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ABSTRACT

To ensure successful deployment and operation of new nuclear power plants (NPPs), the U.S.
nuclear industry must develop solutions to reduce overnight construction costs (OCCs) and
operations and maintenance (O&M) costs. The industry’s activities to address this priority,
which have included EPRI research and U.S. Department of Energy grants and programs, have
identified digital twin (DT) technology as a key opportunity for significant savings.

For the project described in this report, a main goal is to investigate how DT technologies can
help reduce OCCs and O&M costs while focusing specifically on applications pertinent to the
next generation of advanced reactors (ARs). More specifically, the report complements ongoing
industry efforts to research DT applications and presents insights and guidelines to support AR
stakeholders in understanding and adopting DT technology.

ARs present a unique opportunity to reap the potential benefits of DTs because they are still
under development and can incorporate DTs early in the design phase. Early adoption could
maximize cost savings over the course of a plant’s life. Moreover, regulatory frameworks for
ARs are still under development and could evolve to facilitate the adoption of DT technologies
in AR designs. The report focuses on AR applications to leverage the momentum, interest, and
opportunity for parallel development of DT and AR technologies. The following issues must be
addressed before DT benefits can be fully realized:

e Lack of a common conceptual framework and standardized procedures for DT development
e Scarcity of successful, nuclear-specific DT demonstrations and business cases
e Uncertainties in regulatory impacts and readiness of enabling technologies

¢ Inertia in conventional business practices and workflows that might inhibit key features of
DTs, such as integration across technical disciplines, data-sharing among various
stakeholders, and digitalization of workflows

The project that is the subject of this report aims to make progress, offer insights into each of the
preceding issues, and propose opportunities and priorities for future research. The report explores
potential benefits, challenges, capabilities, and use cases of DTs across the NPP lifecycle.
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=l EXECUTIVE SUMMARY

Deliverable Number: 3002023904
Product Type: Technical Report

Product Title: Program on Technology Innovation: Digital Twin Applications for
Advanced Reactors

PRIMARY AUDIENCE: Advanced nuclear reactor industry stakeholders, such as utilities, advanced reactor
(AR) developers, and regulating agencies, that are interested in understanding, evaluating, and selecting
digital twin (DT) applications for their plants

SECONDARY AUDIENCE: Light water reactor industry stakeholders, consultants, and research groups
involved with DT applications

KEY RESEARCH QUESTIONS
o Whatis a DT, and what are its basic elements and enabling technologies?
¢ What are the steps to develop and implement a DT?
o What are some best practices when developing a DT?
¢ What are the most promising use cases relevant to various AR lifecycle stages?
¢ What industry needs, gaps, and challenges must be solved to facilitate DT applications for ARs?

RESEARCH OVERVIEW

This report explores potential benefits, challenges, capabilities, and use cases of DTs across the AR lifecycle
and aims to make progress on the following key issues related to DT adoption:

e Lack of a common conceptual framework and standardized procedures for DT development
e Scarcity of successful, nuclear-specific DT demonstrations and business cases
¢ Uncertainties in regulatory impacts and readiness of enabling technologies

¢ Inertia in conventional business practices and workflows that might inhibit key features of DTs, such
as integration across technical disciplines, data-sharing among various stakeholders, and digitalization
of workflows

KEY FINDINGS

o The chances of successful DT development and implementation increase if an organized process is
followed and specific DT goals and requirements are established. The conceptual framework and DT
functional areas covered in Section 2 provide an opportunity to formulate an efficient work breakdown
structure and optimize resources.

¢ Plan to maintain the DT and keep it current, and design DTs to be sufficiently flexible to accommodate
future updates with minimal costs (for example, use standardized hardware and data formats). Define
DT and work breakdown structures to be sufficiently specific at the beginning of the project to minimize
chances of future changes.

o Prioritize low-risk/high-reward DT use cases, and then move to more complex applications as
experience is gathered. Use cases focusing on non-safety-related systems have less significant
consequences of failure and are therefore less risky. Use cases incorporating the DT early in the plant
design stage will likely result in higher long-term returns. The evaluation framework presented in
Section 3 and the use cases listed in Appendix A could be leveraged for use case prioritization.

o Engage all stakeholders early in the process, define their responsibilities, and plan for disruptions in
conventional business practices and workflows resulting from DT technology adoption.
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=l EXECUTIVE SUMMARY

e DT technology is mature enough to transition from theory to practical applications for selected use
cases. Several enabling technologies and use cases are vetted and viable; however, there are several
areas where further research and development are needed to ensure full implementation and
adoption.

o Costs and benefits of DTs greatly depend on the use case and underlying technologies to develop
and monitor the DT, and the literature currently lacks documented examples of successful DT
implementation for nuclear applications. Results from this project and other industry efforts could help
prioritize future studies aiming to assess whether DTs can result in significant savings for ARs.

WHY THIS MATTERS

This research complements ongoing industry efforts and provides specific guidelines for AR stakeholders to
understand and adopt DT technology. The project documents best practices and establishes
recommendations for leveraging the advancement in DT technologies, with the goal of helping the industry
determine the added value of DT technology adoption in nuclear projects, particularly ARs.

HOW TO APPLY RESULTS

Stakeholders can leverage the following materials in this report:
e Section 2.1 defines DTs to help the reader understand the concept.
e Section 2.3 presents the generalized framework for DT development.

¢ Appendix A lists potential AR use cases, and Section 3 proposes a use case evaluation framework for
use case prioritization.

e Section 4 tests the generalized framework for two use cases (construction sequence simulation and
predictive maintenance).

e Section 2.5 explores the key challenges and needs identified by AR industry stakeholders for adoption
of DT technology.

e Section 5 compiles best practices and recommendations for DT adoption and development.

LEARNING AND ENGAGEMENT OPPORTUNITIES

o EPRI's DT research is managed through the Advanced Nuclear Technology program, whose mission
is to reduce the risk and uncertainty of constructing and operating new nuclear power plants. Contact
Hasan Charkas for more information.

EPRI CONTACT: Hasan Charkas, Principal Technical Leader, hcharkas@epri.com

PROGRAM: Advanced Nuclear Technology, P41.08.01

IMPLEMENTATION CATEGORY: Plant Optimization

Together...Shaping the Future of Energy®

EPRI
3420 Hillview Avenue, Palo Alto, California 94304-1338 « PO Box 10412, Palo Alto, California 94303-0813 USA

800.313.3774 « 650.855.2121 « askepri@epri.com * www.epri.com
© 2022 Electric Power Research Institute (EPRI), Inc. All rights reserved. Electric Power Research Institute, EPRI, and
TOGETHER...SHAPING THE FUTURE OF ENERGY are registered service marks of the Electric Power Research Institute, Inc.
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ACRONYMS AND ABBREVIATIONS

Al
ANT
AR
AuR

ARPA-E
AWP
BIM
BOP
CAD
CDE
CDT
CMIS
CMMS
COTS
CSDT
Cwp
DDT
DE
DOE
DT
EPC
EPRI
ETL
FGM
FTE
GEMINA

artificial intelligence
Advanced Nuclear Technology
advanced reactor

augmented reality (N.B.: In this report, AuR is used instead of the more common AR to
avoid confusion with the acronym for advanced reactor.)

Advanced Research Projects Agency-Energy
advanced work package

building information modeling

balance of plant

computer-aided design

common data environment

construction digital twin

configuration management information system
computerized maintenance management system
commercial off-the-shelf

construction sequence digital twin
construction work packages

design digital twin

digital engineering

U.S. Department of Energy

digital twin

engineering, procurement, and construction
Electric Power Research Institute

extract, transform, load

federated geometric model

full-time equivalent

Generating Electricity Managed by Intelligent Nuclear Assets

X



GIS geographic information system

GUI graphical user interface

1&C instrumentation and control

IAEA International Atomic Energy Agency

IBM International Business Machines Corporation

ICT information and communication technologies

IDEFO ICAM definition for function modeling, where ICAM stands for “Integrated Computer
Aided Manufacturing”

INDE integrated nuclear digital environment

IoT Internet of things

ISO International Organization for Standardization

IWMS Integrated Workplace Management System

IWP installation work packages

LCOE levelized cost of electricity

LiDAR light detection and ranging

LOD level of development

LWR light water reactor

MBSE model-based systems engineering

ML machine learning

MOS metal-oxide semiconductors

MR mixed reality

NASA National Aeronautics and Space Administration

NLP natural language processing

NPP nuclear power plant

NRC U.S. Nuclear Regulatory Commission

O&M operations and maintenance

oCC overnight construction costs

PCS plant chemistry simulator

PdM predictive maintenance

PM preventive maintenance

PMBD Preventive Maintenance Basis Database (EPRI)

PMDT predictive maintenance digital twin

PMIS project management information system



QA
QR
RF

ROI
SME
SSC
TAG
UX/UI
V&V
VR
WBS

quality assurance

quick response

radio frequency

request for information

return of investment

subject matter expert
structure, system, and/or component
technical advisory group

user experience/user interface
verification and validation
virtual reality

work breakdown structure
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1

INTRODUCTION

1.1 Background

In simple terms, a digital twin (DT) is a digital representation of a physical asset or process used
to monitor, simulate, predict, and/or control its behavior. Some stakeholders advocate that a DT
must also collect data about the physical asset or process to update the digital representation,
whereas others contend that this physical-to-digital connection is not essential to DTs. A simple
example that includes the data collection element is a pump instrumented with various sensors
that provides real-time input to a digital model used to predict component wear. An example of a
DT without the data collection element is a 3D computer-aided design (CAD) model of a site
excavation used to simulate the construction sequence prior to breaking ground. Section 2.1
provides a more detailed discussion on the available definitions of DTs.

A DT can provide insights into various aspects of the asset or process (such as performance,
efficiency, operations, and maintenance cost) without affecting its operation or state (for
example, no downtime needed for offline inspection or testing). This capability can potentially
be leveraged to achieve a variety of benefits, for example:

e Faster deployment of new assets and systems

e Improved operational efficiency and reliability

e Enhanced simulation of potential scenarios and outcomes

e Optimized allocation of resources and labor

e Refined maintenance schedule

e Reduced design, construction, operation, maintenance, and decommissioning costs
e Improved integration of systems

e Better-informed decision-making

e Reduced operator exposure to high-risk environments (such as high-radiation areas)

Consistent with the preceding potential benefits, DTs have been able to demonstrate value in
non-nuclear industrial applications. Examples include aircraft and automobile manufacturing and
fleet control ( [1] and [2]), metal additive manufacturing [3], logistic and supply chain
management [4], port loading operations [5], gas and wind turbine service optimization ( [6] and
[7]), and environmental monitoring [8]. In the nuclear industry, the use of DTs has lagged to
date, in part due to uncertainties resulting from the unique regulatory environment and large
initial capital investments compared to other industries. However, the industry has recently
begun to recognize the untapped potential for DTs to achieve efficiencies in various stages of the
nuclear power plant (NPP) lifecycle.
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The next generation of advanced reactors (ARs) presents a unique opportunity to reap the
potential benefits of DTs for multiple reasons. First, recent technological advances are enabling
an increasing number of DT applications and are driving the DT development and
implementation costs down. Second, because ARs are still under development, they have less
logistical inertia than the current existing NPP fleet in adopting and integrating new
technologies, such as DTs. Early adoption of DTs into the AR design phase could lay the
groundwork for significant cost savings and benefits over the course of the full lifecycle.
Moreover, many AR designs include harsh environments that could place new constraints on
access by operations and maintenance personnel (such as areas with very high radiation or
extreme operating temperatures); DTs could provide “virtual access” to the plant without
exposure to the extreme environments, thereby enabling safe operation of these novel plant
designs. Furthermore, regulatory frameworks for ARs are still under development across the
world and could evolve to facilitate the adoption of DT technologies in AR designs.
Consequently, there might be a more favorable regulatory perspective to the adoption and use of
DTs for ARs than for the current operating fleet, as evidenced by the recent U.S. Nuclear
Regulatory Commission (NRC) and Department of Energy (DOE) activities to promote
knowledge-sharing across industry stakeholders through a series of workshops, publications, and
grants dedicated to DTs in ARs (for example, see [9], [10], [11], [12], [13]).

Although momentum is building, some gaps are slowing the adoption of DT technology. Perhaps
the most impactful gaps include the lack of a common conceptual framework, scarcity of proven
business cases, limited diversity of existing DT use cases, and uncertainties in technology
readiness and regulatory impact [10]. Early nuclear DT studies have also indicated a need to
adopt a “transformative approach” to successfully incorporate DTs in ARs because new systems
and processes will be required to implement the DT. For example, necessary DT hardware might
impose requirements on the plant structural design (such as additional space claim) that would
not otherwise exist. Conventional workflows will likely need to be transformed to ensure that
additional DT-related design requirements are adequately captured and integrated into the plant
design.

To complement ongoing industry efforts and provide specific guidelines for AR stakeholders to
understand and adopt DT technology, this EPRI project explores potential benefits, challenges,
capabilities, and possible use cases of DTs across the various NPP lifecycle stages—design,
construction, commissioning, operations, maintenance, and decommissioning. The project aims
to document best practices and establish recommendations for leveraging the advancement in DT
technologies, with the goal of helping the industry identify the potential value added that DT
technology can provide to nuclear projects, particularly in ARs.

1.2 Research Context

This project is part of EPRI’s Advanced Nuclear Technology (ANT) program, whose mission is
to reduce the risk and uncertainty of constructing and operating new NPPs. According to the
EPRI report Advanced Nuclear Technology: Economic-Based Research and Development
Roadmap for Nuclear Power Plant Construction [14], nuclear power could become a more
financially attractive option if cost-saving solutions were developed to address the five top cost
drivers identified in that report (see Figure 1-1). DTs offer a potential solution to mitigate
construction duration, which was found to be the most significant cost reduction strategy in that
report [14]. As will be shown in the present report, DTs have potential applications in each of the
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other top cost-driving areas as well. Moreover, beyond the potential to reduce overnight
construction costs (OCCs), which make up approximately 60% of the levelized cost of electricity
(LCOE), DTs have the potential to reduce operating and maintenance (O&M) costs, which are
responsible for another 15-25% of LCOE [14]. One of the principal motivations for this project
is, therefore, to investigate how DT technologies can contribute to the overall nuclear industry’s
goals of reducing OCC and O&M costs, while focusing specifically on advanced reactor
applications. This report is one of many EPRI initiatives that share the same principal
motivation.
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Figure 1-1
Ongoing research in EPRI’s ANT program
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1.3 Objectives

The project objectives are as follows:

Summarize available resources, tools, software, sensing technologies, and monitoring
strategies for implementing DTs for ARs.

Propose preliminary industry guidelines for DT development and a conceptual framework to
streamline DT adoption in the nuclear industry.

Provide insights on the costs and potential savings of implementing DT technology to
optimize activities across the plant lifecycle.

Review available and potential NPP use cases, and summarize benefits and challenges for
possible implementation in future NPP projects.

Summarize key insights, best practices, and recommendations for implementing DTs across
the AR lifecycle and identify areas of potential future research.

1.4 Scope and Approach

The scope of this project includes the following main steps:

Section 2: Literature review and industry engagement. This study began with a review of
relevant literature and a series of industry engagement activities including interviews,
workshops, and formation of a technical advisory group (TAG). The TAG included
participants from utilities and AR developers, including General Electric Hitachi, Kairos
Power, Rolls-Royce, Terrapower, Southern Nuclear, X-Energy, and Ontario Power
Generation. The literature review and industry engagement activities provided insights in
various areas as summarized in Section 2, including the following:

— Diverse industry perspectives on how to define a DT, what DTs should do, and their
essential functions and elements

— Approaches and processes for developing DTs

— Industry motivations and perceived opportunities and challenges for deploying DTs for
ARs

— The current state and future trends in DT technologies
— Expected costs and benefits of DT technology adoption

Section 3: Identification, evaluation, and prioritization of DT use cases for ARs. The next
research step involved developing a list of DT use cases relevant to ARs, identifying criteria
that could be used to evaluate and prioritize them, and then using those criteria to select two
use cases to further develop in this study. Appendix A describes all 29 AR DT use cases
compiled as part of this research. The TAG members were surveyed to provide inputs on
benefits and challenges of each use case as well as the various considerations and issues
relevant to use case prioritization and selection. The two prioritized use cases are
construction sequence simulation and predictive maintenance.
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e Section 4: Further development of prioritized use cases. Using an approach introduced in
Section 2 for DT development, the two prioritized use cases were analyzed further to provide
additional detail, illustrate the development process, and provide use-case specific
observations, best practices, and recommendations.

e Section 5: Conclusions. Key insights, best practices, and areas of future research derived
from this research are summarized in Section 5. The findings can be used by AR industry
stakeholders to identify, evaluate, and prioritize potential DT use cases, inform the design
and development of DTs, and prioritize future research and development activities to

facilitate the adoption of DTs.

1.5 Research Contributions by Stakeholders

Several issues must be addressed before DT benefits can be fully realized in the nuclear industry.
To solve these broad, multifaceted issues, contributions are required from many stakeholders
across various disciplines. This report explores potential benefits, challenges, capabilities, and
use cases of DTs across the NPP lifecycle. Table 1-1 lists the main research contributions.

Table 1-1
Research contributions and benefits

Contribution

Benefit

Propose a generalized conceptual
framework for DTs and their constituent
elements and functions.

Facilitate knowledge transfer across industry stakeholders.

Offer an example process for DT
development.

Provide readers interested in DT development with an
approach for considering the various steps, requirements,
and constraints involved in developing a DT.

Engage with AR industry stakeholders to
identify key interests, needs, perceived
opportunities, and challenges, including
those derived directly from ongoing DT-
related activities. Summarize observations,
trends, concerns, and issues that
stakeholders consider important.

The industry stakeholder perspective serves to:

¢ |dentify and prioritize issues warranting attention during DT
development and further research to facilitate DT adoption
for Ars.

¢ Provide an update on the latest technology advancements.

¢ Augment findings from other industry workshops and
complement ongoing EPRI research.

Perform a literature review and engage
industry stakeholders within and beyond
nuclear to identify and evaluate potential
DT use cases for ARs.

Twenty-nine DT use cases applicable to ARs are identified as
part of this research (see Appendix A), spanning a wide
range of applications over the entire plant lifecycle. These
cases provide a basis for AR stakeholders to build upon and
identify new applications. The use case evaluation process
and criteria offer a set of considerations and issues that
readers can use to assess their own potential use cases.

