the normal range as a function of time. The dashboard could also include humidity, radiation
exposure, and other relevant parameters impacting cable aging. This provides operators with dynamic
estimates of the condition of the system and thereby determines the suitable time to carry out
maintenance, and not before. This is known as “Preventive Maintenance Optimization.”



Advantages and Benefits: Traditionally, maintenance is carried out according to predictive or periodic
maintenance schedules based on an assumption of normal conditions, which leads to significantly
shorter intervals between preventative maintenance activities. Operators must tend towards highly
conservative estimates of component lifespans to avoid failures, especially for components that serve
critical systems. Deferring maintenance using dynamic dashboards presents a significant work
reduction opportunity as the preventative maintenance schedules can be adjusted based on the actual
conditions of the components. Similar to condition-based maintenance, dashboards incorporate
additional conditions present to the components and then bring each measurement to a specific
dashboard just for that component. The data visualization could also incorporate analysis and
amalgamation of a diverse array of readings to more accurately represent the condition within which
the components are operating.

Using artificial intelligence (Al), preventive maintenance can be optimized and the intervals between
maintenance significantly increase further. The integration of Al with dynamic data capture and
visualization also provides superior intelligence and early warning capabilities, thereby reducing the
probability of component failure. When this allows for the identification of those areas with elevated
risk profiles, maintenance can be implemented to prevent system failure. This reduces the likelihood
of costly component replacements as well as the potential for unplanned forced outages typically
necessitating several days of lost generation revenue.

Potential Savings: The use of dynamic dashboards and data visualization combined with the
installation of relevant digital sensors allows plants to significantly reduce costs associated with
preventative maintenance. Maintenance operations can be optimized through an up-to-date
understanding of the condition of specific components and how those conditions affect the overall
maintenance schedule. This enables workload reductions in craft labor.

Challenges: Because there can be high costs associated with the installation of digital sensors in the
plant, among the major challenges in the use of dynamic dashboards is the optimal deployment of
sensors for outcomes that significantly reduce preventative maintenance. This requires considerable
time in the planning phase of the implementation of the use case of each sensor installation to be
economically justified.

Table 2. Results summary for Additional Field Sensors Data Visualization Software Data Analysis

Software or Cloud Computing.

Technology Requirements

Cost Savings Type

Functions Impacted

Positions Impacted

Additional Field Sensors

Data Visualization Software
Data Analysis Software or Cloud
Computing

Direct Labor
Efficiency Gain

Maintenance
Engineering

Craft Technicians
Strategic Engineers

1.1.2.1  An example of Data Capture and Visualization: Improved Use of Vibration
Sensors in Circulating Water Pump (CWP) Systems

e  Opportunity Description: Progress has been made in finding work reduction opportunities using
vibration sensors in an existing utility’s circulating water pump system and the effective analysis of
the accompanying data in the plant process computer to prevent system failures. The improved
utilization of the data has been achieved by connecting these sensors to the cloud, after having taken
the necessary actions to ensure the cybersecurity effectiveness of both the wireless sensors and the

cloud itself.




Upgrade: The plant in question had been experiencing CWP failures which they had been unable to
prevent with the existing configuration. Using the submerged vibration sensor, the plant extracted the
indicator function data from the raw vibration signal which was stored in the plant process computer.
Although the plant could not effectively store the raw vibration signal, raw indicator functions such as
peak amplitude and the frequency of dynamic forces for the circulating water pump system could be
effectively stored and used by the plant process computer. By analyzing vibration measurements,
degradation issues such as imbalance, looseness, or misalignment can be identified at their onset.

Advantages and Benefits: The ability to effectively analyze the raw indicator function data gives the
plant operators more time to mount an effective response and implement actions to preempt
significant failures. This technique is ready to be deployed across nuclear plants and implementing
these improvements will be an important focus in the near term.

Potential Savings: The savings from workload reductions in this project are limited by the scope of
the system under consideration. However, demonstrating the effectiveness of using vibration sensor
outputs provides use cases in other systems, such as the feedwater condensate system. In general, the
savings for these use cases derive from extra generation revenue from preventing unplanned forced
outages. There is also some potential for lower material spending through earlier maintenance on
faults that preempt the need for component replacements.

Challenges: A significant challenge, in this case, is negating the concerns of the utility associated with
the implications of having complete dependence on a third party for the actionable analysis of the
data.

1.1.3 Integrating Artificial Intelligence and Machine Learning with Sensor

Deployment
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 3.

Opportunity Description: The integration of Al and machine learning (ML) techniques with
accessible and visualizable sensor data will allow for orders of magnitude higher realization of work
reduction opportunities. The benefits that will flow from the effective use of Al and ML will be
achieved on a plant-by-plant basis and are fundamentally a function of the ease of integrating these
techniques by the plant operators into different safety and non-safety systems.

Upgrade: A comprehensive ML approach for federated systems is being developed, moving from a
simple model to a complex model that can assist operators in a multi-level class problem. To further
develop the ML and Al models for CWP systems as an example, utilities were asked for the most
frequent points of failure in their systems over the last 12 years. For each fault mode, a set of
measurements were provided by the partner utilities. Some of these measurements overlapped with
other faults and some were distinct for the fault in question. The failures were tracked in time and the
pattern of parameter changes indicating a potential failure beforehand were recorded. These pattern
changes, or signatures, were used to train the ML model to detect similar patterns and signals in the
future and alert the users of a pending issue with the pump.

A major challenge for training the ML model in certain faults was the infrequency of specific failures
over the period resulting in insufficient training and testing data for the model. In these cases, the
challenge was overcome by “bootstrapping”; that is, creating artificial datasets with pre-populated
fault signatures and parameters. Once the model is trained and tested on the artificial dataset as well
as the actual dataset, it is locked, and real data is fed into it to test its accuracy.



A model developed using data from a single CWP system can be applied to other CWPs of different
types either at the subject plant or other plants in the United States fleet with some minor adaptations.
To do this, variable measurements that were used to build the initial model are mapped. In certain
cases, specific measurements are missing, but this fact could be overcome so long as data are
sufficient from other variables from which the ML model can generate the same outcomes.

Access to a national database containing information on all the CWP system parameters would
improve the accuracy of the ML model. This is because CWPs are similar across U.S. nuclear plants
with significant differences being seen only in their operating frequencies due to variation in the
sources of cooling water in use at each plant. To develop an ML model with such a database, the
sensor systems in place at each plant would be mapped and clustered according to the number and
configuration of sensors on the motors and pumps. The operating speed of the pumps would also have
been mapped to determine their frequencies. The model could then be trained on a defined set of
parameters and applied to each additional CWP system. Models such as these which are built on
multiple measures — known as “federated” or “transfer” learning - can be applied in different cases
using only a small sample of data without losing reliability.

e Advantages and Benefits: Once a problem has been identified, complex ML models allow for fault
data to be analyzed. This was previously extremely challenging because fault data signatures were so
similar that it was difficult to pinpoint where the fault was developing. ML and Al modeling resolves
this problem through its ability to integrate multiple separate measurements and parameters into one
model which allows for the assignment of probability values for a particular fault. This informs the
operator of the areas where further measurements should be manually sought to shed further light on
the issue, provide confirmation as to its occurrence, and provide further insight into its cause. In other
words, ML techniques allow operators to both pinpoint the area in which the faults are occurring and
inform them as to the additional data which is missing. Finally, the probabilistic analysis which is
generated from these techniques can be used in an economic equation to determine whether there is a
financial rationale for carrying out maintenance or not.

e Potential Savings: Effective utilization of Al and ML as described above has the potential to lead to
dramatic reductions in maintenance costs of all types and failure rates. Al and ML will likely enable
workload reductions for craft labor and strategic engineers.

e Challenges: The largest potential for workload efficiency savings through the effective deployment of
Al and ML exists in a plant’s safety systems. For ML to be effectively utilized to achieve workload
reduction savings in safety systems, plant operators will first have to become skilled at using these
techniques across non-safety systems and be comfortable with understanding and integrating the
outputs from Al-generated analyses to alter maintenance operations. Moving forward, the use of Al
and ML in safety systems may require the installation of additional sensors.

Table 3. Results summary for Artificial Intelligence and Machine Learning Software.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted
Artificial Intelligence and Direct Labor Maintenance Craft Technicians
Machine Learning Software Efficiency Gain Engineering Strategic Engineers

1.1.4  Use of Enterprise Data for Operational Decision-Making

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 4.



Opportunity Description: Another major work reduction opportunity is for the modernization of the
data diode, which for security reasons currently only allows for one-directional data transfer from the
plant to the business network and not vice versa. The replacement of the data diode style data transfer
with a bi-directional system would allow for the data that exists on the business network to be brought
“into the plant” and used for operational decision-making.

Upgrade: The likely solution is the use of a “bi-directional interrogator” which is currently being
developed by the Defense Advanced Research Projects Agency (DARPA). This system is thought to
contain sufficient security capabilities for use in a nuclear plant.

Advantages and Benefits: The use of enterprise data to inform operational decision-making would
enable substantive advances in the deployment of automation in numerous plant activities and
operational processes. Combined with the use of wireless and remote communications technology,
bidirectionality allows for considerable additional flexibility, including remote management and
remote performance of maintenance operations engineering and ASME testing by equipment vendors
themselves.

Potential Savings: Savings in this area are only hypothetical at this stage since reductions in workload
associated with the automation of plant systems through the use of enterprise data have not yet been
tangibly demonstrated or modeled. In general, automation is likely to lead to workload reductions
associated with various types of maintenance activities, while increased access to enterprise data will
provide operators (and others) the freedom to use the additional array of data sources to make
decisions more quickly and with greater certainty.

Challenges: Effective utilization of the bidirectionality of data flow to automate plant systems will
likely require considerable numbers of manhours. The capital costs from the installation of hew
automated systems within the plant are likely to be high as well.