Perform a literature review and engage
industry stakeholders to assess technology
readiness and identify important resources.

Increase awareness of DT underlying technologies and
discuss technology readiness and outlook.

Provide insights on costs and potential
benefits of implementing DT technology.

Acknowledging the lack of proven nuclear-specific business
cases in the literature, this research nevertheless offers high-
level insights into costs and anticipated benefits of DTs.
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LITERATURE REVIEW AND STAKEHOLDER INPUT

The following list summarizes the topics covered in this section:

Section 2.1 presents common DT definitions and how the concept has originated and evolved
over time.

Section 2.2 analyzes the various “elements,” or component parts and functions, that compose
a DT.

Section 2.3 introduces a generalized framework for the development and implementation of
DTs.

Section 2.4 focuses on the digital thread, that is, the flow of data across use cases, lifecycle
stages, and systems that integrates various DTs.

Section 2.5 summarizes the AR industry perspective, including the TAG input on perceived
needs, opportunities, and challenges.

Section 2.6 discusses the current, emerging, and future states of DT technologies and
solutions, respectively.

Section 2.7 introduces a high-level discussion on costs and benefits for different
professionals involved in the process and for different NPP lifecycle stages.

2.1 Digital Twin Definition

The working definition of a DT used in this report is from “Quick Insight Brief: Digital Twin
Activities at EPRI” [15]:

...a digital replica of physical and functional characteristics of the assets that provides
information to systems or personnel to make tactical or strategic operations decisions. A
DT can be developed when there is a key interactive connection between a physical
system and the corresponding virtual model. When measured data from the physical
system is provided to a virtual model, a DT is formed, and this enables the DT output to
be much more tuned to the physical systems’ performance and can be used to adjust
operations or inform future decisions.

Notwithstanding this definition, the research team who wrote this report recognize that many
different definitions have been proposed in the literature over several decades, dating back to the
origins of the DT concept in the National Aeronautics and Space Administration’s (NASA’s)
Apollo program in the 1960s [16]. Dr. Michael Grieves is widely recognized as the first to have
formalized the idea of a DT in a 2002 presentation discussing a conceptual model for product
lifecycle management [17]. The model was officially referred to as digital twin for the first time
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in a subsequent 2011 publication [17], following the suggestion of John Vickers at NASA. The
definitions of DTs and their components have evolved over time and vary across industries,
depending on the specific DT scope and scale.

In 2015, Grieves noted that a DT consists of three main components: a virtual representation, a
physical product, and a bi-directional data connection between the virtual and physical [18]. In
2019, Wang et al. built on the Grieves definition to note that “[a] digital twin can be regarded as
a paradigm by means of which selected online measurements are dynamically assimilated into
the simulation world, with the running simulation model guiding the real world adaptively in
reverse” [19].

In 2021, the Digital Twin Consortium [20], a community of industry, government, and academic
professionals who gathered with the sole objective of enabling the implementation of DTs,
proposed the following definition and characteristics of a DT:

a virtual representation of real-world entities and processes, synchronized at a specified
frequency and fidelity.
¢ Digital twin systems transform business by accelerating holistic understanding,
optimal decision-making, and effective action.
¢ Digital twins use real-time and historical data to represent the past and present and
simulate predicted futures.
¢ Digital twins are motivated by outcomes, tailored to use cases, powered by

integration, built on data, guided by domain knowledge, and implemented in
IT/OT systems [20].

Patterson et al. [21] were perhaps the first to postulate the concept of a DT in the context of an
NPP. The paper describes an integrated nuclear digital environment (INDE) that would contain
a chain of interconnected data from physics simulations, in-service monitoring, and plant
inspections. The proposed INDE framework was expected to lead to shorter design and
development times, reduced cost, and increased operability, reliability, and safety. The INDE
shares many attributes of DTs as defined by various authors above and is therefore a helpful
concept in understanding how DTs can be manifested in nuclear applications.

Although the preceding working definition from EPRI’s Quick Brief [15] is adopted for this
project, the research team also acknowledges that new definitions will continue to emerge over
time, across different industries, and as new DT applications are identified. Considering the
diversity of definitions, it is helpful to consider Dr. Grieves’s conceptualization of a DT [22]. He
observed that, as technology matures, digital models tend to become more detailed and accurate,
more integrated with each other, and more integrated with their physical counterparts. He
conceived of a DT as the end state of this trend in which models are sufficiently detailed,
comprehensive, and integrated with their physical asset that they will be able to provide the same
useful information that could otherwise be obtained by examination or testing of the physical
asset. This concept is illustrated in Figure 2-1, in which DT maturity is represented as a result of
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increasing integration and digitalization levels. Figure 2-1 divides the “space” of integration and
digitalization into four “maturity levels,” which can be conceptualized, for instance with the four
analytics maturity categories covered in Kuhn et al. [23]:

Level 1

— Descriptive: Collect, display, and store information about the current or past state

of a system. An example could be a 3D heat map of current radiation dose rates in a plant.

Level 2 — Diagnostic: Perform analytics to determine trends or “why” the system is or was in

a specific state. A trend or regression analysis, for example, might find a correlation between
certain types of work done in a system and the nearby dose rates, which might suggest
causality.

Level 3

— Predictive: Combine descriptive information and diagnostic analytics to predict

what is likely to transpire in the future. Predictive analytics can, for example, include rapid
simulation of various scenarios to identify those with the greatest likelihood of desirable
outcomes.

Level 4 — Prescriptive: Combine descriptive, diagnostic, and predictive capabilities to either

inform decisions about which actions should be taken, or automatically control those actions.
Prescriptive DTs can recommend interventions or automatically interact with physical
counterparts (that is, the initial stage of virtual to physical convergence through cognitive

actions).
Fully matured
Digital Twin
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Figure 2-1

DT maturity trend

This conceptualization is helpful because it clarifies that each evolutionary step toward
producing more detailed, accurate, and integrated digital representations is a productive step
toward realizing the potential benefits of DTs. It also helps to redirect effort away from
unproductive attempts to develop a universal definition for DTs because it clarifies that there is
no one unique definition, but rather a spectrum of potential DT manifestations and corresponding

definitions.
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2.2 Elements of DTs

A great deal of research has gone into defining and studying the building blocks of a DT. This
section takes a more granular look at what a DT consists of (that is, its “elements’). DTs come in
various forms based on their requirements and intended uses, and therefore the elements can vary
widely across DTs. The DT elements covered in this report are only some of the most common
elements that have been considered. As technology evolves, elements will change along with
them (such as high-bandwidth connectivity systems). Elements of DTs can be hardware,
software, or processes.

The EPRI report Quick Insight Brief: Elements of Digital Twins and Project Updates provides a
definition of five basic DT elements—monitoring systems, advanced modeling and simulation,
data analytics, data repository, and DT platform and integration systems [24]. This list of five
elements is expended considerably in this section, and those with commonalities or linkages are
grouped together into six functional areas illustrated in Figure 2-2: collect, process, visualize,
alert, react, and forecast.

Alert
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Figure 2-2
Functional areas of a DT

Following are some of the most common DT elements, each categorized under its most relevant
functional area:

e Collect: Elements related to capturing and hosting data.

— Cloud data repository: A virtual repository continuously updated with new telemetry data
from instrumentation on the asset, asset maintenance data, plant operational data, and so
on.

— Digital engineering (DE): A multidisciplinary data integration into a single source of
truth repository to track and manage facility lifecycle events.
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Building information modeling (BIM): A digital representation of physical and functional
characteristics of a building.

Geographic information system (GIS): A system designed to capture, store, manipulate,
analyze, manage, and present spatial or geographic data.

Generative design: The algorithmic generation of design options based on given
constraints and requirements.

Laser scanning: LiDAR-enabled data collection that produces “point clouds.”
Photogrammetry: Photographic data captured, processed, and stitched together.

Internet of Things (IoT): The extension of Internet connectivity into physical devices and
everyday objects.

Private networking: Advancements in connective technology (such as 5G) display
potential in the creation of high-bandwidth, secure private networks. These networks will
establish a private connection from the private cloud repository to IoT devices.

Process: Elements related to computation, analysis, and/or modification of information.

Finite element analysis solver: A computerized method to solve differential equations to
compute the model response to a set of boundary conditions and loads (such as forces,
displacements, temperature changes).

Extract, transform, load: Three general processes used when moving data from one or
more sources to another. Extract, transform, load processes can be classified as self-
service (ad hoc) or enterprise data exchanges.

Artificial intelligence (AI): A broad division of computer science with several
subdisciplines dedicated to the study of machine intelligence and human-machine
interactions.

Machine learning (ML): A set of algorithms or computational methods to achieve a
previously unprogrammed result, relying on data to train or teach the algorithms based on
pattern recognition. ML can be used to perform predictive analytics.

Natural language processing (NLP): A branch of Al focused on developing algorithms
that can comprehend and operate on written or spoken natural human language. Common
applications of NLP are text and speech processing, syntactical analysis, natural language
understanding, and document data extraction.

Edge computing: The pre-processing of data on a hardware device prior to data transfer
to the cloud. Most IoT sensors and hubs are edge computing devices. Compared to
waiting for a server to queue a transaction, perform the transaction, and return the results,
edge computing provides more expedient results. It also requires less centralized
computing resources.

Visualize: Elements related to the end-user interface with other DT elements, including:

Viewer: Displays a translated version of the digital model in 2D or 3D.

Virtual reality (VR): A fully digital environment as viewed by the device user. It is a 3D
simulation of events or experiences that can relate to the real or a simulated world.
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Augmented reality (AuR): A technology that superimposes a computer-generated scene
on a user’s view of the real world, thus providing a composite view. It is a
multidimensional overlay to a real-world environment.

Mixed reality (MR): A combination of VR and AuR. Virtual and real objects interact
with each other (for example, both virtual and real shadows are captured in the user’s
view) and cannot be distinguished.

e Alert: Elements related to the notification of events, often from a system to an external view
for users, including:

Management: Data-driven operations provide managers and executive decision-makers
with timely means to monitor and respond to high-level key performance indicators.

Operations and Maintenance: DT information provides operators real-time visibility into
system and component states, trends, and anomalies to facilitate risk mitigation and
optimize operations.

Notifications: Email, SMS, or pager messages sent based on specific trigger events from
within the environment.

¢ React: Elements related to the responses to events communicated between the physical
and DTs.

Planning: Planners and schedulers are often tasked with anticipating the need for, or
outcomes of, preventive maintenance and upgrades to systems. By connecting the
functional areas (such as collect, process, visualize, and forecast [see Figure 2-2]),
planners can develop more accurate plans based on more timely, accessible, and
meaningful information.

Business intelligence: Provides a visual analysis of historical, current, and predictive
business information. Business intelligence platforms should be connected to the
collection and process functional areas.

Plant operations manager: Software aiming at mitigating risk during plant operations by
improving communications across the workforce, ensuring safety compliance, and
minimizing equipment downtime.

e Forecast: Elements related to the prediction of physical events via analysis of the DT.

Simulation: Advanced modeling and simulation tools used to fill in data gaps and predict
the future response based on the current state, including uncertainty assessments of
available data and predictions.

A given DT use case might not require all of the preceding functional areas or elements;
conversely, another use case could require elements not listed. Thus, the elements of a given DT
are fundamentally use-case-specific.
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2.3 DT Development

At the time of this report, there is no universally accepted methodology for the development of
DTs. The development process depends on the requirements, use case, available resources, and
readiness of underlying technologies. Although the development process typically follows the
flow and aggregation of information through a facility’s lifecycle, DTs are not required to
encompass the entire facility. It is possible to create a DT of a single system or component. This
section proposes a generalized framework for DT development that is scalable, applicable to
individual components or entire facilities, and can be used at any point during a facility’s
lifecycle. For example, a DT can be created for an asset that has been in operation for several
years.

Figure 2-3 displays a simplified DT data flow applicable to a construction project. This brief
example provides a simplistic DT development methodology. The data aggregation begins
during the design stage represented by the virtual project data, which is then augmented with
construction data. Toward the end of construction, the as-built or as-constructed data are
integrated into the DT platform, and the sensors that have been placed during construction can be
enabled. Once a virtual facility representation and sensor data are flowing, many DT platforms
can learn and keep track of this historical data in a database, often referred to as a historian.
Historian data coupled with the sensor data flow and baseline simulation results enable
predictive analysis. This scenario illustrates how components, systems, data, and technology are
integrated to develop a DT.

Sensors
Data

Virtual Constiaition Connect Learn from r‘lnsdl.gh.ts

Project — Data Digital + -3  Behavior + > Pr
Data Physical History Analysis

As-Built Data

Figure 2-3
Simple DT development process

Generally, DT development can be segmented into eight top-level steps, as shown Figure 2-4.
The diagram has been created following the IDEFO (Integrated Computer Aided Manufacturing
[ICAM] Definition for Function Modeling) methodology [25]. IDEFO is functional modeling
methodology commonly used to analyze, develop, and reengineer processes. It provides a means
to evaluate the inputs (arrows on the left), outputs (arrows on the right), requirements (arrows on
the top), and resources (arrows on the bottom) applicable to the development of DTs.
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When adopting and applying this framework, it is important to first gather and define
requirements (A0). The requirements can be refined and verified in subsequent steps.
Sometimes, development of a DT requires prerequisite DTs; Figure 2-4 represents this by the
Prerequisite DT(s) (XO0) step feeding back into the Implementation of the Digital Twin (DO) step.
As multiple, interdependent DTs are developed and connected, they support and are supported
by the digital thread, as described in Section 2.4. For instance, when developing a cost estimate,
inputs could include a geometric model (such as a design digital twin [DDT] or construction
digital twin [CDT], as described in Section 2.5.2.1), a model-based systems engineering (MBSE)
model, and a cost database. In this case, if a cost estimate indicates that a particular equipment
model is higher-performing and less expensive than the specified model, the DT could feed these
data back to the DDT to update the necessary equipment identification, and it could feed back to
the cost database. Other examples that could require a DDT include physics simulations,
logistical simulations, stress analysis, MR training experiences, and various maintenance
scenarios.

Connecting the DT (EO) represents the steps necessary to integrate the physical asset and digital
representation defined in the previous step. This could include the development of a visual
knowledge graph with sensor telemetry data streaming in. Some DTs may skip this step during
their early iterations of simulation. After developing the connections of the digital and physical,
the next stage is to monitor or analyze the DT (FO0). This typically involves dashboards for data
visualization; however, this can be a phase when deeper analysis against historical data or other
simulation inputs and/or resources is performed. For example, certain simulation platforms are
interoperable with multiple databases to facilitate comparison of new versus historical data. An
example use case could be to predict wear patterns by comparing current versus historical
vibration levels of a pump. The last stage, scaling (GO0), integrates a singular DT into numerous
other DTs. The loops from (F0) and (GO0) back into (D0) represent an improvement process in
which findings from early monitoring and scaling activities are fed back into the DT
development as new upstream requirements.

The eight top-level steps covered in the preceding are expanded in Sections 2.3.1-2.3.7 using a
sample illustration. If a top-level step contains substeps, they are represented in Figure 2-4 by
displaying a corresponding alpha character and numeral (such as A1, A2, A3) to the bottom right
of the box. Only the first substep is presented in Figure 2-4 for Steps B0 to FO for simplicity.
Sections 2.3.1-2.3.7 provide common examples of these substeps. Not all the substeps presented
in Sections 2.3.1-2.3.7 are required to develop a DT. For the purposes of illustrating these steps,
the following DT problem statement will be used: smoke and fire detection and response systems
are developed in isolation and should have their physics analysis integrated into the overall
design, construction, testing, and commissioning of a facility.

The IDEFO notation typically requires resources (arrows on the bottom) and requirements
(arrows on the top); however, they are not included on several steps illustrated herein to provide
flexibility in the framework. Also, any resource or requirement arrows displayed can be modified
as necessary to meet the needs of the development process.
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2.3.1 A0: Gathering Requirements

Block A0, Gathering Requirements, focuses on the overall capture of the high-level necessity of
the DT (see Figure 2-5). The organizational vision of the DT is also considered and developed
while gathering the requirements.

—Basis of Design—p»

Demand Trigger—P» Gathe ring
. —Project Charterp»
Org. Vision > Requirements e
se Case
AO | Definition
Al

Figure 2-5

Gathering requirements, IDEFO0
While working on the subprocesses associated with the A0 block, it is important to contemplate
what use cases the DT will address (see Figure 2-6). For example, referencing the previous
problem statement, a sample use case could be to use the design 3D model in the computational
fluid dynamics simulation of the smoke path so that the geometric model does not need to be
recreated and can be updated quickly when changes occur.
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Figure 2-6

Gathering requirements IDEF0 A1: develop use case definition
The costs of DT development should be weighed against the potential benefits before investing
significant resources in development. For instance, a fire simulation platform might not be
interoperable with the native design geometry platforms without significant investment in
developing the integration. This development cost could exceed the projected return on
investment (ROI) of the DT. The integration development is a one-time cost, but it would also
need to be maintained; therefore, the cost of maintaining features and elements developed should
also be considered (see Figure 2-7).
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Budgeting

Understand Cost
Use Case Definition—™ / —Cost/ Benefit Analysis—»

Benefit Analysis

.

Lessons
learned

Figure 2-7

Gathering requirements IDEF0 A2: understand costs versus benefits
Once the use cases are defined and costs and benefits understood, it is important to develop the
basis of design with regard to the technology platform(s), necessary resources, and general
timeline for development (see Figure 2-8). At the conclusion of this stage, a project charter and
design basis documents can be used as guides throughout the remainder of the development
process.

I
Allgnment
with Legal
Alignment with Ag[[)n(!lcaie
Procurement Siandesrds
h 4 h 4
Project Description—»)
Project Intent——™ . Basis of Design—Jp»
. Understand Basis of .
Use Case Definition—™ i
—~Cost/ Benefit Analys s DES|gn Project Charter—p»
—Project Requirem ents—j» A3
legal PMO Procurement

Figure 2-8
Gathering requirements IDEF0 A3: understand basis of design
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2.3.2 BO: Scoping the DT

Upon development of the project charter and basis of design, attention should be given to the
systems design of the DT. This step typically relies on an MBSE process to design the
performance, behavioral/functional, and architectural model of the DT. Figure 2-9 is a diagram
of the scoping step.