Table 4. Results summary for Bi-directional Data Interrogator.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted

Bi-directional Data Interrogator Direct Labor Multiple Multiple

Efficiency Gain

1.1.5 Developing a Business Case Concerning the Economic Benefits of

Reducing Maintenance Frequencies
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 5.

Opportunity Description: An area for additional research is investigating the reliability benefits of
reducing the frequency and number of maintenance activities because of the risk associated with
mistakes being made during the performance of these activities. Two studies from the University of
Tennessee evaluate the quality of maintenance and the impact on reliability. Developing a model to
evaluate the economic impacts of reducing the frequency of maintenance operations could be a
valuable follow-up to this report.

Upgrade: There are no tangible upgrades to be discussed at present.

Advantages and Benefits: A business case would demonstrate which systems are likely to gain the
most from digital upgrades because they suffer more from maintenance errors.



e Potential Savings: An economic analysis would model the additional savings from the
non-occurrence of component failures from maintenance errors because of the modernization of plant
systems.

e Challenges: The major challenge is obtaining reliable data on maintenance errors from which to build
an effective economic analysis of the benefits of specific modernization efforts.

Table 5. Results summary for Incorporation of Risk of Failure Due to Maintenance.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted

Incorporation of Risk of Failure Direct Labor Maintenance Craft
Due to Maintenance

1.2 Flexible Plant Operations and Generation (FPOG)

The purpose of the FPOG Pathway is to diversify and increase the revenue of LWRs in the U.S. This
Pathway supports technical and economic assessments to raise the understanding of LWR owners,
investors, utilities, and industrial manufacturing and transportation-sector industries. It supports essential
R&D required to enable LWR plants to dispatch both thermal and electrical energy for the production of
nonelectrical products through FPOG. This work focuses on interfaces between the LWR plant and the
industrial-energy user that enable an LWR plant to optimize its revenue through the production of
electricity and nonelectrical products. It addresses the potential safety hazards of collocated hydrogen and
chemicals on operating licenses and system-integration interaction with LWR operations.

The following research initiatives capture current efforts to fulfill the objectives of the FPOG
Pathway within the LWRS Program.

1.2.1 Use of Nuclear Plants to Produce Hydrogen
Implementation Timing: Project implementable in 3-5 years or Generation 1.

e Opportunity Description: Modifications to nuclear plants to support the production of hydrogen as an
alternative revenue stream is the largest single opportunity area for workload optimization—if not
workload reductions—being examined by the FPOG. Hydrogen production was targeted because of
expectations for the rapid growth in demand for hydrogen, especially green and blue hydrogen. There
are several potential options for how hydrogen produced from nuclear plants can be most effectively
monetized which will depend on the exact configuration of the plant and the conditions of local
industry for which hydrogen can be used as a feedstock. These include the production of synthetic
fuels, cement, steel, and fuel cells. These options will be discussed in more detail in subsequent
sections.

e Upgrade: There are two major upgrades or innovations required to allow hydrogen production to be
economically viable at a nuclear plant. Firstly, the use of high-temperature steam electrolysis (HTSE)
to produce hydrogen, is discussed below. Secondly, the ability of the plant to switch between
servicing of electric grid load—when the wholesale electricity price makes this economically
rational—and using a proportion of the plant’s output to produce hydrogen. A proportion of the
plant’s thermal energy can be used to make the production of hydrogen more efficient. The
challenges associated with varying the production of hydrogen in this way are discussed below.



e Advantages and Benefits: Nuclear plants have the potential to produce hydrogen with higher
efficiency and less electricity consumption than comparable “green” processes through HTSE which
utilizes excess thermal energy released from reactors, as well as electricity. The HTSE process
dissociates steam at the cathode to form hydrogen molecules as well as oxygen ions. These migrate
through the solid oxide electrolyte material to form oxygen molecules at the anode surface. This
process is the reverse reaction to that of solid oxide fuel cell technology. HTSE requires about 35%
lower electricity compared with conventional electrolysis at low temperatures. Overall, the current
analysis estimates that HTSE processes have production efficiencies in excess of 50%, compared to
~40% for water electrolysis.

e Potential Savings: As mentioned, the production of hydrogen using HTSE is more efficient than
conventional electrolysis. With the appropriate sizing of the hydrogen facility, the amount of thermal
energy diverted from the nuclear plant to produce hydrogen would have a very marginal impact on
the capacity factor of the nuclear plant. It is estimated that an optimal sizing of the hydrogen plant
would use approximately 6% of the plant’s thermal energy. For a 1000 MW nuclear plant, there is
approximately 3700 MW of heat. Economic modeling suggests that 100 MW of thermal energy
would be diverted for hydrogen production. Using electricity to produce hydrogen instead of selling
those electrons to the grid during periods in the day of low wholesale prices has the potential to lead
to additional incremental revenue.

o Challenges: The major challenge of using incremental electrical and thermal energy from nuclear
plants to produce hydrogen is associated with the regular powering off and on of the hydrogen plant
(depending on the wholesale price of electricity for the nuclear plant).

The efficiency of the hydrogen production process will be impacted by non-constant electrical inputs.
The detrimental effects on the production efficiency of the plant will have to be compared to other
options, such as using a secondary source of electricity when not using electricity from the nuclear
plant. The major problem with this alternative is the difficulty in assuring the green characteristics of
this energy source, without which the economic viability of hydrogen production is in doubt. A
possible solution is the installation of co-located battery storage.

As well as the efficiency of hydrogen production, another challenge of varying electricity inputs is
that customers require a constant supply of hydrogen. In the case of production being non-constant, a
“stock and flow” solution to assure a constant supply of hydrogen to the customer will be required
through the installation of storage capacity. This adds incremental costs to any project.

Each location will have its optimal solution, depending on the specific characteristics of the site,
including the localized marginal price of electricity. It will be a considerable challenge to model all
the relevant variables to achieve the optimal solution in terms of the size of the hydrogen plant, the
size of the storage facility, and whether the hydrogen refinery uses an alternative power source.

1211 Customers for Hydrogen

A major consideration in determining the viability of using existing nuclear plants to produce
hydrogen is the proximity or potential proximity of customers for the hydrogen. Among the potential
customers for nuclear-produced hydrogen are refineries, ammonia plants, steel manufacturers, and fuel
cell vehicles.

Synthetic fuels are another promising option for a potential customer for hydrogen. To make this a
viable use case, however, a source of carbon is required. Among the most economical and plentiful
sources of CO is from corn ethanol plants. Combined Cycle Natural Gas (CCNG) is also an economical
source of CO». An additional method is using the Fischer-Tropsch process, which converts carbon
monoxide and hydrogen into liquid hydrocarbons.



Finally, renewable fuel refineries are another potential customer for HTSE-produced hydrogen. In
states with Low Carbon Fuel Standards, such as California, there are predictable cash-flows for reductions
in the carbon intensity of the fuel through.

1.21.2  Uprating

Uprating nuclear plants is another option that may be available to nuclear operators as a source of
thermal power for hydrogen production. Typically, uprating the nuclear plant to increase the size of the
electrical output sold onto the grid is limited by the capacity of the turbine, which is prohibitively
expensive to upgrade. An additional economic opportunity from uprating the plant for hydrogen
production is through investment tax credits provided through the Inflation Reduction Act (IRA). A 10%
uprating of a 1 GW nuclear plant could provide 50-60 tons of hydrogen per day.

1.2.1.3  Electrolysis of Methane to Produce Hydrogen and Ethylene

Another process that may be economically viable is the electrolysis of methane which creates
hydrogen and ethylene, from which polymers can be created. However, many companies have
investigated this opportunity and found that without a very cheap source of power, it is not viable. A
potential means of making this economical would be if the renewable nature of the polymer could be
effectively monetized. See Table 7.

Table 6. Results summary for Technology to Generate Hydrogen from Thermal or Electrical Power.
Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted

Technology to Generate Hydrogen | Revenue N/A N/A
from Thermal or Electrical Power Generation

1.2.2 Expansion of Steam Production and Accessing the Markets for Thermal
Energy

Implementation Timing: Project implementable in over 5 years or Generation 2. See Table 7.

e Opportunity Description: Another potential opportunity is in accessing the market for thermal energy
(steam), particularly the high demand for thermal energy from petrochemical refineries. An economic
analysis has been carried out for selling steam to a refinery within 20 miles of an existing nuclear
plant and has been demonstrated as viable. The refinery and the nuclear plant are currently in
negotiations over a steam purchase agreement.

e Upgrade: Expansion of thermal energy offtake beyond the limited scope requires considerable
modification to plant infrastructure, as discussed in more detail below.

o Advantages and Benefits: As with the previous discussions on the use of thermal energy, the
advantage of steam as a potential revenue stream is that power stations can increase their production
of thermal energy without requiring costly upgrades to turbines. Additionally, there are limited
environmental concerns with citing pipelines for the transport of thermal energy, and siting is also not
problematic.

e Potential Savings: Thermal energy offtake allows for access to large incremental revenue streams.
The economic viability of large-scale thermal energy offtake is unclear at this point.

o Challenges: As mentioned earlier, there are challenges with the extraction of thermal energy from a
nuclear plant, both in terms of its feasibility technically and viability economically. Recent research
and development have been carried out in collaboration with architectural and engineering groups to
understand the appropriate design of thermal extraction and the electrical connection with hydrogen
plants. They also investigated effective dispatching mechanisms for operators and required upgrades
to the control room.
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In general, the research has attempted to determine the extent to which thermal extraction remains
within the operating license basis and under which parameters. It is thought that the current consensus
among the industry is if the steam extraction remains low, plants will stay within their operating
license basis. It is generally agreed that the risks associated with limited extraction of thermal energy
from nuclear plants are low. For larger plants with up to 1GW of thermal energy extraction,
modifications would be much larger, risks would be elevated, and meeting regulations and licensing
requirements would be far more strenuous and complicated.