—Basis of Design—¥
P st ——DT Strategy——p»
Scoping the Digital
—Project Charter¥ P %_ . g DT Technicd &
win | DT Technic

Use Case Traning Roadmap )
— —»

Definition BO

B1

Figure 2-9
Scoping the DT, IDEF0

To establish the strategy (see Figure 2-10), tools that leverage general-purpose system
architecture modeling language for systems engineering applications, such as System Modeling
Language, can be used, although this is not required. The strategy could be developed using
other non-systems engineering means, such as Microsoft Office;' however, the value that a
dynamic systems model provides will not be available. A strategy of the fire-and-smoke system
example could be that it must use the video surveillance system to detect fire(s) and smoke.

Basis of Design—

Project Charte—  Establish Stra tegy DT Strategy——P»

Use Case Definitior—M B1

Figure 2-10
Scoping the DT, IDEF0 B1: establish strategy

After establishing the strategy, it is then recommended to develop a roadmap and associated
performance metrics defining what and how the strategy will be implemented (see Figure 2-11).
This could include both functional and nonfunctional requirements to be used when identifying,
reviewing, and procuring the necessary technologies in the next step. A functional requirement
for the fire-and-smoke system example could be that the operational alerting system should send
mobile alerts to the technicians. A nonfunctional requirement could be that the system must have
a high availability of at least 99.99% uptime.

DT Strategy——

DT Technica &
Traning Roadmap

Develop Roadmap

Project Charter——]
B2

Figure 2-11
Scoping the DT, IDEF0 B2: develop roadmap

! Office is a registered trademark of Microsoft Corp.
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2.3.3 CO: Procuring the Resources

The next main step is to procure the necessary resources to achieve the vision and constraints
identified in the first two steps, A0 and B0O. These substeps have been divided to separate
software, hardware, and integration personnel. To carry our example forward, the development
team could need to procure sensors, additional video cameras, cabling, cloud server provisioning,
software system, and specialty contractors (see Figure 2-12).

——Software Contract—p»
. —Hard Contract
DT Strategy—™ Procurlngthe ardware Contract—p»
R Vendor Contract—p»
__ DT Technical & esources |
yoon K s p—b Contract Delwerables—p»-
Cco
Cc1

Figure 2-12
Procuring the resources, IDEF0

Prior to approaching vendors, the strategy and roadmap should be simplified and aligned to the
overall vision (see Figure 2-13). Furthermore, the outputs of this first stage would rely on the
framework curated in the strategy. The separation of hardware (such as the video cameras) and
the software platform should be considered. Some vendors might provide both hardware and
software in a discounted manner; to develop an accurate and fair procurement strategy, the line
items should be separated.

DT Strategy——P . —~Contract Deli bl
= A|Ign Procurement it Lol g g
__ DT Technical & with Strate -
TranngRoad p_> 8y Required Features—P»

Cl

Figure 2-13
Procuring the DT, IDEF0 C1: align procurement with strategy

Each organization has unique vendor procurement methods and policies, some of which focus on
preventing and controlling loss of intellectual property. Depending on the scale and complexity
of the DT, data sharing across multiple vendors could become cumbersome. The highest ROI
might be achieved by involving vendors early in the development process to identify potential
issues and solutions.

Req uired Features— Procure Software Software Contract—»

Cc2

Figure 2-14
Procuring the DT, IDEF0 C2: procure software
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Required Featurs—  Procure Hardware Hardware Contract—»

C3

Figure 2-15
Procuring the DT, IDEF0 C3: procure hardware

When working with new technologies, consulting or integration assistance can help ensure
project success. If an integration vendor is selected, it is recommended that they have a single
point of contact within the DT development team. This would typically be the project manager or
product owner. Additionally, it is important to have the integration scope well defined during
stages A0 and B0. Figure 2-16 is a diagram showing the process involved in procuring an
vendor.

Procure Integration
Vendor

—Contract Deliverables—» Vendor Contract—pw»

C4

Figure 2-16
Procuring the DT, IDEF0 C4: procure integration vendor

2.3.4 DO: Implementation of the DT

After considering the vision, requirements, and procurement of the DT, the next step is
implementation (see Figure 2-17). Developing a single DT will often have inputs from other DTs
and/or model processes. In Figure 2-4, this is denoted by the prerequisite DT(s) (X0), being
circularly connected to DO. However, this is not always the case, and the geometry and linked
data can be developed during this stage. The fire-and-smoke system example would now be
implemented with the assistance of the specialty contractors to install and test the sensor array.

—Software Contract—jm ——DT Platfarm—)»

——Hard Contract— - —Vrtual Model
arcware fontra Implementation of ual Modl—p>

Vendor Contract—p» . . ——Sim. Model—p»
—Contract Deliverables—j» the Digital Twin
DO
D1

Figure 2-17
Implementation of the DT, IDEF0

The first step in implementing the DT is to implement the platform that will aggregate the
component parts of the DT (see Figure 2-18). This could be a common data environment (CDE)
where all the documentation files and integrations are managed.
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—Software Contract—¥
—Hardware Contract—»
Implement DT
DT Strategy—™ I;| tf DT Platform——p»
atrorm
DT Technical &
Traning Roadmap » D1

Figure 2-18
Implementation of the DT, IDEFO0 D1: implement DT platform

Developing the model of the DT (see Figure 2-19) refers to the curation of a 3D and data
representation of the physical elements. This could include data collection from the field by laser
scanning or photo collection.

Vendor Contracd—

Develop Model Virtual Modei——»

—Contract Deliverables—

D2

Figure 2-19
Implementation of the DT, IDEF0 D2: develop model

Developing the simulation of the DT (see Figure 2-20) refers to the curation of the physics model
and algorithms necessary for ongoing analysis.

Vendor Contract—»
Develop Simulation |——simuation Mode—p»
— Contract Deliverables—»

D3

Figure 2-20
Implementation of the digital twin, IDEFO0 D3: develop simulation

2.3.5 EO: Connecting the DT

This step could also be called integration of the DT. Once the digital and physical entities are
integrated, the DT is launched for stakeholders to begin interacting, interpreting, and acting on
the results. The DT platform must be able to accept the integration of multiple sources of data
through direct and indirect connections. To continue our previous example, the fire prevention
and detection system, operational system, and cameras might have been installed during
construction, and the simulation model has been developed based on the design 3D models. It is
now time to connect the physical to the digital. In this example, the connections to the physical
would be made using application programming interfaces or integration platforms as a service to
send signals between the simulation and operational system. Figure 2-21 is a diagram showing
the process of connecting the DT.
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——DT Platform—p»
Connecting the
Digital Twin
—Sim. Model—» EO

—Vrtual Model—J»

——Digital Twin—»

|

Sensor Historic
Input Data

Figure 2-21
Connecting the DT, IDEFO0

Updates to the DT should be mostly complete once this substep is initiated. This stage includes
training operators and end users of the DT. The data model would begin to flow and grow as
more time series data are aggregated into the historian system. The launch step is shown in

Digital Twin——p»

Figure 2-22.
DT Platform ’
Virtual Mode——» Launch
Sim Mode ——p™ E1l
Figure 2-22

Connecting the digital twin, IDEF0 E1: launch

2.3.6 FO: Monitoring the DT

Upon connecting the DT visuals to the physical components or monitoring systems, users can
observe the results and changes in subsystems that might influence the overall system. This
stage, illustrated in Figure 2-23, also includes the maintenance and operation of the DT.

Monitoring the
Digital Twin

FO

—Digital Twin—J»

DT NO—P»

F1

Figure 2-23
Monitoring the DT, IDEFO0
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Once the data begin to flow, they should be monitored and tested for reliability and further
calibration of the system (see Figure 2-24).

| Models and Data to
Monitor Updates of Support New Project

—software Changes— I Models and Data

Project Changes—™

DT Loaded Models and
Data ->

F1

Figure 2-24
Monitoring the DT, IDEFO0 F1: monitor updates of models and data

If a twin is developed during the construction or commissioning phases of a project, the data are
likely to be in flux until those processes are complete. For this reason, a step to constantly iterate
on the representation of the virtual is included in Figure 2-4. Figure 2-25 shows the process of
monitoring the handover of data to the DT platform.

beliverables——p| Monitor Handover

of Data —Populated DT Platfornri»
—Exsting Faciity Data—

F2

Figure 2-25
Monitoring the DT, IDEF0 F2: monitor handover of data

Figure 2-26 shows the final substeps in the FO block. At this point, the initial vision should be
revisited and revised as needed to account for lessons learned during the initial implementation
of the DT.

——DT Strategy Update—p»

Operate
P —Archive Models and Data»

Digital Twi n—»

F3 ——DT Data Updates—P»

Figure 2-26
Monitoring the DT, IDEFO F3: operate

2.3.7 GO: Scaling the DT

Block GO0, Scaling the DT, will not be applicable to all DTs. Scaling will be applicable only in
situations where the DT developed will need to be integrated with other DTs or expanded to
include additional components, systems, or facilities within the scope of the DT. If this is the
case, it should be a requirement captured during the requirements gathering stage. The input to
this stage is represented at N.O, where N denotes the number of iterations the DT has run through
the implementation. The output of this stage is represented as X.0, where X depicts the next
generation of the DT (see Figure 2-27).
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—oin Scaling the Digital I >

Twin

GO

Figure 2-27
Scaling the digital twin, IDEF0

Scaling the DT will often mean that multiple DTs will be integrated; however, this could also
present the expansion of the created DT. For instance, the fire systems could be integrated with
the seismic analysis systems. Or, if the fire system were only implemented in one zone, the DT
could be expanded to include additional zones. These integrations lead us to the development of
the digital thread.

2.4 The Digital Thread

The digital thread can be thought of as a line of data, information, or geometry flowing through
the DT elements. For example, the DT Consortium defines the digital thread as

A mechanism for correlating information across multiple dimensions of the virtual
representation, where the dimensions include (but are not limited to) time or lifecycle
stage (including design intent), kind-of-model, and configuration history; the mechanism
generally relies on stable, consistent real-world identifiers [26].

An example of a digital thread could be the asset name of an element that is used during the
design process, then with the possible addition of a tracking code (QR code or similar) for use in
tracking construction logistics; finally, the same asset name could be used in the computerized
maintenance management system (CMMS) for maintenance tracking purposes.

The digital thread can link multiple DTs across different lifecycles. Figure 2-28 illustrates the
digital thread connecting the data flows between the unique DTs (in orange) into a more complex
aggregate system. Each DT is independent but influences the next DT. As previously explained,
the scale of DTs varies based on the context (subcomponents, components, subsystems, systems,
system of systems, plants, fleets, and so on). The DT can start small and then scale up if doing so
provides value and satisfies a need. The prioritization of project-specific use cases can dictate
where to begin linking and expanding the DTs (as indicated in Figure 2-28 by the arrows from
the use cases pointing toward the digital thread). As more DTs are connected and aggregated, the
quantity of information flowing through the digital thread widens and is maximized during the
final operations stage of a facility. If DTs are scaled during operation, the digital thread will
widen accordingly.
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Figure 2-28
The digital thread through a facility’s lifecycle

2.5 AR Industry Perspective

The research team engaged various AR industry stakeholders as well as engineers involved with
DT applications in other industries (such as transportation, oil, and gas) through a series of
interviews, teleconferences, webinars, and other correspondence. The industry engagement
helped the research team develop an intimate understanding of the AR industry’s interests,
needs, perceived opportunities, and pain points, as well as the status of ongoing DT-related
activities. This section summarizes key insights, trends, concerns, and issues that stakeholders
identified as important. Following is a sample of the interactions that the research team had with
industry stakeholders:

e Various interactions with the TAG members introduced in Section 1.4 throughout the
project:
— Early in the project, the TAG advised the research team on expected challenges in the AR
lifecycle and opportunities for DT technologies to facilitate solutions.

— TAG members responded to a survey to help prioritize DT use cases for further
investigation in this project, as described in Sections 3.2 and 3.3. They also provided
general feedback on the DT use case characteristics that are most important to the AR
industry.

— TAG members provided valuable feedback on the generalized DT development
framework covered in Section 2.3.
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— Near the end of the project, in a final meeting with the TAG, the research team presented
the preliminary conclusions and insights from the project and collected additional
feedback on the TAG’s perspective.

— Finally, TAG members reviewed and commented on this report prior to final publication.

e Meetings with EPRI managers leading parallel research activities related to AR technologies,
costs, and digitalization solutions (such as managers from EPRI Nuclear Maintenance
Application Center, Radiation Safety, Plant Modernization, and ANT).

e Interactions with attendees of DT-related industry conferences and workshops (such as NRC
workshops [9], [11]), including organizers, presenters, and audience.

e Meetings with U.S. national laboratory personnel leading DT research activities (for
example, Idaho and Oak Ridge National laboratories).

e Conversations with stakeholders in other industries (such as transportation, oil, and gas) to
get additional perspectives on the current state of DT technology and how other industries are
using or planning to use DTs.

Section 2.5.1 introduces the main AR stakeholder motivation for investigating the potential of
DT technologies (that is, reducing costs of NPP construction and operation). Section 2.5.2
explores opportunities to reduce costs and risks. Sections 2.5.3 discusses potential
implementation challenges for DT adoption. This industry feedback helped to shape the course
of the research focus during this project and should continue to influence the development and
deployment of DTs in the AR industry.

2.5.1 A Key Driver: Cost Reduction

It is widely regarded among AR stakeholders that the cost profile associated with deploying and
operating a new light water reactor (LWR) is untenable in the current U.S. energy market. This is
evidenced by the premature shutdown of 12 nuclear reactors from 2013 to 2021 and seven more
scheduled to be decommissioned by 2025 [27]. This trend has been attributed largely to the
O&M costs of the current U.S. fleet of LWRs; indeed, most of these premature reactor closures
cited operating losses, cheaper energy alternatives, or excessive equipment replacement costs as
major factors contributing to permanent shutdown [27]. The industry has responded with a
variety of initiatives to fund and investigate alternative solutions to invert this trend. For
example, the goal of the DOE-funded ARPA-E GEMINA program is to reduce the fixed O&M
costs? of ARs in the United States to about $2/MWh, compared to about $13/MWh for the
existing fleet of LWRs, which represents approximately 80% of a LWR’s total generating cost
[13]. The program contends that achieving this O&M cost reduction is essential for ARs to be
economically competitive with other alternatives, such as natural gas. The ARPA-E-GEMINA
program identified DT technology as a key opportunity to achieve this goal.

2 Fixed O&M costs are the costs of power plant operation and maintenance that are incurred regardless of whether
the plant is generating electricity (such as regular maintenance, inspections) [70].
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Many industries are employing Al, advanced data analytics, distributed computing, powerful
physics simulation tools, and other technological breakthroughs to advance autonomous,
efficient, and low-cost O&M [13]. Advanced system controls, autonomous operations, and
predictive maintenance are often mentioned by AR stakeholders as primary strategies in reducing
O&M costs of future reactors. Many AR stakeholders are hopeful that existing and emerging DT
technologies could help catalyze the adoption of these strategies.

Although AR industry attention on DTs has thus far focused largely on O&M cost reduction (for
example, ARPA-E GEMINA [13]), there is also a recognition that DTs could improve efficiency
in other lifecycle stages. The high capital cost of constructing new LWRs has often been further
exacerbated by budget overruns and costly delays due to nonconformances identified during the
design and construction phases. These often require expensive evaluations and/or corrective
actions in the nuclear regulatory environment. AR stakeholders are interested to learn whether
DTs can offer solutions to reduce nonconformances and the cost of corresponding corrective
actions to enable a more streamlined and economical deployment of new NPPs.

2.5.2 Opportunities to Reduce Costs and Risks

AR stakeholders engaged during this project were principally interested in DT applications with
the potential to reduce costs and risks in the design/construction and O&M stages. These
concerns and interests are summarized in the following.

2.5.2.1 Design and Construction

AR stakeholders noted that on recent LWR construction projects, construction activities began
before the design was 100% complete and final. This is common practice in conventional
commercial and industrial construction, but it created unique challenges when implemented in
the nuclear regulatory environment. Whereas conventional construction practices rely on an
iterative and ad-hoc request-for-information (RFI) process to refine and clarify the design as
construction progresses, the strict regulatory and licensing requirements at a nuclear construction
site precluded efficient use of a similar process. For example, in a conventional construction
project, if an inspector finds that a structural element is not in strict conformance to the design
drawings, it is common for the builder to submit an RFI to the structural engineer to assess the
consequences of the nonconformance. The structural engineer can often easily assess that the
design included sufficient conservatism such that the governing code requirements are not
compromised despite the nonconformance. In contrast, a nonconformance discovered at a
nuclear site often triggers a lengthy quality assurance (QA) process that can include additional
inspections, nonconformance reporting, detailed reanalysis, and potentially physical
modifications or an amendment to the plant’s licensing basis. These outcomes have proven very
costly in terms of direct labor and downtime. Stakeholders therefore emphasized the need to
move toward a process in which the design is 100% complete, optimized, and validated for
accuracy and constructability before any construction begins.
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Many potential DT applications have been conceived that could facilitate progress on this front.
Following are several representative examples:

A DDT of the plant, which would digitize and integrate various design information (for
example, geometry, cost and schedule information, structural analysis), could enable rapid
design iterations. This could help, for example, to rapidly assess consequences of
nonconformances during construction.

A DDT could serve as a common platform for the various trades to obtain and provide
detailed design information. This could be used to advance the design to a greater level of
development (LOD) prior to starting construction. For example, the design could conceivably
be matured to LOD 400 (that is, as defined in AIA E202 [28]) prior to beginning construction
by incorporating trade design information like shop/fabrication drawings into a BIM model.
This would help to mitigate the need for design changes during construction resulting from
ambiguity in a less-mature LOD design.

Construction sequence simulations leveraging the DDT can be used to assess and optimize
the design for constructability (for example, clash analysis, equipment layout planning). The
idea of a construction sequence digital twin (CSDT) is further developed in Section 4.1.

Parts orders and material stocking activities could be automated and monitored in real time as
construction proceeds. This could help to mitigate the risk of construction delays associated
with supply of construction modules and materials.

The AR industry has also identified the need for improved configuration management in the
design phase. A data-centric configuration management information system (CMIS) (for
example, [29], [30]) integrated with design tools into a DT framework enabled by digital
thread traceability (see Section 2.4) can ensure that design changes get broadcasted into the
rest of the system to facilitate rapid detection of potential issues. Similarly, any changes in
the configuration of a structure, system, and/or component (SSC) could trigger a design
check to confirm that the configuration change does not result in an inadequate design.

DTs also have potential applications for automated quality control of prefabricated parts and
construction modules, some of which are envisioned by AR developers to be additively
manufactured. Improved quality control and traceability could help to preclude costly delays
resulting from delivery of nonconforming procured parts and modules. Similarly, automated
inspection of concrete construction, steel erection, and other trades using scene capturing
technologies (such as LiDAR, structured light) could capture as-built configurations in real
time and feed the DDT to enable rapid evaluation and requalification of nonconformances
(EPRI 3002023902 [31]).

DTs could also be used to enable remote virtual monitoring and inspections to augment other
means of ensuring compliance with regulatory and licensing requirements.

2.5.2.2 Operations and Maintenance

Stakeholders regard DT technologies as important in automating O&M in advanced reactors.
Current AR concepts involve new, unique, and extreme environments where frequent ingress
and egress of personnel might be undesirable and unsafe. Some stakeholders envision automated,
robotic maintenance to be a central enabling technology of ARs, which would elevate human
operators to an oversight role carried out remotely. Such autonomous/robotic O&M would also
result in a leaner and more efficient workforce, which stakeholders identified as a critical
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strategy to reducing O&M costs as envisioned by the ARPA-E GEMINA program. Stakeholders
advised that DTs could be an essential element to such automated and robotic maintenance
programs. For example:

e A DT of the plant could be used as a virtual environment in which to train and commission
autonomous AI/ML algorithms prior to physical deployment (that is, prior to generating
instructions for operating the physical asset).

e A DT could be leveraged to autonomously analyze a number of future scenarios based on
current and past plant conditions and optimize fluid and gas parameters based on the analysis
outcomes (for example, water chemistry model and control [15]; fire detection and response

[32]).

e Autonomous personnel tracking could enhance plant security and reduce operation costs.

e Turbines across multiple plants could be instrumented to track fleet operation and maximize
power output [33].

DTs could also facilitate development and deployment of predictive maintenance (PdM)
programs, which could enable a more efficient use of the equipment throughout its lifetime by
reducing unnecessary maintenance and minimizing premature replacement. Recognizing that the
nuclear industry has already made significant progress toward developing PdM programs (for
example, see [34], [35], [36], [37]), AR stakeholders envision that digital twins will improve
current PAM methods and technologies. The idea of a PAM DT is further developed in

Section 4.2.

2.5.3 Implementation Challenges for DT Applications in ARs

DT technology relies on several engineering domains, such as mechanical and electric hardware,
onboard and off-product software, power and telecommunications networks, systems integration
and interoperability, data storage solutions, and data science (AI/ML). As such, implementation
challenges are likewise varied. The following subsections summarize salient implementation
challenges identified during the industry engagement effort.

2.5.3.1 DT Integration in Conventional Workflows

Stakeholders who had been involved in piloting DTs in early design stages noted that DT
implementation must be intentionally planned into the design workflow before substantial design
activities begin. They found that inertia in conventional design workflows, combined with design
project cost and schedule constraints, can be a barrier to the kind of integration and digitalization
that is needed to deploy DTs during the design phase. The same is likely to be true as DTs are
deployed in other lifecycle stages. Many NPP lifecycle processes (design process, construction
process, commissioning process, and so on) have evolved over many decades and have been
optimized to suit the tools and resources available. As DTs are introduced into these processes,
the workflows, norms, business practices, and attitudes will need to adapt to accommodate and
support the new technologies before their benefits can be realized.
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2.5.3.2 Model Training

Some of the most useful applications envisioned for DTs pertain to performance prediction and
optimization of the underlying asset or process. These capabilities will be powered by ML/AI
algorithms trained to predict the asset behavior or the process outcome based on historical and
current data. Stakeholders noted that the quality of these predictions depends on the quality of
“training data” (that is, data fed to the algorithms to identify and learn patters). To ensure
unbiased training, the training data must have adequate coverage of the domain in which the
ML/AI algorithms are expected to operate. ARs are still under development, with little or no
prior real-world operational experience. As such, compiling high-quality training data presents a
challenge for AR DTs, particularly in the beginning. This is expected to be less of an issue as
more operational experience is gathered and more training data are collected, which can be fed
back to train algorithms. In many cases, synthetic training data can also be produced by
simulation using high-fidelity physics-based models, although this might require increased effort
and costs.

2.5.3.3 Regulatory Certainty and Regulator Engagement

Stakeholders identified verification and validation (V&V) of DT components, and in particular
any ML/AI algorithms, as a key area requiring engagement with the regulator to facilitate
deployment of safety-related equipment. ML/AI algorithms are probabilistic in nature (that is,
they use inference to predict likely outcomes), whereas current V&V approaches are
deterministic in nature (that is, they ensure that the correct operation is being performed and
performed correctly). In some cases, it might not be feasible to validate that an AI/ML algorithm
is indeed performing the correct operation correctly. This is due to the “black box™ nature of
technologies like artificial neural networks and deep learning, where “hidden layers” of
operations are performed without the opportunity for observation or scrutiny by the user.
Therefore, new V&V approaches could be required to provide reasonable assurance that such
advanced analytical tools generate reliable results and insights (see, for example, ASME
Verification, Validation and Uncertainty Quantification Subcommittee 70 work on ML

V&V [38]).

Also, ML/AI algorithms are expected to operate on large volumes of data collected over time.
Stakeholders were uncertain whether this scenario may result in a regulatory liability, that is,
when data potentially indicating a nonconformance were collected but not acted on because the
associated ML/AL algorithm did not infer an anomalous state. There is also regulatory
uncertainty regarding the extent to which a DT serving as a “single source of truth” repository
(see Section 2.4 on digital thread) will be required to conform to nuclear QA criteria (such as
10 CFR Part 50, Appendix B [39]).

The regulatory framework for ARs is still under development. Regulatory uncertainty in V&V
and similar issues might influence the scale to which DTs are implemented by AR developers.
Stakeholders tended to agree that the best initial applications for DTs are likely those that are less
strictly regulated, such as balance-of-plant (BOP) systems rather than primary coolant systems or
other safety-related systems.

Stakeholders also generally agreed that regulatory certainty (including and beyond V& V) will be
critical to the successful adoption of DT technology in the nuclear industry [10]. Continued,
ongoing engagement among regulatory bodies (such as the NRC), technical research
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organizations (such as EPRI), policy advocates (such as the Nuclear Energy Institute), plant
owners, and AR developers will be essential to ensure that the regulatory readiness keeps pace
with DT technology development and deployment.

2.5.3.4 Scalability and Intersystem Performance

DTs require deployment of an instrumentation network, data processing software, data storage
hardware, and development of physics-based and/or data-driven models for performance
prediction and optimization. Stakeholders expected that, as multiple DTs are employed across
various components and systems, scalability and intersystem performance issues might emerge,
such as many installed sensors that potentially use different data protocols, varying data
acquisition methods (wired/wireless), capability of operators to ingest and interpret large
volumes of data, and validation of integrated models and their interactions. Stakeholders also
noted that computational power and data storage capabilities might limit some DT applications.
As DTs are developed and integrated for more assets and more data are collected and processed
in increasingly sophisticated data-driven and physics-based models, demands for computing
resources, data storage, and data management (such as compression, reduced-order modeling,
and optimization of data collection) are expected to increase dramatically. These will likely
become areas where innovation is required to enable larger, integrated, and detailed DTs.
Stakeholders suggested that it might be prudent to limit the deployment of DTs to the most
critical and high-value systems first, and then scale to larger systems and more detailed models
as permitted by the available DT technologies.

2.5.3.5 Sensor Integrity

A crucial aspect of DTs is an instrumentation network collecting real-time data on the physical
asset or process to update the virtual model. In the case of ARs, these networks will have to be
deployed in harsh environments characterized by conditions such as high radiation levels, high
temperature, and high probability of mechanical damage (such as in construction environments).
Consequently, sensing networks for AR DT applications will have to be sufficiently robust,
reliable, and resilient to such conditions. Stakeholders also noted that systems capable of
detecting sensor faults will be important to ensure accurate inputs to DTs.

2.5.3.6 Cybersecurity and Wireless Sensor and Data Transmission

Many DT applications depend on an abundance of sensors and data. For non-nuclear
applications, the industry generally conceives of DTs as being fed by wireless sensor data
through the [oT. Wireless sensors have several advantages over wired sensors. For example, they
can be moved from one location to another without having to move wires; they can usually be
installed and operated more quickly; they can be monitored, reconfigured, and augmented more
easily. However, most NPPs typically avoid transmitting critical data wirelessly for
cybersecurity and reliability reasons; as such, using wireless sensors for data transmission might
be challenging for NPPs. This issue would need to be addressed to enable deployment of use
cases that rely on an abundance of remote wireless sensors. Alternatively, wired sensors could be
used in some cases, but the additional cost and space claim of the necessary extra cabling could
make such use cases infeasible for NPPs due to excessive costs or physical limitations.

2-27



Literature Review and Stakeholder Input

2.5.3.7 Updating and Maintaining the DT

NPP assets evolve over time, for example, as new safety features are added and SSCs are
modified and improved. The evolution is even more pronounced and rapid in the context of AR
design, development, and prototyping efforts. The DT must be flexible to efficiently keep up
with such changes, and stakeholders identified DT configuration control as a key area requiring
research and development. Continuous updates to the model could be challenging in rapidly
evolving, high-accuracy environments. For example, it might be preferrable to have hardware
components (such as sensors) that can be efficiently replaced, upgraded, or deployed in different
environmental conditions, if needed. For many use cases, particularly those associated with the
development, prototyping, and design stages of ARs, DTs will ideally be designed to minimize
the costs required to keep them consistent with the physical asset’s current configuration.

2.5.3.8 DT Standardization and Intellectual Property

Broad adoption of DTs can succeed only if a high level of standardization is achieved in the
production and deployment process. Standardized DT codes, data structures, protocols,
hardware, and manufacturing and qualification operations will allow stakeholders to
communicate using a common language and facilitate scalability and intersystem cooperation.
Until a mature level of standardization is achieved, DTs might remain expensive and fragmented
in functionality.

Data ownership issues such as confidentiality, intellectual property, and export controls must
also be addressed. A DT potentially provides much more proprietary information about a design
than the physical asset itself (such as design calculations and analyses). If a DT is produced by a
product developer, manufacturer, and so on, they might be reluctant to give customers unfettered
access to the DT to protect intellectual property. However, this kind of data-sharing across
systems, vendors, and organizations is essential to developing integrated DTs. Ideally, the
various stakeholders in a project involving DTs will address how data will be shared, issues with
intellectual property rights, and so on very early in a project to ensure its success.

2.5.3.9 Cost-Benefit Analyses and Business Case

Stakeholders are generally hopeful that DT applications can reduce costs and risks throughout
the plant lifecycle. However, they recognize that demonstrating the scale of future cost/risk
benefits for ARs is currently a challenge because only a very limited number of relatively
immature DT applications have been deployed in the nuclear industry to date. Validation that
DTs can mitigate major cost issues (such as O&M costs and construction overruns) will be a
critical step for widespread DT adoption in commercial projects. Early DT implementation (that
is, in the AR design process) is believed to be one of the main opportunities to realize the
benefits of DTs, yet some stakeholders find it difficult to justify the associated development and
deployment costs while lacking successful commercial examples to support objective business
cases. Experience from other industries (freight, aerospace, multistory residential building
construction, and so on) could provide useful insights. The results of the DOE ARPA-E
GEMINA program and other early research activities could also provide preliminary insights on
the ROI of various digital twin applications. Section 2.7 provides general insights on costs and
benefits related to DT development and implementation.

2-28



Literature Review and Stakeholder Input

2.6 State of DT Technologies

DT technologies are evolving rapidly. This section categorizes some of the most common DT
technologies based on their specific development stage. Technologies considered ready for
successful deployment in nuclear DTs are covered under Section 2.6.1 (“Current State”). Section
2.6.2 (“Emerging State”) lists technologies expected to become widely adopted in nuclear DT
applications in the near future. Emerging technologies have often been successfully implemented
in limited, narrow applications for years, but applying those technologies to new applications or
scaling them to one or more DTs would be an innovation. Section 2.6.3 (“Future State”) presents
technologies that will likely require several years before being vetted and deployed in nuclear
projects.

2.6.1 Current State

2.6.1.1 Software Topology

The typical DT technology stack has numerous software platforms with a multitude of variables.
These software platforms and variables are frequently disjoined due to a lack of a common
information model or ontology.* Although no two facility programs are the same, the technology
stack must be developed in a repeatable way to enable the digital thread for the aggregate DT
use case. Figure 2-29 illustrates a DT software topology.* It shows an archetypal aggregation of
common digital engineering tools throughout a facility’s lifecycle. The sample diagram in
Figure 2-29 can be used to understand the relationship between different software platforms.

For example, Figure 2-29 shows how planning, project controls, and design authoring tools are
leveraged during the early lifecycle of a project. This common DT stack then proceeds to
integrate simulation and immersive reality experiences to deliver a cohesive tool.

3 In computer science, ontologies are categorization systems similar to taxonomies. Taxonomies are typically a
simple hierarchical arrangement of entities (e.g., transportation, land transportation, road, car). The main difference
is that taxonomies take into consideration one type of relationship (unidirectional), while ontologies account for
many different complex relationships between the entities (arbitrary format). See further discussion in [71] and [72].

4 In computer science, software topology is the schematic representation of interconnections between virtual
(software) elements.
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The lower half of Figure 2-29 depicts a common challenge regarding data analytics. The diagram
shows that the business intelligence analysis and reporting can begin during the design phase;
however, the resultant analytics are likely to be different calculations during the construction and
operations stages. Similarly, the simulation tools could also vary throughout the lifecycle. The
diagram is intended to illustrate what a software topology might look like for a DT that has been
developed from early inception of a facility through decommissioning; it is not intended to
identify specific tools nor how they could be integrated into the digital thread.

2.6.1.2 Sensors, Data Acquisition, and Monitoring

Broadly speaking, a sensor is a device that detects events or changes in its environment and
sends the information to other devices (frequently computer processors) that indicate or control
the system state. Contemporary sensors are generally used with other electronics, such as a logic
controller and/or a human input device [40].

Sensors can be deployed to measure individual properties such as pressure and temperature, as

a part of a package to provide multiple related properties, or in a mesh configuration to allow
interaction with data from other sensors within the mesh. “Smart” equipment incorporates one or
more of these types of sensors built directly into the equipment to provide performance data and
enable the possibility of control.

Three example categories of specialized sensors for ARs are:

e Chemical sensors: Provide data about the chemical composition of the environment that is
typically in liquid or gas phase.

e Biosensors: Detect chemicals or compounds related to a biological component.

e Metal-oxide semiconductor (MOS) sensors: Sensors based on MOS widely used to measure
physical, chemical, biological, and environmental parameters. These include biochemical
sensors, image sensors, and monitoring sensors.

Consideration of IoT data acquisition devices should not be limited to direct contact sensing
devices. Non-contact equipment, such as video cameras, infrared imaging, and other low-voltage
system components, can also be applied for data acquisition. For example, infrared imaging can
be implemented to monitor absolute or relative temperatures of equipment or systems, which can
then be fed back to the IoT platform for conditioning and analysis along with the other data
streams.

2.6.1.2.1 Data Protocols

Data protocols enable the exchange of data in a structured and meaningful way. Without
protocols, hardware would not be able to process the data received. Sensors are capable of not
only collecting and relaying data, but also computing basic results “at the edge.” Sensors and
gateways (a centralized hub of sensors) enabled with edge computing inherently lessen the need
for computing resources at the controller or cloud. Furthermore, standard protocols enable
“smart” devices and “connected” sensors to communicate with each other, for example, to
respond if one or more of them malfunctions.
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2.6.1.2.2 Device Infrastructure

When implementing an [oT system, an initial consideration is device provisioning, which refers
to the process of connecting loT devices such as sensors or smart equipment to the servers or
platform with which it will communicate. [oT device provisioning includes enrolling a new
device or sensor onto the topology, giving it a unique identification, and configuring it to send
data to the system. Authentication is also part of the provisioning process. Authentication
ensures that only secure and trustworthy devices are added to the network with the correct
certificates and credentials.

Once provisioned, devices will require monitoring, updates, and, potentially, repairs. IoT device
management software provides centralized, real-time information and bi-directional control of
devices. There are numerous device management platforms available, including on-premises
facility operating system frameworks, or secure cloud platforms, such as Azure loT Hub, Azure
IoT Central, Google Cloud IoT Core, IBM Watson [oT, and AWS IoT Device Management.

Common features of a device management platform include:

e Device discovery — A typical [oT architecture can involve hundreds or thousands of unique
devices across various organizational units and user environments. When assets are
instrumented with internet-enabled sensors, [oT device management platforms might allow
for automated discovery and identification of each object, in lieu of requiring manual input of
device identifiers.

e Device monitoring — A real-time device registry could provide any combination of details
and data related to each device. This might include items such as product identification
number, current location, active status, and battery life.

¢ Remote provisioning — Device management tools might help distribute individual or batch
updates and security patches to devices.

¢ Remote device access — In addition to repairs and updates, administrators might benefit
from basic remote access of connected devices. By taking control of device functionality,
administrators can trigger events or perform actions without the need for physical
intervention in the device environment.

Although telemetry typically refers to communication through wireless radio frequencys, it also
includes the use of other methods, such as local area network, optical link, or other wired
communications-like power systems. Many modern sensors can take advantage of global system
for mobile networks to receive and transmit telemetry data without being connected to local
networks. Multiple concurrent technologies can be applied, depending on needs such as power
consumption, data rate, and range.

2.6.1.3 Reality Capture

Laser scanning, 360° photography, and photogrammetry facilitate accurate comparison of
physical as-built conditions to digital design information. An initial use case for laser scanning
was implemented to capture existing spaces to enable designers to formulate solutions for new
designs. Today, laser scans are also used by construction professionals to provide digital records
of installation progress.
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Reality capture has also shown promising applications to create a DT where no other 3D
representation exists. For example, a laser scan of an existing asset can produce a point cloud,
which is processed into a DT platform to support O&M. The platform is then able to bond asset
component identifiers and associated metadata to portions of the point cloud. This leads to a
viewable virtual experience that delivers outputs similar to DTs that are based on user-defined
3D geometry models.

2.6.2 Emerging State

2.6.2.1 Building Information Modeling and DTs

Sections 2.6.2.1.1-2.6.2.1.3 present examples of how BIM and DTs can assist with the
development of aggregate DTs (as described in Section 2.5).