Some studies have focused on analyzing thermal energy offtakes of up to 30% of total thermal
production, and there is some disagreement over the risks and challenges at this scale. The capital
costs of modifications at this level of thermal extraction are considerable. Most importantly, because
plants have not been tested nor designed for this purpose, incremental risks associated with additional
wear of the plant cannot be quantified. For this reason, it is suggested that thermal offtake projects
begin on a small scale and only increase in scale after thorough observation of the effects on the plant
infrastructure. Probabilistic risk assessments will need to be carried out thoroughly throughout every
incremental modification.

A final challenge is the process by which the U.S. Nuclear Regulatory Commission (NRC) approval
is obtained, as it is unclear at this stage at what level of plant modification a license amendment is
required. If a plant can pass a 10 CFR 50.59 screening, no NRC approval or license amendment is
likely to be necessary.

Table 7. Results summary for Technology to Distribute Excess Thermal Energy Directly to Customers.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted

Technology to Distribute Revenue Generation N/A N/A
Excess Thermal Energy
Directly to Customers

1.2.3 Using Gasification to Turn Black Liquor into Fuel
Implementation Timing: Project implementable in over 5 years or Generation 2. See Table 8.

e Opportunity: Another opportunity being explored is the use of hydrogen and thermal energy from
nuclear power plants to gasify black liquor to convert it into a fuel source, which can be sold as
biofuel or burnt to produce green electricity. In the pulp and paper industry, black liquor is a by-
product of the process of digesting wood into pulp to produce paper. The pulp and paper industry is
heavily concentrated in Georgia, and the southeast of the United States, in close proximity to a
number of nuclear plants.

e Upgrade: Thermal energy and hydrogen produced by nuclear plants is used in the process of gasifying
black liquor and turning it into fuel.

e Advantages and Benefits: Recovery boilers allow black liquor to be burnt to produce electricity.
Burning black liquor in this way is less efficient than gasification and production of fuel.
Additionally, many of these recovery boilers are old and will soon require replacing.

e Potential Savings: If the process of black liquor refining is situated close to a nuclear plant, the costs
of hydrogen storage are dramatically reduced, and the costs of transporting hydrogen are virtually
eliminated.

e Challenges: This initiative is in early development and its associated challenges have yet to be fully
explored.

11



Table 8. Results summary for Technology to Gasify Black Liguor.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
Technology to Gasify Black Revenue Generation N/A N/A
Liquor

1.3 Risk Informed Systems Analysis (RISA)

The purpose of the RISA Pathway research and development is to support plant owner-operator
decisions with the aim to improve the economics, and reliability, and maintain the high levels of safety of
current nuclear power plants over periods of extended plant operations. The goals of the RISA Pathway
are twofold:

o Deployment of methodologies and technologies that enable better representation of safety margins
and the factors that contribute to cost and safety.

¢ Development of advanced applications that enable cost-effective plant operation.

The following research initiatives capture current efforts to fulfill the objectives of the Risk Informed
Systems Analysis Pathway at LWRS.

1.3.1 Risk-Informed Asset Management
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 9.

e Opportunity Description: Deciding to repair a component or wait until the next available maintenance
window can be a consequential and costly exercise. Risk-informed asset management aims to provide
additional tools to managers and stakeholders that will generate better decisions using more data and
the introduction of a risk profile to the component repair decision-making exercise.

e Risk-Informed Asset Management uses probabilistic risk assessment techniques to optimize
component health and equipment reliability while at the same time lowering operation and
maintenance (O&M) costs to the facility. One of the most consequential parameters of any
component’s preventative maintenance schedule is the frequency of maintenance. Intuitively,
decision-makers tend to believe that more maintenance is better. This philosophy is reinforced by
vendors and vendor manuals. Vendor manuals favor more frequent maintenance since vendors cannot
anticipate each component’s industrial application and they prefer a risk-averse approach. As a result,
preventative maintenance intervals are conservatively established by the plant in the hopes of
reducing the risk of pre-mature failure.

e Upgrade: Nuclear plants in the United States have gathered significant run-time, maintenance, and
failure data on many nuclear power plant components. These figures can be used to generate
information to help plant decision-makers when faced with significant decisions concerning
preventative maintenance intervals. Risk-informed asset management considers industry-gathered
run-time and failure data for classes of components and uses this data to inform plant-specific failure
probabilities given that specific component’s working conditions, run-time, previous failures,
maintenance history, and other parameters. In addition to observed failures and maintenance
performed on equipment, live data is used (e.g., pressure, temperature) to understand the current
equipment's health condition. The integration of generic industry failure data, plant-specific failures,
and maintenance history, and real-time monitoring data provides a complete picture of equipment's
current conditions and expected performance prognoses for the future (i.e., remaining useful life). The
resulting output from risk-informed asset management can be expressed as a probability of
component failure in the future or as a margin between the current state and undesired condition.
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e Advantages and Benefits: With the incorporation of Risk-Informed Asset Management, leaders will
have more information upon which to rely when making repair decisions. This data will help
illuminate the risks of performing or not performing maintenance.

In a hypothetical scenario, by using risk-informed techniques, plants will be able to know that a
particular component has a 10% chance of failure in the next eighteen months if maintenance is not
performed in the upcoming outage and a 1% chance of failure if maintenance is performed in the
upcoming outage. By presenting probabilities of failure based on probabilistic risk assessment
techniques, the amount of risk will be quantified eliminating some of the guess work that goes into
maintenance repair timing decisions. It will always remain the responsibility of plant engineers and
other leaders to determine an acceptable level of failure risk and to consider other risks and
consequences associated with the repair.

e Potential Savings: Savings associated with risk-informed asset management will vary based on the
risk profile of the particular plant itself. Risk-averse plants may find smaller savings associated with
deferred maintenance and less conservative plants have more savings. It is reasonable to state that for
most plants using risk-informed asset management, maintenance will be deferred which will reduce
parts costs and maintenance time associated with the activity. It is also possible, however, that risk-
informed asset management will prevent plant trips and shutdowns since components with high
failure probability rates will gain more maintenance attention.

o Challenges: Incorporating risk-informed asset management as a feature or component of condition-
based maintenance is the next step in automating decision-making at nuclear plants. This same
methodology can also be applied to engineering programs. Plants will have to become comfortable
with the language and implications of this tool for it to be effective.

Table 9. Results summary for Risk Informed Asset Management Software.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted

Risk Informed Asset Direct Labor Maintenance Craft
Management Software

1.3.2 Risk-Aligned Data-Driven Compliance
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 10.

e Opportunity Description: Using artificial intelligence and machine learning to automate the corrective
action program (previously captured in integrated operations for nuclear (ION) report INL/EXT-21-
64134), regulatory and compliance activities, and equipment performance trends (see Section 1.1.3).

The condition report opportunity is covered in the ION Generation 1 suite of work reduction
opportunities. It remains possible to apply similar techniques to compliance activities such as NRC/
Institute of Nuclear Power Operations, reporting, maintenance rules, MSPI accounting, and other
activities or programs required by regulators. In one example, artificial intelligence would be trained
using the operator’s log history to automatically perform the MSPI time accounting task typically
performed by engineers.

Operator logs contain the activities of operators throughout plant operation. Current MSPI time
accounting techniques utilize operator logs and manually calculate instances of time when important
safety systems, such as the emergency diesel, are being tested and therefore considered unavailable to
perform their function. The total unavailability hours for the safety systems in question are then
calculated and reported. Artificial intelligence could be trained to perform this task and then the
results reviewed by an engineer prior to reporting to outside entities.
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e Upgrade: Similar to the corrective action program, other regulatory reporting programs are also ripe
for artificial intelligence treatment. With a large amount of pre-existing data, software intelligence
can be trained to recognize, sort, calculate, and report meaningful plant parameters to management,
regulators, and outside entities.

e Advantages and Benefits: Low-value work can be eliminated with the successful implementation of
risk-aligned data-driven compliance. Much of the reporting and compliance work is simple time
accounting, data tracking, compliance action reporting, and other regulatory and committed
parameters.

o Potential Savings: Eliminating low-value work associated with regulatory and commitment reporting
could save partial full-time equivalent time and produce a more efficient plant workforce. More
research and time accounting would have to be performed to ensure enough hours are saved to make a
meaningful difference in plant O&M spending.

o Challenges: Fully integrating artificial intelligence into any process requires accessible and
understandable data from that particular function that will then be used to train the software.
Generating a database of previous regulatory and compliance activities may be difficult going
forward especially if that data is not in the format that can be accessed by artificial intelligence
software. Regulators also may challenge the reliance on artificial intelligence when reporting
regulatory commitments and metrics and could prefer human interaction to Al-generated reports.

Table 10. Results summary for Artificial Intelligence / Machine Learning.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
Artificial Intelligence / Direct Labor Engineering Strategic
Machine Learning Efficiency Regulatory Engineering
Licensing

1.3.3 Evaluations of Accident-Tolerant Fuel (ATF) with Higher Burnup
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 11.

e Opportunity Description: Per the NRC’s website, accident tolerant fuels (ATF) are a set of new
technologies that have the potential to enhance safety at U.S. nuclear power plants by offering better
performance during normal operation, transient conditions, and accident scenarios. ATF makes an
existing commercial nuclear reactor more resistant to a nuclear incident (as defined in Section 11 of
the Atomic Energy Act of 1954) and lowers the cost of electricity over the licensed lifetime of an
existing commercial nuclear reactor.

This project aids in the performance of safety evaluations of accident-tolerant fuel and supports the
approval of ATF for deployment to nuclear plants.

e Upgrade: ATF contains technology and materials upgrades such as coated cladding, doped pellets,
FeCrAl cladding, increased enrichment, higher burnup, and longer-term technologies that all
contribute to the multiple enhancements to plant safety and nuclear operation. This new fuel will
require detailed analysis and nuclear fuel calculations for the plant considering its introduction. RISA
project can help produce the safety assessments that will be needed to acquire permission from the
NRC to implement accident-tolerant fuel.