2.6.2.1.1 Advanced Work Packages

DTs can provide significant benefits by utilizing its data throughout the build process. Advanced
work packages (AWPs) combine historical, BIM, DT, and simulation data to enable prescriptive,
measurable, and verified construction execution. Studies have determined that AWPs can
increase field productivity by 25% and reduce the total installed cost by 10% [41]. AWP aids

in construction-driven planning and optimization. Standard work packaging is not specifically
construction-driven—planning is carried out in a much higher level and does not always account
for the logistics and workforce planning. An AWP is a hierarchical structure of tasks: it begins
with grouping activities into overall construction work packages (CWPs) to identify the critical
path of the project. The CWP is then extracted into installation work packages (IWPs) by
applying the associated resources to specify the executable construction tasks.

AWPs are sometimes thought of as construction-driven planning exercises; however, they can
have far greater impact on the overall program. Historically, AWPs have been implemented by
engineering, procurement, and construction (EPC) projects between the procurement and
construction phases and linked back to the engineering phase with the use of work breakdown
structures (WBSs). Using BIM and MBSE, advanced work packages could be developed and
further simulated during the design of the facility. Pre-fabrication and off-site manufacturing
would also benefit from an integrated AWP approach.

2.6.2.1.2 Bill of Materials and Supply Chain Management

Processes surrounding bills of materials and supply chain management have traditionally been
analog. Furthermore, these pre-digital processes are still mainly manual and conducted with little
automation. BIM and DT enable the digitalization and automation of these process. The level of
automation is dependent on the design organization’s digital maturity. A DT of a supply chain
simulates performance, value streams, and risks. This type of DT identifies where uncertainty
and volatility exist and provides optimization solutions where possible.
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2.6.2.1.3 Industrialized Construction/Manufacturing

DTs have an emerging capability to use data to enable prefabrication, off-site manufacturing,
and modularization of facility components, which can enable more efficient and faster building
methods. Components are designed and prefabricated off-site and then assembled and
incorporated on-site. Many construction companies are applying this digital approach to aid in
variability and risk reduction, speed, and quality of construction.

An emerging technology in the construction industry, 3D printing is currently being proven
successful for large-scale applications such as residential housing; however, it might not be ready
for implementation in critical infrastructure. By using 3D design and 3D printing for equipment
in the field, builders can precisely layer materials from a digital model.

2.6.2.2 Visualization

Immersive experiences have rapidly transitioned from the gaming sector into commercial design,
construction, and operations. The DT uses several visualization capabilities to enhance a user’s
understanding of the digital and physical environments. Additionally, immersive experiences
offer more collaborative environments for remote workers:

e AuR supplements the physical world by assisting personnel with tasks such as visualizing or
simulating procedures for maintaining and repairing equipment. For example, a tablet or
headset can display design specifications and all associated data when pointed at a piece of
equipment in the facility.

e VR can enable a person to immersively experience a DT’s simulated environment. This can
be performed with various headset technology. VR technology is already being used for
training staff in nuclear plants for specific use cases (for example, to minimize radiation
exposure during equipment maintenance operations).

e MR superimposes the virtual and physical worlds in one view. An example would be
visualizing the 3D model in a real-world context. For example, MR can enable a user to view
an AR facility’s virtual representation at a physical, real-world site.

2.6.2.3 Generative Design

Generative design is the process by which computer simulations use ML to generate numerous
possible scenarios for the design of a component, system, or facility. This technology is
classified as emerging because it is not currently integrated into many systems engineering
methodologies or design workflows.

2.6.3 Future State

2.6.3.1 Advanced Robotics

Robotics technologies are advancing rapidly throughout the industry, especially where precision
and life safety are paramount. Cognitive robots and autonomous robotics can be applied to
execute routine processes at minimal cost with high accuracy, including maintenance, repair, and
overhaul in environments that would be harmful to a person. Using the digital thread,
autonomous robots can execute operations and navigate from the DT.
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Robotics in construction allow complex physical tasks to be performed with minimal human
intervention and are becoming more common in the construction industry. There has been
extensive development of methods to automate various trades. Robotics are being used for
bricklaying, welding, and concrete pouring. Employing robots to perform typical human labor
provides construction efficiencies, precision, reduced human labor, and enhanced safety.

2.6.3.2 Inspection Automation

The precision and data of the DT will help drive the automation of inspection using drones,
cameras, and lasers to capture current conditions and automatically inspect elements. Similar
automated data acquisition processes can be used to identify maintenance needs and
nonconforming construction or operating conditions. Al and ML can be integrated to
automatically identify problems in equipment and materials.

2.7 Costs and Benefits

Costs and benefits of DTs are highly variable, depending on the use case and technologies used
to develop and monitor the DT. These sections provide a rough cost basis and benefits across all
types and maturities of DTs.

All costs and associated ranges have been derived from various sources of software products and
services. Costs are expressed as U.S. dollars unless otherwise noted.

2.7.1 Costs

The cost of a DT tends to be heavily front-end-loaded for personnel resourcing. As with any
software implementation, there will be an initial cost as well as an ongoing cost. The cost of
operating and maintaining a DT will reduce over time and level out when it is in deep operation.
As time and technology progress, the costs, both initial and ongoing, should decrease. There will
most likely be a quicker decline in software-related costs as more standardized DT platforms
come to market with toolsets such as low- or no-code environments that allow end users to
define and control the DT without support from specialized developers. The following is a list of
typical one-time and ongoing costs throughout the DT lifetime:

e One-time setup costs:
— Hardware purchase
— Software purchase
— Initial labor for DT development, testing, and deployment
e Ongoing operation costs:
— Hosting fees for hardware and software
— Maintenance/replacement/upgrade costs of hardware and software

— Labor for DT maintenance/replacement/upgrade (for example, information technology
[IT] personnel, equipment maintenance personnel)

— Security, safety, and regulatory compliance requirements

— Scaling the DT
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Initial costs can be correlated to the first five steps of the development lifecycle (A0-EO0),
whereas the ongoing costs are correlated to the last two steps (FO—GO0). Furthermore, A0O—CO0 are
personnel resource-intensive, whereas DO-EOQ are likely to have higher software and hardware
costs. Finally, FO will have a much more balanced usage of software, hardware, and personnel.
GO is highly variable, depending on the scope and extent of scaling a DT. Some applications
might benefit substantially from economies of scale, but others could require substantial redesign
and redeployment in order to scale to larger scopes.

To facilitate a rough order of magnitude estimation for the cost of a DT, Table 2-1 provides
rough cost ranges of the development steps from Section 2.3. Numerous assumptions were made
to develop these estimated costs per stage, including:

e A full aggregate DT is developed and used.

e Commercial off-the-shelf (COTS) software is used in lieu of developing a custom solution.
COTS software will not solve all DT integration challenges; further, it typically requires
some level of additional customization. If a DT platform is developed from scratch with
limited platform integrations to existing operational systems, it would add significant

development cost. Depending on the target use case, this cost could be in the magnitude of
$1,000,000 or more.

e The final costs will be based on the complexity of the DT, which provides for the variability
in the estimated cost range (see Table 2-1).

Table 2-1
Estimated cost ranges per DT development stage

Stage Estimated Minimum Value Estimated Maximum Value
A0, Gather Requirements $120,000 $140,000
BO, Scoping the DT $100,000 $200,000
CO, Procuring the DT $80,000 $160,000
DO, DT Implementation $1,600,000 $3,200,000
EO, Connecting the DT $1,200,000 $2,400,000
FO, Monitoring the DT $400,000 $800,000
GO0, Scaling the DT $600,000 $1,200,000

Total Cost = A0 + BO + CO + (D0 + EO + Total Cost of Iteration(s)) + (FO * Number of Operational Years) + GO

The following sections identify the recommended categories of software, hardware, and
personnel. Each section includes an estimated percentage. The formula provided is a generic
approach to understanding the total cost for a DT over a period. This simplistic cost model can
be used during stages A0 and B0 to validate the projected benefits against the costs by
performing feasibility studies and/or cost-benefit studies.
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Sections 2.7.7.1-2.7.7.3 identify the recommended categories of software, hardware, and
personnel. Each section includes an estimated percentage range for the development. Ongoing
usage and maintenance costs are estimated to range from 3% to 10% of the total construction
cost range for the development. Ongoing usage and maintenance costs are estimated to range
from 3% to 10% of the total construction cost.

2.7.1.1 Software and Implementation Costs

Software and implementation costs of a DT can vary depending on the approach and scope.
Initial COTS software costs are typically based on the number of users and data/resource usage.
Initial software implementation of the DTs is typically estimated from 2% to 8% of the total
construction costs of the facility. The common types of necessary software to develop DTs can
be categorized, for example, as follows:

e Simulation and Analysis
—  Structural Analysis
—  Fluid Analysis
— Environmental Analysis
— Data Analytics
— ML/AI Analysis
e GIS
e Design Creation/Automation
e CDE
e Systems Engineering
e Coordination (including Clash Detection)
e BIM/3D Modeling
e Visualization/Rendering/MR
e DT Platform
e Facility Management (integrated workplace management system [IWMS], CMMS)
e Other Operational Systems (ERP, MDM)

2.7.1.2 Hardware Costs

Hardware costs will vary based on several factors. Existing network topology and security
requirements tend to drive the hardware section of the DT architecture. For instance, cloud
infrastructure costs will be very different from a system completely based on edge-computing
infrastructure. Initial hardware costs of the DTs are typically estimated from 3% to 6% of total
construction costs. Regardless of the processing and storage options selected, hardware can be
separated into at least of two categories: infrastructure, also known as middleware, and data
acquisition.
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Regarding infrastructure options, depending on the DT platform selected, these resources can be
managed by the software platform provider with no additional costs beyond initial procurement.
When building a DT platform from the ground up, there are three main compute options: on site,
cloud, or remote resources. Each of these solutions has advantages and limitations, but their
overall costs tend to be similar. For a newly constructed facility, a general rule of 1-3% could be
applied for the cost of the infrastructure assets.

Data acquisition elements should be considered an extension, and not a replacement, of typical
instrumentation and control (I&C) practices. Typically, I&C is a relatively small module of a
plant’s maintenance and capital budget; however, it has a large impact on the plant’s reliability,
performance, and safety [42]. Common industry standard sensors, such as environmental or
presence, cost between $100 and $1,000. Specialty sensors, such as radiography, cost between
$10,000 and $100,000. A major consideration of data acquisition elements is the need for wired
versus wireless network connectivity. Wired networks are generally considered more reliable,
but the cost continues to increase to follow materials prices. Wireless networks provide
flexibility and cost advantages that cannot be achieved with wired networks. For example,
studies have found that wired cabling costs can range from $1,000 to $2,000 per foot [43]. It
might not be cost-effective or practical to instrument all the physical assets in a plant. Data
acquisition elements generally fall within the range of 1-3% of the construction cost for a new
facility.

2.7.1.3 DT Personnel Roles

Many personnel roles are involved the planning, development, use, and maintenance of a DT.

In addition to traditional software development and implementation roles, it is recommended to
include two new roles specific to the management of the DT program: the DT manager and DT
integrator. The manager acts as a program manager to ensure that several smaller projects are
moving toward the integration of a complete DT. After implementation, the manager transitions
to managing the maintenance and future development. The integrator is responsible for
establishing the connections between the physical assets and DT during the initial
implementation. Later, the integrator manages and updates those connections. Initial personnel
costs of the DTs are typically estimated from 3% to 6% of the total construction costs of the AR.
The following are common personnel titles and estimated market costs:

e DT manager: $300/hour

e DT integrator: $250/hour

e Project manager: $250/hour

¢ Product manager/product leader: $250/hour
e 3D modeler: $100/hour

e UX/UI designer: $50/hour

e Data scientist: $250/hour

e Data engineer: $200/hour

e Full stack or mobile developers: $175/hour
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e DevOps: $200/hour
e QA: $150/hour
e Cybersecurity: $225/hour

2.7.2 Benefits

When considering DT implementation, direct and indirect benefits should be considered. Direct
benefits are measurable or quantifiable. Examples of direct benefits include positive revenue,
profit, increased generation, and lower cost per kWh. Indirect benefits are more qualitative, such
as improved brand value, environmental benefits, safety awareness, or customer satisfaction. Not
all benefits are necessarily realized during the operation of a DT; many benefits can be provided
during the planning, development, and implementation stages.

Examples of DT benefits during the planning and development stages are the reduction in
prototypes and subsequent change management, virtualized and less costly tests and simulations,
and the use of digital models to verify design and process studies. Examples of benefits during
the implementation of DTs include better design, construction, and commissioning team
collaboration; planning and scheduling; employee training; and the reduction in possible
construction quality issues. Possible benefits during the operations stage include reduced
maintenance costs, enhanced efficiency and productivity, real-time remote monitoring, and better
financial decision-making.
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3

IDENTIFICATION, EVALUATION, AND PRIORITIZATION
OF USE CASES

Based on the literature review and stakeholder engagement described Section 2, the research
team compiled a list of 29 potential DT use cases for AR applications. The purpose of the list is
to provide candidate use cases for further development in Section 4, which illustrates the DT
development process outlined in Section 2. The list also provides readers interested in
developing DTs with a menu of ideas for potential AR-related applications, as well as references
to literature describing related research and development efforts.

Section 3.1 and Appendix A identify and describe the 29 use cases. The cases were evaluated
by the TAG to help the research team prioritize two cases for further development in Section 4.
Section 3.2 outlines the TAG’s evaluation and corresponding results. Based on the TAG
feedback and follow-up interviews with TAG members, the research team selected two cases
for further evaluation: one related to construction sequence simulation and the other pertaining
to PdM.

3.1 Use Case ldentification

Appendix A identifies and describes the 29 DT use cases. Although many use cases have
applicability across several NPP lifecycle stages, each use case is nevertheless classified by the
lifecycle stage to which it is considered most applicable; see Table 3-1.

Table 3-1
Use cases per lifecycle stage

Lifecycle Stage Number of Use Cases
Design 4
Construction 4
Commissioning 2
Operations 11
Maintenance 6
Decommissioning 2
Total 29
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For each use case, Appendix A provides the following:

e A brief description of the use case, including the intended functionality and objectives, and
references to related research and development efforts in the literature

e The use case application area(s), which can be one or more of the four broad areas defined in
EPRI 3002020014 [15]: Informed Decisions, Design Optimization, Configuration
Management, and Health Monitoring

e The target benefits of the use case
e High-level requirements to successfully implement the DT

For example, Use Case 4.2, “Smart Chemistry Monitoring and Control,” describes a DT that
improves the Operations lifecycle stage by optimizing chemistry controls and increasing
reliability. It involves monitoring and modeling working fluid chemistry to enable early
identification and mitigation of adverse trends and anomalies. Successful implementation will
require the development of advanced chemistry monitoring and control platforms. Advanced
platforms might include, for example, an improved plant chemistry simulator (PCS) module to
represent plant-specific heat balance and physical models, and integration of real-time data feeds
from tools such as SMART Plant Works (EPRI 3002020014 [15]). Similar details are provided
in Appendix A for the other use cases.

3.2 Use Case Evaluation and Prioritization

The use cases in Appendix A were reviewed, evaluated, and prioritized with input from TAG
members to select two cases for further development in Section 4. Each TAG member was
invited to help identify the cases that were the most attractive and beneficial for AR
technologies, as described in the following.

TAG members were asked to consider the example issues and DT characteristics described in
Tables 3-2 to 3-6 when evaluating the use cases. Many of these issues are related to topics in
Section 2.5 because they were synthesized based on engagement with industry stakeholders:

e Table 3-2, Technology readiness: Are the necessary hardware and software tools and
components readily available, or are additional research and development needed before the
use case can be implemented?

e Table 3-3, Utility/value: What kinds of benefits can be expected from implementing the
various use cases?

e Table 3-4, Scalability: How flexible is the use case? Can it be deployed in a low-risk, low-
cost manifestation at first, then scaled up to realize greater benefits?

e Table 3-5, Regulatory certainty: What regulatory uncertainties exist, and how might they be
resolved when deploying the use case?

e Table 3-6, AR applicability: Does the use case address current needs and pain points specific
to AR technologies?

TAG members were also invited to consider the rough-order-of-magnitude costs that can be
expected for procuring and deploying the various elements of DTs. Section 2.7 of this report
provides additional context and analysis of DT costs.
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3.2.1 Use Case Evaluation Criteria Tables

Table 3-2
Technology readiness

Characteristic/lssue

Considerations

Sensor integrity o

Sensors need to be robust and reliable to perform in the harsh environments
of the various AR lifecycle stages, such as rugged construction conditions,
high radiation levels, and high temperature.

Multiple channels (typically three or four) are required to ensure sensor
reliability.

Virtual sensing approaches could mitigate this concern, but the cost of
implementation is uncertain.

Stakeholders have proposed data-driven methods to support diagnosis of
sensor faults.

Wireless versus .
wired sensor
deployment

For nuclear applications, a wireless loT sensor deployment strategy will
need to overcome challenges associated with connectivity reliability,
cybersecurity, and potential interference with other systems (for example,
safety systems).

Wired sensors might be a viable alternative if the cost and effort of cabling
are not prohibitive.

Data-driven models/ | o
algorithms and
training data

The success of ML/AI algorithms in reliably predicting and optimizing the
performance of the asset/process represented by the DT is highly
dependent on the quality of training data and the extent to which the training
data capture the domain of states in which the ML/Al algorithms are
expected to operate.

ARs are emerging technologies limited to early-stage operational
experience. Compiling high-quality training data in such cases presents a
challenge. However, in many cases, training data can also be produced by
simulation using high-fidelity, physics-based models, although this might
require significant effort and cost.

High-fidelity, real- o
time, physics-based
models

Computational power demands and associated costs increase with
increasing fidelity in simulations and as applications require results nearer to
real-time. Therefore, DTs requiring high-fidelity, near-real-time simulation
must provide substantially more value than DTs not requiring this capability
to justify the higher costs.

High-fidelity, validated multiphysics-based models may require substantial
research and development for certain AR applications where innovative
materials and physical/chemical/nuclear processes are involved.

Computation time increases rapidly with increasing complexity, which can
be driven by integration of physics-based models across multiple systems
and components. Complexity also increases as models incorporate
additional physics (such as integrated thermal and mechanical physics) and
as the models are integrated with more sensor data. Enabling technologies
will likely include data management/compression, model reduction, and
similar simplifying techniques to offset the cost of increasing complexity.
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Table 3-2 (continued)
Technology readiness

Characteristic/lssue

Considerations

Integrated digital
framework

A DT typically integrates several smaller disparate digital systems (for
example, BIM versus a sensor data acquisition system). No universal digital
framework is currently capable of enabling rapid development of DTs across
all application areas by enforcing a common interface among different digital
systems. This translates into significant development effort and cost for DTs
built from interdisciplinary technologies.

Multiple platforms are available for certain applications (such as BIM
platforms for integrating geometry and procurement information).
Technologies will continue to be developed as use cases expand into new
industries and DTs become more integrated and sophisticated.

Table 3-3
Utility and value

Characteristic/lssue

Considerations

Enabling
technologies

Some use cases might be indispensable in enabling certain AR reactor
technologies as economically viable. These should be identified and
prioritized.

Cost reduction

Short term and long term.

Improved reliability

Consistent operational throughput/output.
Increased operational life.

Optimized
performance

Maximized efficiency.
Maximized operational life.
Minimal maintenance burden.

Improved safety

Many ARs are designed to be “walk-away safe.” DTs could be used to
demonstrate these design capabilities in a cost-effective manner.
Furthermore, DTs can be leveraged to improve safety beyond strictly
preventing nuclear accidents, such as by reducing occupational hazards
(radiation doses and so on) for plant personnel.
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Table 3-4
Scalability

Identification, Evaluation, and Prioritization of Use Cases

Characteristic/lssue

Considerations

Scope of application

A DT can be developed at the level of the subcomponent, component,
system, plant, or plant fleet. Many individual use cases can be developed at
one level and then scaled to others. Not all levels, however, are feasible for
all use cases.

Costs, complexity, logistics, technology readiness, and security concerns
could all be impediments to scaling up to larger scopes of application.

Versatility and
economy of scale

Some costs of DT deployment might decrease on a per-use-case basis with
each additional use case implemented (such as data center, personnel to
develop and maintain integration platform), such that the marginal economic
benefit increases with each additional use case deployed.

Several use cases have potential to deliver value across multiple lifecycle
stages; others are more restricted to a single stage.

Some stakeholders outside of the nuclear industry have found through
experience that a combination of DT use cases might need to be
implemented together to achieve desired economic benefits.

First-of-a-kind versus
nth-of-a-kind
deployment

DTs for the first generation of ARs might not be directly usable for successive
generations. DTs that are readily modifiable could bring additional savings
and benefits.

Costs and risks of developing a first-of-a-kind DT can be substantially
diminished in subsequent deployments. For example, subsequent iterations
might justify using fewer sensors based on experience or require more
sensors to reduce uncertainty.

Benefits realized from implementing DTs across multiple similar assets can
increase with each deployment. For example, trends and lessons developed
from one plant can help to inform predictive capabilities at others.

Analytics maturity

Most use cases can be scaled along a spectrum describing the maturity of
the analytics capabilities used. This scale of analytics maturity has been
commonly described in the literature using broad categories, such as those
discussed in Section 2.1 (that is, descriptive, diagnostic, predictive, and
prescriptive).
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Table 3-5
Regulatory certainty

Characteristic/lssue

Considerations

Verification and
validation (V&V)

V&V of DT systems in general, and particularly of ML/Al algorithms driving
them, might be required, consistent with typical nuclear quality assurance
requirements.

Because digital twin, ML, and Al are emerging technologies, there might be
few precedents available on successful V&V as well as new challenges
encountered. For instance, ML/AI algorithms are probabilistic in nature, and
V&V approaches for inherently probabilistic tools and methods are less well
established than more traditional, deterministic, physics-based analytical
tools.

Safety versus non-
safety applications

Industry stakeholders have expressed an expectation that DTs with
advanced analytics capabilities will face more regulatory uncertainty when
implemented on safety systems (such as reactivity control) than on non-
safety systems (such as turbine control).

Degree of
sophistication

DTs can vary considerably in sophistication; they can be strictly descriptive
or can include a broad spectrum of analytics capabilities, with autonomous
control representing the most mature analytics capability.

Industry stakeholders have expressed an expectation that DTs with more
sophisticated analytics capabilities (such as autonomous control) will face
more regulatory uncertainty than simpler implementations (such as strictly
descriptive).

Data vs. knowledge

Many DT use cases involve collection, processing, analysis, and storage of
large volumes of data pertaining to the plant state.

There might be practical limitations in organizing the large volume of data in
a cost-effective and efficient form. As such, the plant operators’ capability to
comprehend and respond to all the available data at any given time in some
cases might be hindered.

It is possible that collected data will indicate an anomalous condition that
was not known to or acted on by operators or automated controls.

Some industry stakeholders have expressed uncertainty about how such a
situation might be handled by regulatory authorities in which plant operators
have data but not knowledge about potential adverse plant conditions/
states.
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Table 3-6
AR applicability

Identification, Evaluation, and Prioritization of Use Cases

Characteristic/lssue

Considerations

AR-specific systems,
components, and
challenges

The focus of this project is DT applications for ARs. Many use cases are
general and could be applied across various industries. For this project,
preference should be given to use cases that address specific needs of the

AR industry.

o Use cases that are unique to ARs and/or the nuclear industry might require
more development compared to others that could more easily adopt means
and methods from other industries with mature DT technologies
(manufacturing, aerospace, and so on).

Technology specificity | ¢ Certain use cases could be more applicable to a particular AR technology

than others.

3.2.2 TAG Questionnaire and Responses

The questionnaire in Appendix B asked participants to do the following:

1.

5.
6.

Identify five highest-priority use cases, then rank them by the following considerations:
technology readiness, expected cost, utility and value, scalability, regulatory certainty, and
AR applicability. Also, rank them overall. Provide comments explaining the selection and
rankings.

Explain which considerations were most important in the prioritization and why.

Advise whether other aspects, qualities, or characteristics of use cases should be considered
going forward.

Identify AR-specific systems or features that could benefit from DTs but were not included
in Appendix A.

Identify any additional use cases envisioned for ARs not included in Appendix A.

Share any expected challenges in implementing DTs for ARs.

Six TAG members representing four AR technology developers and one utility company
provided the requested input. The questionnaire results and any additional TAG comments on the
use case table were summarized and fed back to the TAG for further concurrence on use case
prioritization. Table 3-7 shows 16 cases that were shortlisted by least one TAG member (TAG
members are identified in columns A—F of Table 3-7). Of the 16 shortlisted cases, the following
three were shortlisted by at least three TAG members:

2.2 — Real-Time Construction Sequence Optimization and Front-Running Simulations
2.3 — Automated Construction QA
5.5-PdM
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Table 3-7
Top use cases
# Use Case TAG Member
A|(B|C|D
1.2 | Construction Sequence Simulation X | X
1.4 | Sensor Layout Optimization X
2.2 | Real-Time Construction Sequence Optimization and Front-Running | X X X
Simulations
2.3 | Automated Construction QA X X| X | X
2.4 | Quality Control and Qualification of Off-Site Manufactured
Components
3.1 | Virtual Plant Simulator for Operations Training and Optimization X | X
3.2 | Virtual Commissioning X
4.1 | 3D Mapping and AuR Visualization of Ambient Radiation Levels X X
4.2 | Smart Chemistry Monitoring and Control X
4.4 | Narrow-Band Dynamic Operating Envelope X

4.7 | Fleet-Level Performance Optimization

4.8 | Mobile Access to Digital Configuration Management Information X
5.1 | Robotic Maintenance X X
5.2 | Virtual Walkdown and Inspection X X

5.4 | Sensor Fault-Detection

5.5 | Predictive Maintenance (PdM) X | X | X

Based on responses to Question No. 2 of Appendix B, Table 3-8 shows the considerations that
TAG members ranked as most important when prioritizing use cases. The following are the three
most important considerations according to TAG members:

e Cost
o Utility/value

e Technology readiness
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Table 3-8
TAG top considerations

Consideration TAG Member
B C

Technology readiness

Cost

X | X | X|»P
X | X | X
X[ X | X | =™

Utility/value

Long-term risk reduction

Scalability X

Regulatory certainty X

AR applicability X

3.2.3 Survey Findings

In addition to Tables 3-7 and 3-8, other survey response information, such as comments on
individual use cases and answers to the remaining questions in the Appendix B questionnaire,
was reviewed by the research team and incorporated into the AR industry perspective summary
in Section 2.5. The collective feedback was used by the research team to select two use cases for
further development in Section 4:

e Combined 1.2 and 2.2

— 1.2: Construction Sequence Simulation

— 2.2: Real-Time Construction Sequence Optimization and Front-Running Simulations
e 5.5:PdM

These two use cases (1.2+2.2 and 5.5) are described in Sections 3.2.3.1 and 3.2.3.2, respectively.
Use Case 2.3 (Automated Construction QA) received the highest number of TAG votes but was
judged less suitable for the illustrative purposes of Section 4 and was therefore not selected for
further development, as explained in Section 3.2.3.3.

3.2.3.1 Use Cases 1.2 and 2.2 Discussion

Use Cases 1.2 and 2.2 are closely related and were selected for further development for the
following reasons:

¢ Both focus on reducing construction costs and delays, which stakeholders indicated are
essential to the success of the AR industry overall.

e The use cases focus on the design and construction lifecycle stages, which are best aligned
with the current stage of AR development.

e TAG members were particularly interested in the potential for these DTs to aid in
understanding the impact that decisions during construction will have on costs, safety, and
satisfying design requirements.
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The underlying technologies, such as construction cost estimating and scheduling, BIM, and
probabilistic simulation, are all mature relative to many other use cases.

The use cases require relatively little physical asset integration and metrology (such as
sensors, network systems), so they are likely more straightforward to implement than many
other cases.

The modeling and simulation tools and data could be beneficial to streamline and improve
offsite primary manufacturing and production of subassemblies.

Because Cases 1.2 and 2.2 share many functionalities and features, developing 1.2 also entails
significant progress toward developing 2.2. Therefore, the research team decided to combine
them for the purpose of developing a shared framework in Section 4.

3.2.3.2 Use Case 5.5 Discussion

Use Case 5.5 (PdM) focuses on the maintenance lifecycle stage. It was selected for further
development for the following reasons:

TAG members expressed that PAM will be key to keeping ARs operational, safe, and cost-
effective over decades of asset lifetime. The potential payback is therefore very strong over
such a long period.

Other industries and disciplines have already invested substantial resources in developing
and demonstrating PdM technologies and capabilities (for example, monitoring-based
maintenance credits in aviation allow increased mean time between repairs). These advances
can be leveraged in the AR industry as well.

The nuclear industry has also invested substantially in PAM (an example is EPRI’s
Preventive Maintenance Basis Database [PMBD] [44]). Therefore, this use case has a
comparatively rich data resource to draw on for integration with other DT elements, such as
real-time instrumentation monitoring and mechanics-based modeling.

PdM DTs might require specific software and hardware, but once developed and
implemented, they will likely be readily scalable across systems.

3.2.3.3 Use Case 2.3 Discussion

Use Case 2.3 (Automated Construction QA) was shortlisted by more TAG members than any
other use case. However, it involves additional complexities compared to 1.2, 2.2, and 5.5. For
example, the underlying technology is expected to rely on hardware and software that have yet to
demonstrate successful implementation at large scale in the nuclear regulatory environment (for
example, LIDAR, photogrammetry, their point-cloud integration with BIMs, nonconformance
identification models). Conversely, 1.2, 2.2, and 5.5 rely on more mature and readily available
technologies. In addition, the DT development process for 2.3 is expected to involve more steps
and require more resources compared to 1.2, 2.2, and 5.5.
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Although the TAG members expressed broad interest in Use Case 2.3, they concurred that this
topic would likely benefit from work performed for 1.2, 2.2, and 5.5; as such, they indicated less
urgency to further evaluate 2.3 in this study. EPRI is actively investigating automated processes
for QA as part of a broader effort to identify and address major nuclear cost drivers (see

EPRI 3002015935 [14]). For example, one EPRI project reviewed automated QA inspections for
embedded items in concrete (EPRI 3002023902 [31]). That report examines the benefits and
challenges (including costs and times) of three reality (or “scene’) capturing technologies for
measuring the geometry of embedded elements prior to concrete pouring to streamline inspection
efforts. Such research will be instrumental in developing the underlying technologies that could
ultimately enable a DT use case like 2.3.






4

ENGINEERING THE DT

This section illustrates the DT development process for two use cases and provides use-case-
specific observations and recommendations. The generalized DT development framework
described in Section 2.3 is used to evaluate use case aspects such as inputs, outputs, benefits,
challenges, and costs. Section 4.1 presents the case-specific DT development framework for Use
Cases 1.2 and 2.2 (construction sequence simulation), and Section 4.2 covers Use Case 5.5
(PdM). Each section includes five subsections with details on the definition and description of
the case, DT development process, observations, and best practices and recommendations.

4.1 Use Cases 1.2 and 2.2: Construction Sequence Simulation

4.1.1 Description

The Construction Sequence DT (CSDT) is a digital simulation of the physical and functional
processes that are required to build a facility. Construction sequence analysis can be performed
at the design stage and/or a construction stage. Use Case 1.2 (Construction Sequence Simulation)
focuses on simulations during the design stage to forecast possible issues, whereas Use Case 2.2
(Real-Time Construction Sequence Optimization and Front-Running Simulations) is performed
as construction progresses. Both cases focus on reducing construction costs and delays, which
stakeholders indicated are essential to the success of the AR industry overall. Use Case 2.2
should provide additional confidence because near-real-time data can be fed to the DT as
construction progresses.

By adopting a CSDT, repetitive and critical-path tasks can be analyzed and optimized. To
simulate construction sequences and identify potential hurdles, the CSDT requires not only 3D
geometry but also external data sources, such as schedules and cost databases. Front-running
simulations provide near-real-time analysis of the likely outcomes of construction project events.
These outcomes provide construction management with high-fidelity information to support
optimal responses to construction deviations.

By integrating a schedule with the geometry, the resulting model is referred to as a four-
dimensional (4D) model. The 4D models can be leveraged for logistical analysis of site
components, installation sequencing, and optimization of installation. When developing this
CSDT, it is necessary to capture the steps to complete each task (such as system startup,
shutdown, disassembly, procurement, and delivery of materials), the resources to fit the system
together, and the personnel to test and verify that that system has been constructed to the design
requirements. All these tasks and subtasks can then be connected to the 3D virtual
representation; each simulation platform achieves this in a slightly different way, but it typically
includes grouping tasks together and assigning them to the geometry. When the relationships
between the schedule and model have been established, algorithms can be applied to the build
methods and the virtual model elements to evaluate multiple scenarios. These scenarios could
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include the addition of work crews, temporary crane placement, or other variables to identify the
optimal critical path. As the schedule changes due to supply chain limitations, weather, or other
unexpected activities, the simulation can be updated with these inputs to provide an updated
output and optimization of the schedule. To provide the most transparency to administrative
stakeholders, animation videos and images can be exported from the simulation platform.

The result of integrating cost with the geometry is referred to as a five-dimensional (5D) model.
Time can be a consideration of a 5D simulation; however, it is uncommon to include the
schedule linkage with cost in current practice. These 5D models provide a view into the
procurement and cost controls of a project. The granularity of the information provided by a
CSDT depends on the cost management database platform with which it is integrated. The most
efficient cost simulation models include a WBS and work packages as parameters within the 3D
model. A WBS relates similar building elements and systems to each other in a hierarchical
manner and enables relating costs to the facility assets. The work packages are typically a
grouping of building elements that are either installed simultaneously or have other close
relationships in the system or WBS hierarchy. Work packages typically have manpower effort
and cost associated with them. As an illustration, for a cooling system retrofit, the segments of
piping, fittings, and associated instrumentation can be grouped together virtually under a
common WBS code forming a work package. This work package is then linked to the cost
database with the WBS code; therefore, as the costs of material and labor are updated, it can be
represented in the virtual model as well. If the routing of the piping requires modification, the
added or removed segments of the work package automatically update the overall cost
calculation.

Each of these unique 4D and 5D outputs start with the same inputs. Additionally, by combining
the 4D and 5D models, it is then possible to view a time-based project cost analysis. The
resulting sequences provide guidance and direction for pre-task planning, instruction, and QA.

The targeted benefits of a CSDT can include, but are not limited to, the following capabilities:

e Minimize ambiguity in design to preclude construction delays and costly design changes
during construction

e Improve fidelity and optimization of construction cost estimates and schedules

e When integrated with cost models and schedules, alternative construction sequences/
processes can be analyzed and optimized

e Enable simulation of prefabrication and modularization installation, including repair/replace
scenarios

e Improve efficiency and safety of construction operations

e Early warning of personnel environmental health hazards during construction for improved
safety

e Informed ad hoc decision-making based on knowledge of likely consequences of unplanned
events that occur during construction and potential outcomes of mitigating actions

Although this section focuses on applying CSDTs in the construction lifecycle stage, they can
also be applied to operations and decommissioning activities. CSDTs can be used, for example,
during major component replacement or refueling.
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4.1.2 Development Process

A structural example is used in this section to illustrate the process of developing a CSDT.
Consider a scenario where a user seeks to optimize the design and construction of the
foundations and structural elements. A CSDT can be created to analyze the general phasing and
critical-path activities to ensure constructability and access. The sequence can initially use low
LOD geometry model. Then, structural design software combined with critical path schedule can
be used to validate the overall sequencing approach. If the process identifies issues such as
conflicts with work durations and inspections in a given area, the design approach can be
modified to correct the problem. Prior to construction, high LOD rebar fabrication models can be
incorporated into a sequence to analyze installation, access, congestion, and regulatory
adherence. The sequence of reinforcement installation can result in spatial clashes or
inaccessibility that is not evident during design using traditional 2D plans or even 3D models.

Figure 4-1 shows the development process for a CSDT built to optimize the construction of
foundations and structural elements. The case-specific DT development process in Figure 4-1 is
based on the generalized framework presented in Section 2.3. This section focuses on
development steps specific to the CSDT.

4.1.2.1 AO: Gathering Requirements

Requirements related to a CSDT define the relevant use cases and address the scope of physical
assets that will be modeled—for example, the complete facility, multiple specific systems or
subsystems, or individual components or subcomponents. The development team should
understand how regulatory inspections and requirements constrain the construction process.
Budgeting requirements must also be considered for DT development as well as construction,
and relevant requirements can be informed by available DT standards at the time. The
requirements are gathered from the design basis for the DT and can be documented in a project
charter, which should include relevant use case definitions.

e Constraints/requirements

— Enterprise DT guidelines: Organizational standards for definition, integration, and
ontologies. These are internal guidelines to follow in the development of the DTs.