14



Advantages and Benefits: ATF is a different fuel design that has many advantages over existing fuel
compositions. It is, as the name suggests, superior at resisting nuclear accident conditions and should
be considered a nuclear safety improvement.

Accident-tolerant fuel is capable of remaining in the core longer than traditional fuel and as plants
move from eighteen-month to twenty-four-month fuel cycles, this is a welcome technological
upgrade. ATF is also capable of generating more energy from the core and as long as the downstream
components are capable of handling the additional power, a power uprate may be available to certain
plants.

Again, a more comprehensive approach including more detailed physics-based assessments and risk
informed approaches to fuel design is a pathway for regulatory approvals and subsequent plant
benefits from the fuel. With longer burnup and greater energy generation, the fuel could stay in the
reactor for longer periods of time and generate more power and steam for the facility.

Potential Savings: Savings from this pathway come from the implementation of accident-tolerant fuel
itself. The research within the RISA pathway is a component of the process through which ATF can
be analyzed and proven to be safe for any plant desiring to implement this technology. While there
are multiple advantages to implementing ATF, the RISA component of its implementation is not
directly correlated with power plant cost savings on its own and will only save on power plant capital
costs when completing the project to implement the new fuel type.

Challenges: Significant licensing changes are required to introduce ATF. Power uprates may not be
possible as the safety and engineering limits of downstream components, including the turbine, may
not have the margin necessary to accommodate the more powerful fuel.

Table 11. Results summary for Risk-informed Software Suite to Evaluate ATF Safety.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
Risk-informed Software Suite to | Efficiency Engineering Fuels Engineering
Evaluate ATF Safety Fuel costs (new & Regulatory Licensing

spent)

1.3.4 Plant Reload Optimization

Implementation Timing: Project implementable in 3-5 years or Generation 1.

Opportunity Description: Using Al to assist in designing a core configuration and fuel requirements.
This opportunity is similar in scope to AA-02 Reactor Core Design and Fuel Optimization in
INL/EXT-21-64134.

1.3.5 Risk Assessment of Digital I&C Systems

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 12.

Opportunity Description: Develop an integrated platform for risk assessments of new and upgraded
nuclear digital instrumentation and control (I&C) systems that support risk-informed approaches to
upgraded safety and non-safety digital 1&C system design, especially in the areas of common cause
failures. Digital 1&C systems can contain, in certain instances, triple redundant components to protect
against failures and loss of function. Designs with greater redundancy are more expensive to
implement due to additional material costs and labor to cover the redundant components.
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Upgrade: This opportunity can potentially realize a more efficient design through the use of
probabilistic risk assessment tools and thereby streamline the number of components comprising
existing nuclear safety-related digital 1&C systems. Research would have to be established and viable
in time for plants to take advantage during planned digital 1&C upgrades where facilities are
considering, or in the process of upgrading, 1&C control systems from analog to digital for
safety-related applications.

Advantages and Benefits: This upgrade provides the potential to eliminate the requirement for diverse
and redundant systems and components designed to mitigate the consequences of common-cause
failures. These systems are, at times, designed to have triple redundancy and therefore contain many
parts and sub-components that could be shown to be unnecessary using the tools of probabilistic risk
analysis.

Potential Savings: Savings could be achieved by implementing this analysis on a system-by-system
basis. If successful, the assessments would show, through probabilistic risk analysis techniques, that
redundant 1&C digital components in the subject systems do not reduce the overall risk of core
damage and are therefore unnecessary. This would allow the plant to consider abandoning the design
of redundant digital components and only implement those systems and components that reduce the
risk of system failure and core damage frequency.

Savings would be achieved during design and implementation in the form of fewer overall control
system components. If the number of components that is reduced from the original design philosophy
is significant, the reduction in the number of components will decrease the amount of material spent,
installation labor, preventative maintenance, periodic testing, and technical support hours needed to
keep them operational throughout the life of the new digital systems themselves.

Challenges: It may be challenging to convince stakeholders, designers, and approvers that less
redundancy is justified as this will seem like a reduction in overall nuclear safety. Probabilistic
methods are not well known to the industry with many only exposed to them tangentially. Presenting
the method, findings, and conclusions will have to be done with care and attention to these concerns
from the industry.

Table 12. Results summary for Risk-informed Software Suite Digital 1&C System Replacement program.

Technology Requirements

Cost Savings Type

Functions Impacted

Positions Impacted

Risk-informed Software Suite
Digital 1&C System
Replacement program

Efficiency
Direct Labor
Materials

Engineering
Installation labor
Maintenance

Design
Construction
Craft

1.3.6

Enhanced Fire PRA

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 13.

Opportunity Description: Integration of a new tool (FRI3D or Fire Risk Investigation in 3D) that
allows the user to dynamically model fire scenarios and view the results in three dimensions.

Upgrade: Current industry-accepted fire modeling codes such as CFAST, FDS, Heat Soak, and
THEIF are being integrated into the three-dimensional tool allowing users to better visualize fire

hazards and fire scenarios.

Advantages and Benefits: Benefits of the new fire modeling and simulation tool are improved fire
scenario modeling, reduced conservativisms usually imbedded in the traditional fire scenario
assessments, generation of multiple ‘what-if* scenarios quickly and easily, faster evaluations of plant
modifications impacting the fire loading or fire protection designs, in-house utility evaluations of the
fire PRA model and its changes without the necessity of hiring third party contractors and experts.
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e Potential Savings: Most of the savings for this effort appear to be from saving contractor costs,
especially for small changes that can be modeled in the three-dimensional tool. Other time savings
and efficiencies appear smaller than one full-time equivalent per year.

e Challenges: Acquiring and learning the software plus gaining approval to utilize the software in fire

protection scenarios.

Table 13. Results summary for Fire PRA Software Suite and Model.

Technology Requirements

Cost Savings Type

Functions Impacted

Positions Impacted

Fire PRA Software Suite and
Model

Efficiency

Probabilistic Risk
Assessment

Fire PRA

1.3.7 Al Supported LiDAR

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 14.

e Opportunity Description: Connect LiDAR-generated three-dimensional models with plant component
databases and use artificial intelligence to generate component tagging in the models.

e Upgrade: Plants do not typically have three-dimensional models of their facility. These models will
be supplemental to existing design basis drawings, piping diagrams, layout drawings, and isometrics.

e Advantages and Benefits: Instead of sharing paper or pdf copies of design basis drawings, the three-
dimensional model will allow plant workers to access the plant via the three-dimensional model to
perform training activities, modeling scenarios like flooding and fire, plan maintenance and outage
activities in areas that are not normally accessible while the plant is online, and other uses.

e Potential Savings: Efficiency gains are possible in the areas of PRA, system and design engineering,
maintenance, planning, online and outage scheduling, and others. However, these savings are only
achievable through the implementation of LiDAR itself or with plants that already have a LIDAR
model of the plant. That model can then be analyzed using artificial intelligence to identify
components and properly tag them. As such, the chances for savings through the implementation of
Al-supported LiDAR are minimal.

e Challenges: Acquiring the software and equipment to model the plant and then generating the
interface for users to access the model and make use of its features. Utilizing artificial intelligence to
indicate tagging in the three-dimensional model seems potentially time-consuming.

Table 14. Results summary for LIiDAR Plant Model Artificial Intelligence / Machine Learning.

Technology Requirements

Cost Savings Type

Functions Impacted

Positions Impacted

LiDAR Plant Model
Artificial Intelligence / Machine
Learning

Efficiency

Multiple

Multiple

1.3.8
(SLR)

Risk-Informed Aging Management and Subsequent License Renewal

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 15.

Opportunity Description: Apply risk-informed approaches and techniques to the aging management
of nuclear power plant components. The risk-informed analysis of aging systems will help engineers
and others working on the license renewal project by showing the risk of failure of systems,
structures, and components within the aging management program. This could delay the replacement
or upgrade commitments of these components.
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e Upgrade: Current aging management programs (AMPS) are entirely deterministic relying on very
prescriptive requirements about how to monitor aging of the plant SSCs. The AMPs are described in
NUREG-2191, Generic Aging Lessons Learned (GALL) for SLR referred to as the GALL-SLR
report. The GALL report outlines specific inspections and testing as well as the intervals required to
be performed for each type of SSCs as a way to demonstrate adequate performance. There is no
connection made between SSC’s importance to the overall plant safety and the requirements other
than an implicit connection that all safety-related SSCs and SSCs that are part of various licensing
commitments are to be included in the scope of the aging management programs. The risk-informed
and performance-based approaches make explicit connections between an SSC or a system with the
overall plant risk which allows to focus of plant efforts and resources on the important to safety SSCs.
It also means that requirements for SSCs that are not important to the plant safety could be reduced
resulting in cost savings. Given the large number of aging programs included in SLRs, the overall
cost savings from the elimination of some of the requirements could be substantial.

e Advantages and Benefits: Probabilistic models generate values associated with a likelihood of failure
over a given time as well as demonstrate consequences from equipment failures. This provides license
renewal decision-makers and regulators with a better understanding of the risks of failure of a
component or structure over the life of that component or structure. This additional information will
help determine, in advance, the overall timing of component repair and reconditioning.

e Potential Savings: It appears possible to delay some license renewal repair and replacement
requirements of components in the aging management program. This will be possible if the
risk-informed analysis definitively shows that the probability of system, structure, or component
failure remains very low throughout the additional years of life and if consequences to the plant's
overall safety are minimal or non-existent. If possible, much savings can be realized by eliminating
the necessity to repair, replace, upgrade, or modify nuclear power plant systems structures or
components that are subject to aging but show a low risk of loss of function.

e Challenges: Gathering data that reflects the failures of aging components that can then be used in
probabilistic analysis would be the greatest challenge. There is also a potential challenge in
introducing the probabilistic methodology to regulators and other stakeholders in a convincing way to
allow seemingly less conservative decisions to be made.

Table 15. Results summary for License Renewal Program Risk Informed Tools to Evaluate Aging
Components.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
License Renewal Program Direct Labor Multiple Multiple
Risk Informed Tools to Evaluate | Materials
Aging Components Efficiency

1.4 Physical Security Group

The goal of the Physical Security Pathway is to develop and demonstrate an industry-wide strategy of
sustaining a long-term, optimized, physical-security regime that reduces costs and regulatory burden. This
research will leverage advances in technology such as advanced adversary-based risk-informed tools to
reduce uncertainties in physical-security models used for planning and decision making. This research
also aims to reduce conservatisms that affect current physical-security postures.

The following research initiatives capture current efforts to fulfill the objectives of the Physical
Security Pathway within the LWRS Program.
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1.4.1 Augmented Reality for Force-on-Force Exercises
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 16.

e Opportunity Description: Force-on-force drills at nuclear plants require many resources including the
hiring of outside contractors to act as adversaries who test the plant’s defenses. The security plan
details all the measures required to eliminate any threat posed and must be verified through real-life
scenarios. Training for a force-on-force drill can take time and is not usually achievable without the
full participation of a significant proportion of the native security force as well as a trained and
capable contract adversary. By delivering the force-on-force experience and scenario testing through
augmented reality, officers and other security personnel can train for the full test without including a
large contingent of nuclear security personnel.

e Upgrade: Current force-on-force exercises are delivered using third-party contractors who plan for
and attack the plant site to test the security response and look for weak points in the defense. Nuclear
security officers execute the security plan during the exercise while coordinating with the central
alarm station (CAS) to eliminate the faux threat. These exercises are extensive and typically involve a
full day of exercise time as well as multiple force-on-force training scenarios in preparation for the
exercise.

Augmented reality technology allows plant security staff and management to deliver force-on-force
style training to individual officers and recruits without involving the entire staff in a large and
complex training exercise.

e Advantages and Benefits: Overall, utilizing augmented reality allows individual training for an assault

on the plant and can be programmed to fit any number of different scenarios. Trainees will be able to
receive instant feedback on their performance and can replay or retake the augmented reality scenario
multiple times to ensure the best and most appropriate defensive tactics are utilized.

e Potential Savings: Savings are achievable in the reduction of full-force drilling at the plant site. While
live-action security drills are, and always will be, necessary, defensive skills, tactics, and responses to
an adversary can also be learned through the use of augmented reality. By doing so, officers new to
the force who may not be as experienced as others have the chance to train on their own without
involving the full contingent. Overall, the security force will be able to save training time and secure
qualifications sooner with the help of augmented reality force-on-force training.

e Challenges: Familiarization with designing, programming, executing, and evaluating the results of an
augmented reality force-on-force exercise will have to be learned by the security crew. Topics for
training and scenarios are sensitive and may reveal security-related information so training content
must be closely monitored. Third parties can assist but the security program risks reliance on an
outside entity that may not be capable of viewing security-related information or opens the
information to additional unsecure avenues.

Table 16. Results summary for Augmented Reality Software and Programming Capability Augmented
Reality Headsets and Hardware.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted

Augmented Reality Software Direct Labor Security Security Officer
and Programming Capability
Augmented Reality Headsets
and Hardware
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1.4.2 Advanced Sensors Unigue to Nuclear Power Plants

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 17.

Opportunity Description: Security is required to prevent unauthorized entry into the protected area of
the nuclear plant. Entry points into the plant can include non-typical entryways such as intake canals,
discharge canals, tunnels, and other pipelines, especially those that run underground or utilize
waterways. It can be technically challenging to design and deploy sensors at these potential points of
entry.

Upgrade: Sensors specifically designed for nuclear power plants are a way to guard these access
points without the need for the constant presence of a manned station or frequent foot patrols. Sensors
can be connected to the central alarm station (CAS) and alert the CAS operator when a potential
intrusion is in progress. Officers can then be sent to the area to intercept.

Advantages and Benefits: The plant will benefit from a technological solution associated with
difficult-to-guard points of entry and underwater intrusion pathways with the introduction of
advanced sensors specifically designed for use at nuclear power plants. The technology will assist
officers in intrusion detection and eliminate unhardened points of unwanted ingress.

Potential Savings: The plant could produce savings in the form of fewer officers stationed at
vulnerable points who are there to guard against an adversary intrusion. That function would be
performed automatically by sensors specifically designed for these types of buildings and underwater
pipelines. Sensors will alert officers in the alarm station who will then respond appropriately.

Challenges: Design and installation of the sensor technology would present a challenge as there may
be underwater work required as well as new and previously unused technology introduced to the plant
staff and design engineering support. Maintenance can also become difficult if the sensors themselves
are not designed in such a way as to allow ease of maintenance.

Table 17. Results summary for Advanced Intrusion Detection Sensors.

Technology Requirements

Cost Savings Type

Functions Impacted

Positions Impacted

Advanced Intrusion Detection
Sensors

Direct Labor

Security

Security Officer

1.4.3 Performance Based Risk Informed Assessment for Security

Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 18.

Opportunity Description: The typical security plan is developed and over time, revised to
accommodate new threats and learnings from on-the-job experience. It contains plans to secure the
site from the adversary including officer placement and movements, response timing, firing positions,
expected adversary access points, and more. These plans are enhanced with the performance of
force-on-force drills and other exercises that allow the security team to complete their mission of
protecting the plant from a sabotage attack. Current plans rely on feedback from force-on-force drills
and security expertise to develop potential intrusion scenarios. What these plans do not have at this
time is a common performance-based risk-informed assessment methodology that can consider all the
different intrusion and attack scenarios. Having this knowledge will allow security management to
design the response to ensure the maximum number of officers are available to interdict and
neutralize the most probable vectors.
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e Upgrade: While the security plan is robust and accounts for all adversary intrusion scenarios, there
may be efficiencies to gain by applying performance-based and risk-informed techniques and tools
into the design of the plan itself. Consider an existing robust plan of interception of an adversary
intrusion vector that, with implementation of performance-based risk-informed methods, may be
shown to have an extremely small probability of success. This attack vector may have multiple
officers stationed to prevent its occurrence despite its low probability of succeeding, and these
officers could be deployed elsewhere and made ready to intercept a much more probable threat
vector.

e Advantages and Benefits: Performance-based risk-informed security plans will show the probability
of successful intrusion in certain scenarios and locations then allow security management and staff to
utilize the limited resources of the security officer corps efficiently and effectively.

e Potential Savings: It is possible to utilize officer numbers more efficiently when the probabilities of
successful intrusion are known to security staff. Low probability intrusion vectors can be
de-emphasized, and higher likelihood intrusion paths strengthened. This will utilize the officer corps
in a more efficient way and may lead to an overall reduction in the number of officers.

e Challenges: Access to the security plan is reserved for personnel with the clearance and need-to-know
authorization. It might not be possible to have a full-time security risk assessor on staff within the
site’s security department, so outside experts will need to be relied upon. These resources may come
from a corporate entity or utilize those employees at the plant proficient in performance-based
risk-informed techniques and modeling. Outside help for generating a plan could be difficult given
the nature of the sensitive information being analyzed. Also, each time the security plan is revised, the
risk model will also need to be updated to reflect the change.

Table 18. Results summary for Probabilistic Risk Assessment Software and Techniques.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted

Probabilistic Risk Assessment Direct Labor Security Security Officer
Software and Techniques

1.4.4 Remote Operated Weapons
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 19.

e Opportunity Description: Evaluations of remote-operated weapon systems in high-security areas
demonstrate fields of view and lines of fire which can be achieved using these weapon platforms for
external and internal deployment. The ability of an operator to move rapidly from weapon platform to
weapon platform allows a single operator to cover assets and avenues of adversary approach across a
large area in seconds. The system enables true force multiplication while allowing operators to
maintain near immunity from attackers. The application of remote-operated weapon systems can
allow sites to optimize responder numbers to the current threat level and even to new adversary
capabilities while providing long-term cost savings. Due to the nature of the threat, remote-operated
weapon systems are a compelling physical security force multiplier.

e Upgrade: Remote-operated weapon systems are designed to allow multiple operators to control the
weapon platforms in a distributed, expandable, and standalone networked architecture. These
operators coordinate lethal response through strategically located external and internal weapon
platforms. Multiple weapon platform types can be integrated into the system and certified for
operational use. These systems can be equipped with technologies such as daylight video cameras,
thermal imagers for night operations, and a laser range finder. All these components, including the
medium caliber rifle, could rotate 360-degrees and see 100s of meters. Officers in the CAS or other
remote locations can control the weapon platforms.
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e Advantages and Benefits: Remote-operated weapon systems take officers out of harm’s way, increase
their survivability, and generate enough fire power interdict and neutralize adversaries. These systems
are especially useful in isolated areas that require weapons in range of the target.

e Potential Savings: It is conceivable that multiple hours, potentially equating to a minimum of one
officer, can be replaced with remote-operated weapons systems. These systems, if installed in the
correct areas, eliminate manned guard posts and officer time in the field.

e Challenges: These systems have high upfront costs and will add additional training and maintenance
activities to the security program which will also add to the O&M budget.

Table 19. Results summary for Remote Operated Weapon Systems.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted
Remote Operated Weapon Direct Labor Security Security Officer
Systems

1.5 Materials Research

This pathway supports research and development to develop the scientific basis for understanding and
predicting long-term environmental degradation behavior of materials in nuclear power plants. This 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 Materials Research Pathway is involved in this research and development activity for the
following reasons:

1. The Materials Research Pathway tasks provide fundamental understanding and mechanistic
knowledge via science-based research. Mechanistic studies provide better foundations for prediction
tool development and focused mitigation solutions. These studies also are complementary to industry
efforts to gain relevant, operational data. The U.S. national laboratory and university systems are
uniquely suited to provide this information given their extensive facilities, research experience, and
specific expertise.