— Regulatory requirements: Federal, state, and local regulations governing the safety,
security, and standardization of ARs.

— Budget: Defines the resources available for DT development and identifies any
economic/business constraints that will define success of the CSDT (such as a minimum
net cost saving for construction).

e Resources

— Administration: Necessary to compile the design basis, project charter, and use case
definitions.

— BIM subject matter expert (SME): Provide insight into the feasibility of the proposed
solutions.
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4.1.2.2 BO: Scoping the DT

The next step is to specify the who, what, and when. Scoping and requirement gathering are
closely related. Outputs of the definition should include a DT strategy and technical roadmap.
For the structural system example, a possible definition of the CSDT could include a strategic
objective to understand the structural installation sequence and optimize the regulatory reviews
of rebar placement.

e (Constraints/requirements

— Enterprise DT guidelines: The same standards that were previously used to provide a
framework are used to influence the data standards and model development.

— Enterprise data guidelines: An ontology of the facility. This is important for the
identification of model elements to be connected to the schedule. An example is a WBS
unique identifier being linked to other model elements.

— Budget: Provides a cap on the allowable duration and cost of defining the DT.

— 3D model creation standards: Provide the necessary requirements for model development
and management.

e Resources

— Administration: Develops the DT strategy, technical, and training roadmaps aligned with
the overall vision and use cases for the DT.

— BIM SME: Provide insight into the feasibility of the proposed solutions.

— Data flow/sources: Data sources should be documented and managed in accordance with
the data standard. For instance, sources could include the DDT, the construction DT, the
overall schedule, the supply chain schedule, the off-site manufacturing schedule, and cost
tables.

4.1.2.3 CO: Procuring the Resources

Once the driving forces and strategic objectives are understood, the necessary resources to
implement the DT should be procured. If aligned with the organizational vision and strategy,
external vendors could be contracted to produce the CSDT because it requires a specialized
skillset to integrate the models and databases. Outputs from the procurement stage include
software and hardware contracts, vendor contracts, and the associated contract deliverables and
milestones. In the previous structural example, procurement could include the need to acquire
simulation software, such as Synchro and Primavera P6, as well as a contract with a specialty
vendor to develop the CSDT.

e Constraints/requirements

— Enterprise DT guidelines: During this stage, the standards are linked to the contract
language for required adherence by the hardware, software, and any other vendors when
building the CSDT.

— Contracting strategy: Provided by the procurement management. This is inclusive of the
procurement process, security reviews, and other necessary contracting methods.
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e Resources:

Procurement: Personnel responsible for the contract review, negotiation, and execution of
the software, hardware, and any other vendors.

Administration: Consults with procurement to align the contracts and deliverables with
the overall goal of the CSDT.

4.1.2.4 DO: Implementation of the DT

During the implementation stage, the design and/or construction 3D models are aggregated and
verified as being capable of integrating with other DT elements. Outputs from the
implementation should be the Design DT (DDT) and/or Construction DT (CDT). The next step
is to connect the 3D DT with the schedule and cost elements (E0). In this stage, the structural
example will be verified to ensure that the structural slabs have been modeled in a way
segregated into individual the concrete pours, that the steel elements have been modeled with
separate connection plates and structural members with unique identifiers, and that the rebar has
been modeled both in the longitudinal and latitudinal directions.

e (Constraints/requirements

Enterprise DT guidelines: These standards must be verified and validated during the
implementation of the CSDT.

3D model creation standards: Provide the necessary requirements for model development
and management. These standards must be verified and validated during the
implementation of the CSDT.

Time/resources: A limiting factor in the development of any DT or associated platform.

e Resources

Schedule criteria: The basic framework for how the integrated schedules should be
composed. This provides a flexibility for the various design, construction, and operations
teams to use their own preferred scheduling tools.

Design criteria/3D models: The 3D design models are not required for all CSDT use
cases; however, the design models are generally a starting point for early schedule
decision-making.

Construction criteria/3D models: The 3D construction models are most important for the
CSDT as they contain a higher level of geometric fidelity.
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4.1.2.5 EO: Connecting the DT

The next step is to connect the 3D DT with the schedule and cost elements in the simulation
platform. The output is the initial CSDT. Additional outputs from this stage are animation
video(s) and/or virtual reality experience(s) that are used to interrogate the DT during the next
stage. For the structure example, the output could be a video of the structural elements showing
how they are scheduled to be installed along with any temporary site elements, scaffolding,
cranes, and so on.

e Constraints/requirements

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Time/resources: A limiting factor in the development of any DT.
e Resources

— Data mapping: Relationships connecting between the models, schedules, and cost
information.

— Schedule: For the CSDT, this could include the overall schedule, the supply chain
schedule, the off-site manufacturing schedule, and cost tables.

— Cost breakdown: Some CSDTs can include cost analysis. In these cases, a cost database
1s connected to the model elements. This connection can be formed from the WBS
identifiers or from their own cost breakdown structure attributes.

4.1.2.6 FO: Monitoring the DT

In this stage, the CSDT is used to view and comprehend the construction process. A feedback
loop also connects back to the Implementation section in Figure 4-1. The feedback loop updates
models, schedules, and costs based on insights from monitoring and analyzing the CSDT. After a
period of using the CSDT, the output can be considered Version 1.0; at this point, the CSDT
provides feedback to the design and construction teams for model, schedule, or cost updates. The
next iteration of the CSDT would move into the next sequential version. For the structural
sample, as the construction schedule is modified, the master schedule would need to be adjusted,
and the DT re-exported to see the updated schedule impact.

e Constraints/requirements

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Budget: The ongoing maintenance of a CSDT is constrained by the budget for monitoring
the DT.
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e Resources

Field input: Field installation or construction task sequences may be changed due to
variables such as weather or delivery logistics.

Schedule deviations: Tracking between the planned and actual activities; this relationship
can be input back into the CSDT by updating the linked schedules or model components.

Cost differences: As the prices of construction elements deviate from the baseline, the
differences should be captured and updated within the CSDT.

4.1.2.7 GO: Scaling the DT

The final stage in CSDT development involves upscaling the DT for use during operations.
Figure 4-1 includes a feedback loop to the Implementation stage in case there are any model,
schedule, or cost updates.

e Constraints/requirements

Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

Budget: The budget during the monitoring period might be more restrictive than other
stages, but when considering potential scalability of the CSDT, the benefits of n'"-of-a-
kind deployments should be considered to ensure budgets are commensurate with
potential value.

e Resources

Additional analysis — Includes additional simulation capabilities that could be developed
with the CSDT. An example of this could be connecting the CSDT to automated schedule
management.
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4.1.3 Use Case Definition

Table 4-1 maps the specific use case elements. It was developed following the use case
prioritization process to display the definition of the use case. Table 4-1 should be used as a
supplemental document when developing the design basis and project charter during Stage AO:
Gathering Requirements.

Table 4-1

Use Case 1.2 and 2.2 definition—construction sequence simulation

Characteristic

Description

Use case identification

1.2and 2.2

Use case name

Construction sequence simulation

End objectives

¢ Constructability, logistics, and sequencing verification to enhance cost and
schedule compliance.

¢ |Integration of schedule and WBS, which provides feedback to the active
installation tasking and potentially to an automated QA use case.

e Support the testing and validation of options and the ability to iterate both
design and construction possibilities.

¢ |Installation and construction sequences provide verified process and
workflow for operational repair/replacement.

User/actor

Engineers, planners, general contractors, estimators, schedulers, controls
group

DT summary

The CSDT is a digital simulation of the physical and functional processes
required to build a facility. The CSDT typically models construction elements
that are not included in the final facility but are critical to the construction, for
example, temporary structures and hoisting. It is also common to have the
CDT linked to the simulation for overall reference and logistical analysis of the
building systems. The CSDT simulations produce a feedback loop to the DDT
and CDT in the form of constructability, phasing, and logistical analysis.

DT inputs

o DDT — A DT representing the physical and functional characteristics of the
real-world entities that make up the design of the project. The process of
creating the DDT acts as a simulation of the facility performance (structural
analysis, energy analysis, and so on) and construction feasibility
(coordination, digital layout, sequencing).

o CDT — A DT representing the physical and functional characteristics of the
virtualized construction process. Specifically, these DTs are leveraged for
simulating constructability (clash detection, digital layout, sequencing, and
SO on).

o Other preconditions of the CSDTs can include design for manufacturing
and assembly methodology, fully coordinated building information
modeling, schedule, cost breakdown structure, and WBS.

DT outputs

¢ Video animation, navigational model, and/or VR experience.

o The feedback loop can trigger the need for collision avoidance, sequence
verification/modification, schedule adjustment, value engineering, and/or
validated and repeatable repair/replace scenarios.
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Table 4-1 (continued)
Use Case 1.2 and 2.2 definition — construction sequence simulation

Characteristic

Description

Systems used

BIM (such as Autodesk Revit), scheduling (such as Primavera P6),
construction scheduling simulation (such as Synchro), structural analysis (such
as Ansys), clash detection (such as Autodesk Navisworks), PMIS (Project
Management Information Systems), construction sequencing/installation
management (such as Autodesk Assemble).

Development steps

¢ Development of DDT and/or CDT

e Develop and integrate cost breakdown structure and WBS (such as XLS, e-
builder, Assemble, Kahua, BIM 360)

e Incorporation of work breakdown and cost information into DDT and CDT
based on individual sequencing simulation objectives (such as Assemble,
Kahua)

o Development of overall construction schedule and sequencing based on
individual simulation objectives (such as P6, MS Project)

o Rebar placement, concrete pour sequence, critical-pick

Prefab module assembly, module heavy-lift, module installation
Advanced resource planning

Site logistics and laydown areas

Safety and hazard mitigation

Site worker training

o O O O O O

Project stakeholder communications

e Above information is linked in a 4D construction sequencing/
simulation/analysis/visualization platform such as Navisworks, Synchro,
Fuzor, and so on, based on simulation objectives.

o Models are loaded from collaboration platform/CDE

o Schedule/sequence is loaded

o Schedule and model elements are linked based on WBS
O

Sequencing/simulation/analysis/visualization is performed based on
objectives

Usage/maintenance—
basic flow

Usage

o Outcomes of simulation are analyzed against expected results. Simulations
can be exported without 4D software to enhance collaboration.

e Simulations can typically be viewed on computers, television monitors, and
VR headsets if exported in the proper format.

Maintenance

¢ As necessary, the feedback loop provided can encourage modifications to
the DDT, CDT, logistics model, and/or schedule.

o Feedback should always be managed in a single location so that no
comments are missed.

¢ ltis often recommended to provide feedback with associated time stamp if
viewing an animation.
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Table 4-1 (continued)
Use Case 1.2 and 2.2 definition — construction sequence simulation

Characteristic Description
Benefits Accelerated schedule — Minimizes conflicts in field and resulting schedule
(business impact) impact. Reduction in field RFIs and resultant schedule impact. Up to 30%*

schedule savings facilitates earlier on-line dates.

Cost savings through efficiency gains:

¢ Reduction of change orders

e Reduced RFls

o Better construction coordination

¢ Time reduction

¢ Schedule and construction simulation (“what if” scenarios)
¢ Advanced planning—build it first in virtual space

e Construction time and cost transparency to stakeholders

Cost analysis Software: $ out of $$$$$*
Standard AEC platforms typically in use, less than $100,000.

Labor: $ out of $$$$$*
Typically included in AE/GC contracts as project-level staff.

Infrastructure: $ out of $$$$$*
Can leverage DT framework, including CDE.

Overall use case up-front costs: $$ out of $$$$$*

Cost savings metrics:

Approximately 10%* reduction in RFIs | Median response time 12 days |
$100,000 labor hours/daily burn rate

* Representative values from heavy-construction applications.

4.1.4 Observations

As the digital thread of a project is considered, there can be multiple CSDTs, and each DT can
vary in scope, fidelity, and usefulness. The sequence analyses have been shown to provide time
and cost savings in the field. The CSDTs also assist in ensuring the completeness of DDT and
CDT prior to construction to minimize requests for information and preclude construction-stage
design changes, requalification engineering assessments, and extended regulatory inspections.

The resulting outcomes of the CSDT are most likely to identify scenarios with the least desirable
outcomes and adjust the construction plan to mitigate them. Construction sequence digital twins
classify issues and provide feedback loops that are incorporated upstream in the DDTs and CDTs
before impacting the cost or schedule. Furthermore, this process lends itself to the use of
modular/prefabricated assemblies, which can further enhance the schedule and cost savings.
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4.1.5 Best Practices and Recommendations

An important consideration for how to implement this use case into a project environment relates
to how the 3D models are developed—specifically, how the geometry is segmented. For
example, a floor slab must be modeled in several segments to match the pour sequencing to
graphically represent how the preparation, pour, and curing processes will occur. This will
inherently influence the LOD of the elements needed to perform the CSDT simulation (in other
words, not all model entities will need to be modeled with their full subassembly breakdown, and
other model entities will need more complexity added to them). When a project is planned, the
LOD definitions should be included in the project execution plan such that they are related to the
various model uses and outcomes. This will provide clarity of modeling requirements to the
design teams and set the expectations of when the CSDT(s) would be developed and by whom.

WBSs should be developed based on a singular classification method to have a holistic schedule
of values. It is best practice not to change the WBS during the process; it is an element that needs
strong consideration prior to implementation.

While proceeding through the development and usage of the CSDT, a best practice is to create
and properly label new versions of all models, datasets, and DTs. Additionally, it is best practice
to keep them in a cloud-based repository to provide transparency and accessibility to other team
members.

Advancements in reality capture and drone technologies have enabled rapid measurement of as-
built construction conditions to facilitate comparison with 3D design models. This comparative
analysis can be fed into the CSDT to analyze the construction deviation impacts on the schedule.

4.2 Use Case 5.5: Predictive Maintenance

4.2.1 Description

PdM is the use of condition monitoring to inform maintenance schedules. This eliminates
unnecessary maintenance activities and identifies when additional maintenance should be
performed to prevent unexpected failures. Systems are monitored to produce work orders as
needed and inform root-cause analysis.

EPRI’s Predictive Maintenance Primer [34] identifies three key benefits of PAM—human
performance, O&M cost, and technical capabilities:

e PdM improves human performance by providing the information needed to consider or take
action to “prevent injury, equipment damage, and/or improve the efficiency and effectiveness
of the task™ [34].

o O&M cost refers to the information “...that will result in overall reduced costs and/or an
increase in revenue through additional or restored energy production” [34].

e According to the Predictive Maintenance Primer, technical capability is the targeted
“...information that will lead to improved equipment reliability” [34].

As it has been noted, PdM is not a new concept. The technology platforms, sensor technology,
and algorithms in use have all seen rapid and robust development. Further, the IWMSs that
include PdM are interoperable with the “single source of truth” employed during a digital
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engineering lifecycle. This presents an ability to fully populate a maintenance management
system with equipment, systems, process definitions, documentation, and training materials
during the commissioning and initial testing process of a nuclear facility. A link between the
early phases of the project development lifecycle and operations removes the need for key
personnel to manually enter data into the maintenance systems.

The organization of a predictive maintenance digital twin (PMDT) that begins during the design
stage is very much a data exercise. This early information is simply the identification of the
assets that will be included in maintenance activities. When assets are first identified, regardless
of analysis type, they are given a unique identifier. Many engineers will liken this identifier to an
equipment tag; however, asset identifiers need to be more specific than what the element
represents and/or its functional location within its system. For example, the identifier for a pump
will need to include what type of pump it is (for example, centrifugal), its general location (this
is optional and dependent on the asset class), the system, and a numeric identifier if there are
multiple pumps of the same type. Below is first an example of how an asset identifier could be
structured, followed by an example using the originally presented structure:

Location — Asset Class Asset Class ID — System ID — Asset Sequence Number
REC-PUMP_CENO0O01-RECCOOL001-001

When the asset identifiers are created, they should be used as the primary key during design and
construction. It is often recommended to use this identifier in the place of an equipment tag on
plans and diagrams; this is necessary to ensure continuity between design and operational
information. As data are generated during the design, procurement, and construction stages, they
should all be associated with the same asset identifier. By maintaining this identifier during
subsequent stages, the data related to the asset can then be imported into the IWMS platform at
significant milestones to prevent a large and burdensome loading of data at the conclusion of the
project. During the commissioning and testing of a system, the information, testing procedures,
startup, shutdown, and so on can be linked directly into the IWMS for the PdM algorithms to
begin early training. With the manual asset data provided, the equipment sensors can be
integrated and linked to the asset identifier. This will accelerate the learning of the PAM
algorithms to identify trigger states.

Early developments have also been made to generate a link between the IWMS and AuR
headsets. Initial use cases for technicians in non-irradiated areas of the plant have been identified
to support visual inspections and field maintenance activities.

Today, PdM platforms can consolidate operating experience data such as EPRI’s PMBD, real-
time instrumentation data, physics-based modeling, and machine-learning algorithms to assess
current health and predict remaining life. Furthermore, PAM platforms can account for the direct
and indirect costs of a component or system over its intended life. Additional benefits include:

e Reduction in maintenance costs and unplanned downtime
e Improved equipment lifespan and safety

e Access to the system from anywhere, if it is Web-based
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4.2.2 Development Process

The development of a PMDT is one of the most complete uses of DT technology. As the case is
evaluated, it will become evident why PMDTs can provide significant ROI. The purpose of this
development process is not to discuss the design of a PAM program, but rather how a designed
program can be connected to the physical representation of a system.

Figure 4-2 shows the development process of a PMDT following the framework defined in
Section 2.3. For illustration purposes, the following sections will describe PMDT development
for BOP systems. Mechanical and electrical BOP elements—such as the measurement of
temperature differentials upstream and downstream of a heat exchanger or infrared thermal
imagery of an electrical component to detect degradation or potential malfunction—are
considered.
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4.2.2.1 AO: Gathering Requirements

Initially, when identifying the need for any type of DT or technology that augments traditional
systems, it is reasonable to identify the needs of the parties who will use the technology.
Inquiries should be posed to any personnel who might use the information developed by the DT.
Common themes to identify when determining the requirements of a PMDT include the
reduction of effort and cost in the O&M of the plant.

e Constraints/requirements

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Regulatory requirements: Federal, state, and local regulations governing the safety,
security, and standardization of ARs.

— Budget: Defines the resources available for DT development and identifies any
economic/business constraints that will define success of the PMDT (such as a minimum
annual net cost savings).

e Resources

— Administration: Necessary to compile the design basis, project charter, and use case
definitions.