2. Selected Materials Research Pathway tasks are focused on the development of high-risk, high-reward
technologies to understand, mitigate, or overcome materials degradation. This type of alternative
technology research is uniquely suited for government roles and facilities. These pursuits also are
outside the area of normal interest for industry sponsors due to the risk of failure.

3. The Materials Research Pathway tasks support collaborative research with industry and regulators
(and meet at least one of the above objectives). The focus of these tasks is on supporting and
extending industry capability by providing expertise, unique facilities, or fundamental knowledge.

Combined, these thrusts provide high-quality measurements of degradation modes, improved
mechanistic understanding of key degradation modes, and predictive modeling capability with sufficient
experimental data to validate these tools; new methods of monitoring degradation, and development of
advanced mitigation techniques to provide improved performance, reliability, and economics.

The following research initiatives capture current efforts to fulfill the objectives of the Materials
Research Pathway at LWRS.
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1.5.1 Predicting the Embrittlement Trend Curve for Reactor Pressure Vessels
Under High Fluence Conditions in Extended Operations

Implementation Timing: Project implementable in 5 or more years or Generation 2. See Table 20.

e Opportunity Description: A recent research initiative is focused on making improvements to the
accuracy in predicting the rate of embrittlement of reactor pressure vessels when facing conditions of
high fluence in PWRs over long periods of time through improvements in embrittlement trend curves.
Existing models underestimate the rate of embrittlement of reactor pressure vessels under such high
fluence conditions leading to embrittlement earlier than anticipated using existing trend curve
modeling.

e Upgrade: To collect the required data for estimating embrittlement, Charpy impact specimens in the
reactor pressure vessel surveillance capsules are harvested and tested to collect information on
embrittlement. Historically, a limited number of high fluence data points could be used as input to
feed existing standard models of embrittlement trend curves. Subsequent research has demonstrated
that this trend curve has limitations in terms of its predictive accuracy at high fluence levels.

The research initiative has improved the accuracy of the modeling of reactor pressure vessel
embrittlement trend curves through the use of better physical-based testing using a technigue known
as mini-compact tension (mini-CT) testing for direct fracture toughness measurement. Additionally,
machine-learning models are developed to build better models from these datasets. Better
embrittlement trend curves will be used to update the ASTM standard and ASME Code.

e Advantages / Benefits: Improvements in surveillance capabilities and better predictive modeling of
the rate of embrittlement of reactor pressure vessels allow operators to understand the real condition
of plant reactor pressure vessel embrittlement more accurately.

e Potential Cost Savings: Because research has demonstrated that existing trend curves underestimated
embrittlement to reactor pressure vessel under high fluence conditions, the new research is more
conservative and therefore will demonstrate embrittlement sooner than the existing curve. This will
enable earlier reactor pressure vessel intervention to extend its life.

e Challenges: A challenge the initiative faces is the lack of available specimens with which to derive
meaningful conclusions about the reactor vessel’s rate of embrittlement. The reactor vessel
surveillance program was initially designed for reactors to operate for 40 years, not the current period
of 60-80 years. Therefore, there are fewer overall specimens available in the reactor core to test
during its extended life.

To effectively monitor the impact of fluence over extended operating conditions, the same reactor
pressure vessel materials are tested throughout the reactor life cycle. However, testing Charpy
specimens is destructive and often leads to these specimens being broken in half, and these cannot
easily be returned to the reactor pressure vessel. The industry has found ways to overcome this
limitation by either reconstructing the Charpy specimen or reinserting that same specimen back into
the reactor.

Table 20. Results summary for Charpy Impact Testing Embrittlement Curve (forthcoming).

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted

Charpy Impact Testing Multiple N/A N/A
Emobrittlement Curve
(forthcoming)
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1.5.2 Thermal Annealing of Reactor Pressure Vessel
Implementation Timing: Project implementable in more than 5 years or Generation 2. See Table 21.

e Opportunity: For reactor pressure vessels that experience high embrittlement from high fluence such
that they will require a reactor to be retired prematurely, thermal annealing can be carried out to
reduce the defects, recover original properties and extend the lifespan of the reactor pressure vessel
and the plant itself. In principle, applying thermal annealing to degraded reactor pressure could
extend the life of the plant from between 20-40 years.

e Upgrade: Thermal annealing is the standard process applied for intrinsic stress liberation and
structural improvement in materials. Thermal annealing can mitigate radiation damage and partially
restore the material. In the case of thermal annealing carried out for degraded reactor pressure vessels,
the focus is the beltline of the vessel.

Several different heating methods, including both direct and indirect heating, can be used to heat the
vessel with proper insulation applied around the vessel. The reactor pressure vessel is heated to
approximately 450°C.

The beltline is most susceptible to irradiation damage because of its position in the center of the
reactor pressure vessel where it is exposed to the greatest degree of fluence/flux. An additional reason
for its susceptibility is that the beltline might be welded using a material containing a high proportion
of nickel and copper which forms additional precipitates. Radiation damage in the vessel is seen
through dislocation damage in the beltline which annealing annihilates and leads to restoration of a
significant amount of the material’s original properties.

o Advantages / Benefits: Thermal annealing allows for restoration of the reactor pressure vessel and
usable extension of the component and of the plant itself.

e Potential Cost Savings: The cost to perform reactor vessel thermal annealing is on the order of a
nuclear power plant steam generator replacement. To make this procedure economical, thermal
annealing would have to be shown to extend plant life for 2040 years.

e Challenges: There is limited experience in the United States in carrying out thermal annealing on
reactor pressure vessels. For instance, a thermal annealing demonstration project was carried in the
1990s to the reactor pressure vessel of the Marble Hill Nuclear Power Station, which was an
unfinished nuclear power plant in Indiana. The cost to carry out thermal annealing on a reactor
pressure vessel is equivalent to replacing the plant’s steam generators.

Some time ago, there were concerns about the embrittlement of the reactor pressure vessel in the
Palisades nuclear plant to the extent that thermal annealing equipment was ordered from Russia
where it was necessary due to the high fluence of their water-water energy reactor (VVER) reactors.
After investigations, however, it was determined that the reactor pressure vessel embrittlement in the
Palisades plant was still within NRC regulatory guidance requirement.

As of yet, there has been no potential use-case for the thermal annealing process because of the age of
the U.S. nuclear fleet. However, as nuclear plants approach 80 years of age thermal annealing is
likely to be necessary to obtain license renewal from NRC.

Table 21. Results summary for Reactor Pressure Vessel Thermal Annealing.

Technology Requirements Cost Savings Type | Functions Impacted | Positions Impacted
Reactor Pressure VVessel Thermal | Revenue Generation | N/A N/A
Annealing — Plant Life
Extension
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1.5.3 Address Potential Concern of Stress Corrosion Cracking on a High

Chromium and Nickel Based Alloy 690
Implementation Timing: Project implementable in 5 or more years or Generation 2. See Table 22.

Opportunity: Another important initiative is to improve the industry’s understanding of stress
corrosion and cracking (SCC) on the high chromium nickel-based Alloy 690, which has been applied
in nuclear plants to replace Alloy 600. This alloy is used in steam generator heat exchange tubes. The
research is important because it will build accurate parameters of the properties of Alloy 690 in
different operating conditions over long periods of time.

Upgrade: Alloy 690 was used as a replacement for Alloy 600 due to its lower rate of degradation
under normal operating conditions. This initiative was necessary to understand the performance and
effective lifespan of Alloy 690. Alloy 690 has replaced alloy 600 as the steam generator material in
almost all U.S. nuclear plants. The total duration of this research initiative is 10 years and three years
are remaining before it is concluded.

Advantages / Benefits: Improved understanding of the performance of the alloy allows for an
enhanced material management program. It will enable revisions to the Alloy 690 inspection program
and a potential reduction in the frequency of detailed inspections, which are currently based on the
performance characteristics of Alloy 600. The time between each inspection could hypothetically be
increased from 18-24 months to 36—48 months or more depending on the research findings.

Potential Cost Savings: Lengthening the time between maintenance activities has the potential to
considerably reduce preventative maintenance costs associated with steam generators.

Challenges: No major challenges have been encountered in this initiative.

Table 22. Results summary for Alloy 690 Test Results.

Technology Requirements Cost Savings Type Functions Impacted Positions Impacted

Alloy 690 Test Results Direct Labor Contract / Vendor Steam Generator

Radiation Protection | Testing

1.5.4 Replacing Lithium Hydroxide with Potassium Hydroxide for PWR Water

pH Control
Implementation Timing: Project implementable in 3-5 years or Generation 1. See Table 23.

Opportunity: Recently completed research has demonstrated that potassium hydroxide can replace
lithium hydroxide as a pH control for primary water in PWRs, with limited impacts on the SCC
behavior of relevant material. The costs of procuring lithium hydroxide have been increasing since
2015. Prices have been particularly impacted by the COVID-19 pandemic, the conflict in Ukraine,
and the resulting sanctions on Russia, a major producer. In some cases, lithium hydroxide has simply
been unavailable and the future dependability of supply chains is unclear. Potassium hydroxide is an
available and cost-competitive alternative.

Upgrade: Lithium hydroxide is used to control pH in PWR’s primary water systems to reduce
corrosion, increase iron solubility across the core, stabilize fuel crud, and positively impact primary
water SCC initiation. Research has demonstrated that potassium hydroxide can be substituted for
lithium hydroxide. The substitution does not change crack initiation timing or impact crack growth
rate.

25




Advantages / Benefits: In 2015 numerous utilities were either challenged or completely unable to
procure lithium hydroxide. Since then, prices have increased year-on-year making potassium
hydroxide a more viable alternative. The fact that the two major sources of supply of lithium
hydroxide are Russia and China increases supply chain risks, especially in the context of the conflict
in Ukraine and growing tensions in the South China Sea.

Demand for primary water pH control is likely to grow considerably as a result of the growth in
flexible power operations and the PWR fleet. Future construction of molten salt reactors (MSRs) will
greatly increase the demand for lithium hydroxide, as a single MSR requires as much lithium
hydroxide as 760 typical PWR plants. Additionally, research indicates that potassium hydroxide leads
to lower general corrosion rates and may mitigate radiation-induced SCC.

Potential Cost Savings: Future cost savings depend on the price trajectory of both lithium and
potassium hydroxide. Previous studies demonstrated considerable cost savings for a PWR plant when
using potassium hydroxide instead of lithium hydroxide. In 2016, the average price of lithium
hydroxide per kg was $2,500, and for potassium hydroxide it was approximately $25/kg. At these
prices, the cost of a saturated lithium hydroxide CVCS bed would be $6000 per ft® compared to

$300 per ft3 potassium hydroxide. The estimated total savings per year with these relative prices
would be approximately $140k annually per PWR unit.

Challenges: No major challenges have been encountered in this initiative.

Table 23. Results summary for Potassium Hydroxide vs Lithium Hydroxide.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted

Potassium Hydroxide vs Materials N/A N/A
Lithium Hydroxide

1.5.5 Concrete Performance / Degradation After Irradiation

Implementation Timing: Project implementable in more than 5 years or Generation 2. See Table 24.

Opportunity: Another opportunity area is the development of methodological guidelines for assessing
the condition and performance of irradiated concrete. The primary concern of the initiative is with the
concrete close to the reactor pressure vessel known as the concrete biological shield (CBS), which is
used as a shielding and supporting material for the reactor vessel.

This opportunity area exists in the context of plant-by-plant variation in sourcing for concrete and the
lack of a universal approach and understanding of the problem of concrete irradiation. The research
on the impact of irradiation on concrete carried out so far has been on concrete from test reactors,
which have a higher flux than the in-service irradiation condition. A limited amount of research has
been carried out using in-service concrete material. This means there is considerable uncertainty
about the relevance of existing studies on the majority of conditions to which concrete is exposed.
Improved research will require more material harvested from concrete biological shields and other in-
service concrete material.

Upgrade: The initiative will use new approaches to develop sophisticated methodological guidelines
to be used by industry for experimental and predictive assessments of irradiated concrete. The
research hopes to achieve this by developing a physics-based model for accurate prediction of the
irradiated properties of concrete. Additionally, the project aims to develop new algorithms to analyze
ultrasound data to detect defects in the concrete and create a machine-learning model to detect
expansion of the concrete.
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e Advantages / Benefits: Developing a more sophisticated methodology for measuring and estimating
the performance and characteristics of concrete will facilitate a more precise understanding of the
long-term performance of the CBS under accidental conditions. For individual plant operators, it will
provide specific guidance as to whether their concrete is more susceptible to radiation damage and
what the useful life/damage in their concrete material is expected to be.

o Potential Cost Savings: As with other initiatives that allow for superior assessment or measurement of
material degradation, this project may prevent future unnecessary replacement of existing concrete.
Additionally, being able to assess the relative performance of different concrete compositions has the
potential to lead to better selection of concrete for future nuclear plant construction.

e Challenges: To develop an accurate model for predicting concrete performance after irradiation,
harvesting, and testing in-service irradiated concrete is critical. There are limited opportunities for
harvesting concrete which by itself also requires a lot of resources.

Table 24. Results summary for Guidelines for Irradiated Concrete.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
Guidelines for Irradiated Materials N/A N/A
Concrete

1.5.6 Developing an Effective Cable Condition Monitoring Program
Implementation Timing: Project implementable in more than 5 years or Generation 2. See Table 25.

e Opportunity: An important area of opportunity in which large future benefits may be found is in cable
aging, specifically through improvements in condition monitoring. Currently, environmental
qualification of cables uses time-based method, and the cables can be used up to the end of the
qualification period regardless of the actual cable condition. It is known that there is considerable
variation in cable degradation, specifically in the polymers in the elastomers, depending on
environmental conditions such as heat, water ingress, and radiation exposure.

By using condition monitoring, the degradation of cables can be accurately assessed, and appropriate
decisions taken as to whether the cable needs to be replaced. Ultimately, effective condition
monitoring for cables has the potential to lead to a condition-based qualification program replacing
the existing time-based program.

The initiative aims to improve condition monitoring by improving the understanding of the
limitations of accelerated aging and interpreting cable condition monitoring signals. It also aims to
increase the effectiveness of non-destructive cable health measurement and develop advanced
technologies for online cable condition monitoring.

e Upgrade: Condition monitoring first requires the development of a model that estimates the impact of
relevant environmental factors on the speed of degradation of the material or component. These
models increasingly integrate machine learning techniques to improve their accuracy over dynamic
conditions. Once the model has been built and sufficiently tested for accuracy, real input is used from
plant sensors which can be integrated with data visualization capabilities to provide an accurate
indication of the real condition of cables in different areas of the plant. The specific cables targeted by
this initiative are primarily LOCA and EQ cables.
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e Advantages / Benefits: The potential benefits of an effective cable condition monitoring program are
extensive. The ability to accurately estimate the condition of different cables across the plant will in
many cases lead to considerable extensions in their life beyond 60 years, meaning that challenging
and costly cable replacements can be delayed. In some cases, condition monitoring is likely to
identify those cables where degradation has reduced their lifespan to less than the 60 years. Being
able to accurately identify these cables will allow for their replacement before a potentially costly
failure occurs.

e Potential Cost Savings: The potential cost savings from an effective condition monitoring program
are considerable because of the difficulty of replacing cable and the high associated costs. However,
no study has yet formally modeled the economics of establishing a cable condition monitoring
program and the savings gained within a nuclear plant.

e Challenges: As with other condition monitoring and condition-based maintenance programs, the
major challenges are associated with integrating the monitoring models into existing operations and
with plant operators. Personnel who are responsible for making decisions on cable maintenance and
replacement will have to become comfortable with interpreting and acting upon the information
provided by the dashboard or the particular data visualization infrastructure used in the plant.

An additional potential challenge with cable condition monitoring is that additional sensors will need
to be installed to provide data input sufficient to populate the monitoring program to provide accurate
information as to the condition of cables. The number of additional sensors installed will have a
potentially large impact on the rate of return of any condition monitoring program.

Table 25. Results summary for Condition-Based Cable Monitoring Program.

Technology Requirements Cost Savings Type Functions Impacted | Positions Impacted
Condition-Based Cable Cable Replacement Multiple Multiple
Monitoring Program Materials and Labor

1.6 Summary Table

Table 26 is a summary of all the research initiatives captured in this document and their expected time
of industry implementation.

Table 26. Integrated summary results for all the research initiatives.

Research Areas Research Title Implementation Timing
Plant Modernization
Modernization of Field-End Digital Infrastructure (1.1.1) Generation 1 (3-5 years)
Data Capture and Visualization (1.1.2) Generation 1 (3-5 years)

Integrating Artificial Intelligence and Machine Learning with Sensor Generation 1 (3-5 years)
Deployment (1.1.3)

Use of Enterprise Data for Operational Decision-Making (1.1.4) Generation 1 (3-5 years)

Developing a Business Case Concerning the Economic Benefits of Generation 1 (3-5 years)
Reducing Maintenance Frequencies (1.1.5)

Flexible Plant Operations & Generation

Use of Nuclear Plants to Produce Hydrogen (1.2.1) Generation 1 (3-5 years)
Expansion of Steam Production and Accessing the Markets for Generation 2
Thermal Energy (1.2.2) (5 or more years)
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Research Areas Research Title Implementation Timing

Using Gasification to Turn Black Liquor into Fuel (1.2.3) Generation 2
(5 or more years)

Risk Informed Systems Analysis

Risk-Informed Asset Management (1.3.1) Generation 1 (3-5 years)
Risk-Aligned Data-Driven Compliance (1.3.2) Generation 1 (3-5 years)
Evaluations of Accident-Tolerant Fuel (ATF) with Higher Burnup Generation 1 (3-5 years)
(1.3.3)

Plant Reload Optimization (1.3.4) Generation 1 (3-5 years)
Risk Assessment of Digital 1&C Systems (1.3.5) Generation 1 (3-5 years)
Enhanced Fire PRA (1.3.6) Generation 1 (3-5 years)
Al Supported LiDAR (1.3.7) Generation 1 (3-5 years)

Risk-Informed Aging Management and Subsequent License Renewal | Generation 1 (3-5 years)
(SLR) (1.3.8)

Physical Security

Augmented Reality for Force-on-Force Exercises (1.4.1) Generation 1 (3-5 years)
Advanced Sensors Unigue to Nuclear Power Plants (1.4.2) Generation 1 (3-5 years)
Performance Based Probabilistic Risk Assessment for Security (1.4.3) | Generation 1 (3-5 years)
Remote Operated Weapons (1.4.4) Generation 1 (3-5 years)
Materials Research

Predicting the Embrittlement Trend Curve for Reactor Pressure Generation 2
Vessels Under High Fluence Conditions in Extended Operations (5 or more years)
(1.5.1)
Thermal Annealing of Reactor Pressure Vessel (1.5.2) Generation 2

(5 or more years)
Address potential concern of stress corrosion cracking on a high Generation 2 (5 or more
chromium and nickel-based alloy 690 (1.5.3) years)

Replacing Lithium Hydroxide with Potassium Hydroxide for Water Generation 1 (3-5 years)
pH Control (1.5.4)

Concrete Performance / Degradation After Irradiation (1.5.5) Generation 2
(5 or more years)

Developing an Effective Cable Condition Monitoring Program (1.5.6) | Generation 2
(5 or more years)

16.1 Observations

It is the purpose and mission of the integrated operations for nuclear (ION) business model and
research effort at LWRS to identify and integrate technological and programmatic changes and
modernizations to nuclear plant operations. These changes, called work reduction opportunities (WROs),
are advanced and integrated into the ION model then verified and explored further in applied ways with
partnering utilities and plant sites. As the ION model gains structure, researchers look to add new WROs
as components to the existing WRO suite from ongoing research within the LWRS group.

While much of the research presented in this document will have an impact on the domestic nuclear
industry, there are standout efforts researchers feel will have a positive effect on nuclear power plant
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O&M costs and that utilize technological changes that represent the best of integrated operations for
nuclear value. Industry expects new ideas and projects to consider for their ION transformations,
therefore the following LWRS research projects are highlighted to be considered for inclusion in the suite
of ION work reduction opportunities.

Modernization of Field-End Digital Infrastructure (1.1.1).

Data Capture and Visualization (1.1.2).

Integrating Artificial Intelligence and Machine Learning with Sensor Deployment (1.1.3).
Use of Enterprise Data for Operational Decision-Making (1.1.4).

Risk-Informed Asset Management (1.3.1).

Augmented Reality for Force-On-Force Exercises (1.4.1).

Advanced Sensors Unigue to Nuclear Power Plants (1.4.2).

Performance-Based Probabilistic Risk Assessment for Security (1.4.3).

© oo N o a B~ 0w

Remote Operated Weapons (1.4.4).
10. Replacing Lithium Hydroxide with Potassium Hydroxide for Water pH Control (1.5.4).
1.6.2 Areas for Growth

ION is focused on plant operations and the implementation of technology and process change to drive
sustainable business models. With this objective in mind, some areas of plant operation deserve attention
from the research community. The following list will highlight some of these areas and possible research
pathways.

e Project management and project estimating — Research into the process of estimating plant
modifications and process upgrades at nuclear plants may be productive. Often, projects and
engineering upgrades are underestimated when seeking approval and funding. Research into the
causes, ramifications, and mitigation strategies may be helpful to the industry. Project management is
also ripe for new processes.

e Knowledge retention — There is a multitude of non-proceduralized practices, skills, and even customs
at a nuclear plant that are essential to the efficiency of that plant and the overall health of outages,
work groups, and other aspects of work (i.e., material staging and laydown area organization).
Research into the transmittal of these practices, skills, and customs to the incoming cohort may bear
fruit in easing the transition from experienced workers to those who are new to the discipline.

e Configuration management — Configuration management at plant sites is an essential practice and
discipline. Without accurate design bases, engineers risk design errors, maintenance planners risk
work package errors, and operators risk clearance errors. However, due to the thousands of drawings,
it can be difficult and time-consuming to update them all. Many have been abandoned or
semi-abandoned creating an element of risk of mismatch. Research may be able to quantify this risk
and come up with time-saving solutions not only to the current population of un-updated drawings,
but to the entire configuration management process of mark-ups, drawing revision, review, approval,
and document processing.
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Appendix A

Research Area Summary Materials
Plant Modernization Group
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Appendix B

Flexible Plant Operations & Generation (FPOG)
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Appendix C

Research Area Summary Materials
Risk Informed Systems Analysis (RISA)
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Appendix D

Physical Security
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Appendix E

Materials Research
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Appendix F
Briefing Paper on Evaluation of ION Cost Reduction
Opportunities for LWRS Program Pathways

TON model then verified and explored further in applicd ways with partnering utilitics and plant sitcs. As the ION
model gains structure, researchers look to add new WROs as components to the existing WRO suite from ongoing
research within the LWRS group. Each pathway in the LWRS Program was evaluated and interviews conducted
with each pathway led to extracting current and future research and development (R&D) that could lead to the
development of new work reduction activitics.

Scope of this Study

The Light Water Reactor Sustainability (LWRS) Program, sponsored by the U.S. Department of Encrgy and
coordinated through a variety of mechanisms and interactions with industry, vendors, suppliers, regulatory
agencies, and other industry R&D organizations, researches to develop technologies and other solutions to
improve economics and reliability, sustain safety, and extend the operation of nation's fleet of nuclear power
plants.

The LWRS Program has two objectives to maintain the long-term operations of the existing fleet:

1. To provide science and technology-based solutions to industry to implement technology to exceed the
performance of the current business model: and

2. To manage the aging of systems, structures, and components so nuclear power plant licenses can be extended
and the plants can continue to operate safely, cfficiently, and cconomically.
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Results of this Study

Based on interviews with LWRS pathway leads and a review of current and future R&D plans, the following
significant arcas of rescarch were identified as having potential to improve the economic performance of the

plants through direct cost reduction or addressing pressing operational issues that would require additional capital
or operations and maintenance (O&M) investment in the future. Generation 1 WRO’s are identified as those items
that could be implemented within 3 to 5 years and Generation 2 WRO’s are those with a longer time horizon that

could be implemented within 5 or more years.

Research Arcas Research Title Implementation Timing
Plant Modernization of Field-End Digital Infrastructure (1.1.1) Generation 1 (3-5 years)
Modernization Data Capture and Visualization (1.1.2) Generation 1 (3-35 years)

Integrating Artificial Intelligence and Machine Learning with | Generation 1 (3-5 years)
Sensor Deployment (1.1.3)
Use of Enterprise Data for Operational Decision-Making Generation 1 (3-5 years)
(1.1.4)
Developing a Business Case Concerning the Economic Generation 1 (35 years)
Benefits of Reducing Maintenance Frequencies (1.1.5)
Flexible Plant Use of Nuclear Plants to Produce Hydrogen (1.2.1) Generation 1 (3-3 years)
Operations &
Generation
Expansion of Steam Production and Accessing the Markets for | Generation 2 (5 or more
Thermal Energy (1.2.2) years)
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Resecarch Arcas Rescarch Title Implementation Timing
Using Gasification to Turn Black Liquor into Fuel (1.2.3) Generation 2 (5 or more

years)
Risk Informed Risk-Informed Asset Management (1.3.1) Generation 1 (3-5 years)

Systems Analysis

Risk-Aligned Data-Driven Compliance (1.3.2)

Generation 1 (3—5 years)

Evaluations of Accident-Tolerant Fuel (ATF) with Higher
Burnup (1.3.3)

Generation 1 (3—5 years)

Plant Reload Optimization (1.3.4)

Generation 1 (3—5 years)

Risk Assessment of Digital I&C Systems (1.3.5)

Generation 1 (3—5 years)

Enhanced Fire PRA (1.3.6)

Generation 1 (3-3 years)

Al Supported LiDAR (1.3.7)

Generation 1 (3-5 years)

Risk-Informed Aging Management and Subsequent License
Renewal (SLR) (1.3.8)

Generation 1 (3-5 years)

Physical Security | Augmented Reality for Force-on-Force Exercises (1.4.1) Generation 1 (3-3 years)
Advanced Sensors Unique to Nuclear Power Plants (1.4.2) Generation 1 (3-5 years)
Performance Based Probabilistic Risk Assessment for Security | Generation 1 (35 years)
(1.4.3)
Remote Operated Weapons (1.4.4) Generation 1 (3—5 years)
Materials Predicting the Embrittlement Trend Curve for Reactor Generation 2 (5 or more
Research Pressure Vessels Under High Fluence Conditions in Extended | years)

Operations (1.5.1)

Thermal Annealing of Reactor Pressure Vessel (1.5.2)

Generation 2 (5 or more
years)

Address potential concern of stress corrosion cracking on a
high chromium and nickel-based alloy 690 (1.5.3)

Generation 2 (5 or more
years)

Replacing Lithium Hydroxide with Potassium Hydroxide for
Water pH Control (1.5.4)

Generation 1 (3—5 years)

Concrete Performance / Degradation After Irradiation (1.5.5)

Generation 2 (5 or more
years)

Developing an Effective Cable Condition Monitoring Program
(1.5.6)

Generation 2 (5 or more
years)

Potential WROs for Near-Term Focus

While much of the research presented in this research will have an impact on the domestic nuclear industry, there

are standout efforts rescarchers feel will have a positive effect on nuclear power plant O&M costs and that utilize
technological changes that represent the best of IONs value. Industry expects new ideas and projects to consider
for their ION transformations, therefore the following LWRS research projects are highlighted to be considered
for inclusion in the suite of ION WROs.

1
2
3.
4

Modernization of Field-End Digital Infrastructure

Data Capture and Visualization

Integrating Artificial Intelligence and Machine Learning with Sensor Deployment
Use of Enterprise Data for Operational Decision-Making
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5. Risk-Informed Asset Management

6. Augmented Reality for Force-On-Force Exercises

7. Advanced Sensors Unique to Nuclear Power Plants

8. Performance-Based Probabilistic Risk Assessment for Security

9. Remote Operated Weapons

10. Replacing Lithivm Hydroxide with Potassium Hydroxide for Water pH Control

Future Areas for Research and Development

ION is focused on plant operations and the implementation of technology and process change to drive sustainable
business models. With this objective in mind, some areas of plant operation deserve attention from the research
community. The following list will highlight some of these areas and possible research pathways.

» Project management and project estimating — Research into the process of estimating plant modifications and
process upgrades at nuclear plants may be productive. Project management is also ripe for new processes.

s Knowledge retention — There is a multitude of non-proceduralized practices, skills, and even customs at a
nuclear plant that are essential to the efficiency of that plant and the overall health of outages, work groups,
and other aspects of work (i.c., material staging and laydown arca organization). Research into the transmittal
of these practices, skills, and customs to the incoming cohort may bear fruit in casing the transition from
experienced workers to those who are new to the discipline.

s Configuration management — Configuration management at plant sites is an essential practice and discipline.
Without accurate design bases, engincers risk design errors, maintenance planners risk work package errors,
and operators risk clearance errors. Research may be able to quantify this risk and come up with time-saving
solutions not only to the current population of un-updated drawings, but to the entire configuration
management process of mark-ups, drawing revision, review, approval, and document processing.

Contact

S. Jason Remer | 202-431-8204 | Jason. Remer(@inl.gov
Zachary Spielman | 208-520-8357 | Zachary.Spielman@inl.gov

More on the LWRS Program: https://lwrs.inl.gov/
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