— Maintenance: Required for input regarding the key functional and nonfunctional
requirements of the maintenance system.

— Safety: Necessary to integrate the maintenance management platform with the safety and
security processes and tools.

— DT SME: Provide insight into the feasibility of the proposed solutions.

4.2.2.2 BO: Scoping the DT

The definition of the PMDT begins with the identification of the critical assets that must be
managed in the PMDT. Not all equipment assets should be included in the monitoring because
the physical hardware and virtual software overhead could become prohibitively expensive.
Initially, consider elements with high replacement/repair/downtime costs that are mission-
critical.

e (Constraints/requirements:

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Enterprise data guidelines: A hierarchical classification of the BOP systems and
elements, their installation and maintenance standards, guidelines for documentation and
disposition of anomalous equipment performance, safety risks, and so on.

— Budget: Provides a cap on the allowable duration and cost of defining the DT.

— 3D model creation standards: Provide the necessary requirements for model development
and management.
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e Resources:

— Administration: Develops the DT strategy, technical, and training roadmaps aligned with
the overall vision and use cases for the DT.

— DT SME: Provide insight into the feasibility of the proposed solutions.

— Data flow/sources: Data sources should be documented and managed in accordance with
the data standard. For instance, sources could include the 3D model, sensor telemetry,
and the historian server.

— Data mapping: Also known as the normalization of telemetry data. Telemetry data have
many different protocols to which the information can be encoded; for this reason, there
is sometimes a need to preprocess the data prior to analysis and storage by the system.

4.2.2.3 CO: Procuring the Resources

Procuring the necessary components for the implementation of a PMDT will vary based on the
existing maintenance systems that are currently in use. Not all maintenance systems have
modules to perform PdM, especially the older systems. In this situation, there are two options.
One is to replace the entire maintenance system with one that is condition-based; the other option
is to locate a maintenance system that can perform PdM and integrate it into the existing system.
Although the latter option might be less expensive in the short term, it can become more
expensive in the long run. Having to update the data integrations and having multiple sets of data
and/or different user interactions will all accumulate to cost more in the long run. Additional
components that must be procured include the sensors or cameras, hubs, and other human-
machine interface elements. Often, these complex implementations will require the procurement
of specialized services to assist in the development and integration of the technology.

e (Constraints/requirements:

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Contracting strategy: Provided by the procurement management. This is inclusive of the
procurement process, security reviews, and other necessary contracting methods.

e Resources:

— Procurement: Personnel responsible for the contract review, negotiation, and execution of
the software, hardware, and any other vendors.

— Administration: Consults with procurement to align the contracts and deliverables with
the overall goal of the PMDT.

4.2.2.4 DO: Implementation of the DT

After identifying the PAM managed assets and procuring the necessary systems, the CMMS can
be implemented and/or configured to perform PdM. A database of information surrounding the
assets will then be developed. These data should include data central to historic usage (if an
existing element), any hard copy files converted to digital, and maintenance or commissioning
records. The data are necessary to give the algorithm sufficient information to develop actionable
insight. Also, when implementing a PMDT, it is important to identify failure modes with a
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failure mode and effects analysis and develop predictive models. The predictive models must not
be developed in isolation but rather with sensor measurements and other baseline information
available from the manufacturer.

e Constraints/requirements:

Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

3D model creation standards: Provide the necessary requirements for model development
and management. These standards must be verified and validated during the
implementation of the PMDT.

Time/resources: A limiting factor in the development of any DT or associated platform.

e Resources:

3D models: The 3D models are not required for all PMDT use cases; however, design
models are generally a starting point for early schedule decision-making. The 3D
construction models are most important for PMDTs that will benefit from a higher level
of geometric fidelity.

Asset register: A complete asset database inclusive of the design, construction,
commissioning, and manufacturer information.

Predictive model: An algorithm curated from the fault tolerances.

System implementation/customization/configuration: The implementation, customization
(development), and/or configuration (setup) of the maintenance management system.

4.2.2.5 EO: Connecting the DT

When first deploying PdM, it is recommended to deploy the system to a subset of the equipment
identified. This provides the predictive algorithms to be tested and validated by using only a pilot
set of equipment. For instance, vibration sensing telemetry is only collected and fed to the
algorithms from one centrifugal pump. Training is also going to be performed during this stage.

e Constraints/requirements:

Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies

Time/resources: A limiting factor in the development of any DT

e Resources:

DT platform: The compiled maintenance management system

Video feeds: The video system that provides the DT platform with the real-time
streaming visuals

Sensors: The IoT sensing systems that provide the DT platform with the real-time
telemetry data
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4.2.2.6 FO: Monitoring the DT

Upon connecting the PAM elements, the remainder of the elements can be operationalized. PAM
should be assessed often because if the algorithms are inconsistent, the overall program will
deviate quickly.

e (Constraints/requirements:

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies

— Budget: The ongoing maintenance of a PMDT is constrained by the budget of monitoring
the DT

e Resources:
— Sensor input: Real-time data streams
— Historical/seasonal data: Data that have been gathered at previous time-series intervals.

— Updated asset data (post-work order): As maintenance is performed, the algorithm might
have a deterioration function such that after a number of completed work orders, the
equipment might trigger a complete shutdown or replacement.

— Reliability-centered maintenance input: Input from time-based maintenance programs.

4.2.2.7 GO: Scaling the DT

Extending the PdM to secondary or tertiary systems and equipment is simplified because the
initial system implementation and configuration has occurred. To add elements to the PAM
module, the sensing capabilities would need to be installed and connected. It should still be noted
that not all scenarios require predictive analysis.

e Constraints/requirements:

— Enterprise DT guidelines: Organizational standards for definition, integration, and data
ontologies.

— Budget: The budget during the monitoring period might be more restrictive than other
stages, but when considering the potential scalability of the PMDT, the benefits of n-of-
a-kind deployments should be considered to ensure that budgets are commensurate with
potential value.

e Resources:
— Additional analysis: Includes additional simulation capabilities that could be developed
with the PMDT.
4.2.3 Use Case Definition

Table 4-2 maps the specific use case elements. It was developed following the use case
prioritization process to display the architecture of the use case. Table 4-2 should be used as a
supplemental document when developing the design basis and project charter during Stage AO:
Gathering Requirements.

4-22



Table 4-2

Engineering the DT

Use Case 5.5 definition—PdM

Characteristic

Description

Use case
identification

55

Use case name

Predictive Maintenance

End objectives

o Combine operating experience data (such as from the PMBD [44]), real-time
instrumentation data, mechanics-based modeling, and ML/AI algorithms to assess
current health and predict remaining life.

¢ Used to inform and optimize maintenance activities, encouraging condition-based
maintenance in favor of time-based maintenance.

Specific Applications

¢ Irradiation-assisted stress corrosion cracking (IASCC) of highly irradiated elements
of primary system. Predict IASCC crack initiation and propagation and remaining
time to significant degradation based on real-time measured data on flux rate,
vibrations, temperature, and so on.

¢ Condition assessment of electrical cables based on physics-based DT and
operational history of the cables.

e Main turbine bearings. Monitor parameters such as number of operational cycles,
bearing temperatures and loads, vibration, and rpm. Determine grease
degradation using ML/AIl framework trained on photographs taken during visual
inspections, reducing and eventually eliminating dependence on costly laboratory
testing.

e Emergency power lead-acid batteries (and/or other electrical equipment). Integrate
loading histories captured over the service life with performance and aging
models. Monitor cell chemistry, battery temperatures, cell voltage, power cycles,
power quality, response to loading and charging, and so on.

User/actor Utility engineers, maintenance personnel, administration personnel, information
technology
DT summary The PMDT is a digital representation of the physical, operational, and performance

characteristics of systems that require ongoing maintenance. The PMDT is updated at
a frequency determined by use case with:

e Sensor telemetry data — sensors will vary by use case
e Equipment performance data

e Historical performance data

e Ongoing O&M records

Real-time sensor and performance data are initially captured, stored, and analyzed to
provide a baseline for operational performance. Based on historical performance data
and O&M records, “rules” are developed to define desired states and states that might
indicate anomalies. Based on these rules and the specific use case, predefined
actions, such as alert notifications or work order generation, can be performed. This
information can also be captured and added to the historical dataset.
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Table 4-2 (continued)
Use Case 5.5 definition—PdM

Characteristic

Description

DT inputs

e DDT — A DT representing the physical and functional characteristics of the real-
world entities that comprise the design of the project.

e CDT - A representation of the physical and functional characteristics of the
virtualized construction process. Specifically, these DTs are leveraged for
simulating constructability (clash detection, digital layout, sequencing, and so on).

¢ O&M considerations during design and modularized approach results in more
efficient operations.

e Other preconditions of the PMDTs can include fully coordinated BIM, WBS, time-
based maintenance schedules, equipment operating tolerances, and O&M,
testing, and licensing documentation.

DT outputs

¢ Consolidated work order management system.
e Operations dashboards with analytics consisting of:
o Active systems performance
o Open and pending work orders
o System components that are within a 5% threshold of failure

¢ Provides the foundation for DT use cases for the modular systems including
maintenance training, replace/repair, system.

¢ AuR-enabled work order execution.

Systems used

BIM (such as Autodesk Revit), CAD (such as Plant 3D), common data environment
(CDE; such as Bentley iTwin, Autodesk BIM 360, Procore), unified asset
management database, IWMS (such as Maximo, Planon), CMMS (such as Archibus).

Development
steps

¢ Development/collection of DDT(s) and/or CDT(s).

e Development/incorporation of work breakdown identifier into DDT and CDT based
on required managed asset objectives.

e Development of a federated geometric model (FGM) of the facility, system, and
components based on the composite of the DDT and CDT.

e Aggregation of managed asset metadata, checklists, time-based maintenance
schedules, spare information, input/output checkout, systems engineering data,
commissioning data, loT network provisioning, and documentation.

o Note that the managed asset information must be linked to the primary asset
identifier (work breakdown identifier).

o This data collection is typically achieved in a simple spreadsheet, but it would
happen throughout the design, construction, and commissioning phases in the
CDE.

¢ Implementation, configuration, and customization of PdM IWMS platform/module.
This would include training of the predictive algorithm.

¢ QA/QC and importation of FGM and managed asset data to staging.
o Managed asset data sensor connection integration.

¢ V&V that loT data is moving into the system and the managed assets are all
classified with their available data.

e System training.
¢ Transition of information from staging to production.
e Roll-out.

4-24




Engineering the DT

Table 4-2 (continued)
Use Case 5.5 definition—PdM

Characteristic Description
Usage/ Usage
maintenance— | o Qutcomes of simulation via dashboard(s). Simulations can typically be viewed on
basic flow computers, monitors, and VR headsets if exported in the proper format.
¢ Automated work order generation.
o Work order progress management.
¢ Input of regulatory monitoring.
¢ Managed asset and system information retrieval from a single digital source.
Maintenance
e As necessary, the FGM should be updated to match the modified or added
systems of the facility.
¢ Real-time telemetry linkages should be reviewed and refreshed on a quarterly
basis.
¢ PdM platform maintenance, such as upgrades, will be necessary from time to time.
It is recommended to perform these modifications in a staging environment with
automated system testing prior to performing the upgrade on the production server
and data.
Benefits ¢ Reduction in operating costs by detecting, preventing, predicting, and optimizing
(business the systems.
impact) e Reduced asset and process related incidents.

¢ Increased reliability of equipment performance.
o Enhanced safety by minimizing avoidable/noncritical maintenance activities.
¢ Reduction in asset maintenance frequency and costs.

Cost analysis

Software: $$$$ out of $$$$$*

Typical IWMS platforms and implementation, starting at $1 million.

Labor: $$$ out of $$$$$*
Includes AE/GC, Integrator, Operations inputs and effort.

Infrastructure: $$$ out of $$$$$*
$ if cloud-based option is used.
$3$$$ if hosted option is used.

Overall use case up-front costs: $$$$ out of $$$$$*

Cost savings metrics:

Approximately 40% reduction in break-fix incidents | 93—99.49% Increased reliability |
reduction of fixed O&M costs to ~$2/MWh.

* Representative values from heavy-construction applications.
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4.2.4 Observations

PdM provides a real-time overview of the current conditions of the managed assets. This
optimizes the time necessary for maintenance work and ensures minimal disruptions to
productivity. Predictive operations require certain types of specialized equipment and an
atypically large upfront implementation cost. This should not deter the implementation of this
type of DT. It is a long-term solution that provides a significant benefit through improved
performance and cost savings.

4.2.5 Best Practices and Recommendations

There are many criteria to consider when identifying and implementing a PdM solution. PAM
technology features do not always consider ad hoc or corrective maintenance, and this is an area
for improvement. Developers will need to spend substantial planning effort on various technical
issues, including initial data migration or population of the new system, supplementary data
inputs from field operations, IoT systems, security systems, and so on.

Other key points to consider are:

e [Ease of use should be a main consideration; many platforms are overly complicated and have
a user experience that few truly understand.

e Platform security to ensure reliability and unauthorized access.

e Interoperability and integration of the specific technology platforms used during the AR
lifecycle.
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5.1 Research Summary

To ensure successful construction and operation of future nuclear power plants in the current
U.S. energy market, OCC and O&M costs must be significantly reduced. A variety of industry
initiatives have identified DT technology as a key opportunity to achieve such cost reductions.
DTs are becoming increasingly popular in the non-nuclear industry as recent advances in the
underlying technologies are enabling more complex applications and the associated hardware
and software are rapidly becoming more affordable. Adoption of DT technology in the nuclear
industry has lagged to date, partly due to uncertainties resulting from the unique regulatory
environment and initial capital investments compared to other industries. However, the nuclear
industry has recently begun to recognize the untapped potential for digital twins to achieve
efficiencies over the entire lifecycle of an NPP, particularly for ARs, as demonstrated by several
ongoing projects working to facilitate digital twin adoption. The goal of the project that is the
subject of this report is to complement ongoing industry efforts to research DT applications and
provide AR-specific guidelines to support stakeholders in understanding and adopting DT
technology. To that end, this project explored potential benefits, challenges, capabilities, and use
cases of DTs across the AR lifecycle and made progress on the following key issues related to
DT adoption for ARs:

e Lack of a common conceptual framework and standardized procedures for DT development.
e Scarcity of successful, nuclear-specific DT demonstrations and business cases.
e Uncertainties in regulatory impacts and readiness of enabling technologies.

e Inertia in conventional business practices and workflows that might inhibit key features of
DTs, such as integration across technical disciplines, data-sharing among various
stakeholders, and digitalization of workflows.

To investigate the preceding issues and develop insights, the project consisted of the following
main steps:

e Perform an in-depth literature review of AR DT applications and engage stakeholders to
summarize the industry perspective and lessons learned on the following questions:

— What is a DT, and what are its basic elements and enabling technologies?
— What are the steps to develop and implement a DT?
— What are the costs and potential benefits of DTs?
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— What are the most promising use cases relevant to various AR lifecycle stages?

— What are the industry needs, gaps, and challenges to solve to facilitate DT adoption for
ARs?

— What are some best practices when developing a DT?

e Develop a list of DT use cases relevant to ARs, identify criteria that could be used to evaluate
and prioritize them, and then use those criteria to select two use cases to further develop in
this study—construction sequence simulation and PdM.

e Provide a framework for DT development, illustrate the development processes for two
selected uses cases, and provide use-case-specific observations, best practices, and
recommendations.

The rest of this section summarizes key insights, best practices, and areas of future research
identified as part of this project.
5.2 Key Insights

Key insights from this study are summarized in Table 5-1.

Table 5-1
Key insights
Issue Insights and Contributions
DT definition, This project proposes a working definition of AR DTs yet acknowledges that such
digitalization, definitions are diverse and vary across industries and over time. Considering the

and integration diversity of definitions, it is helpful to consider Michael Grieves’s conceptualization of
a DT; he observed that, as technology matures, digital models tend to become more
detailed and accurate, more integrated with each other, and more integrated with
their physical counterparts. He conceived of a DT as the end state of this trend in
which models are sufficiently detailed, comprehensive, and integrated with their
physical asset that they will be able to provide all the same useful information that
could otherwise be obtained by examination or testing of the physical asset. This
conceptualization is helpful because it clarifies that each evolutionary step toward
producing more detailed, accurate, and integrated digital representations is a
productive step toward realizing the potential benefits of DTs.

DT elements DT elements can be thought of as building blocks (such as hardware, software,
networks, and processes) that enable DT functions. Because DTs come in various
forms based on their requirements and intended uses, their underlying elements also
vary significantly. Section 2.2 proposes a categorization of DT elements into six
functional areas: collect, alert, react, process, visualize, forecast. The functional
areas and elements are offered as a conceptual framework and taxonomy to support
planning, development, and implementation of DTs.

Generalized DT | The nuclear industry lacks a common conceptual framework and standardized
development procedures for DT development. The available options for building DTs are plentiful,
framework though many have limitations, such as being use-case-specific or not being scalable.
Section 2.3 proposes a generalized DT development framework that can be applied
at any point throughout the digital lifecycle of a facility, system, or component. The
proposed conceptual framework can be used to evaluate the inputs, output,
requirements, and resources necessary for the development of DTs. The framework
aims to facilitate knowledge transfer across industry stakeholders while being flexible
enough to be adopted for any DT use case.
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Table 5-1 (continued)

Key insights

Issue

Insights and Contributions

AR industry
perspective

The research team engaged various AR industry stakeholders through a series of
interviews, teleconferences, webinars, and other correspondence to collect feedback
on their perspective on DT technology. Section 2.5 summarizes interests, trends,
concerns, and issues that stakeholders identified as important. AR stakeholders
generally agree that the main motivation for DT research is to achieve significant
reductions in OCC and O&M costs. As such, they are principally interested in DT
applications with the potential to reduce costs and risks in the design/construction
and O&M stages.

The main DT implementation challenges identified during this research are covered
in Section 2.5.3. One important challenge for the industry moving forward is the need
to integrate DT development with conventional nuclear plant workflows. As DTs are
introduced into existing design/construction/etc. processes, the norms, business
practices, and attitudes will need to adapt to accommodate and support the new
technologies before their benefits can be realized. This report provides some tools
and resources to make progress in this regard. Other key challenges are described
in Section 5.4 along with future research opportunities to address them.

DT technology
readiness

The research team reviewed literature and engaged industry stakeholders to assess
technology readiness and identify important resources. The results are summarized
in Section 2.6. This effort provides insights into DT underlying technologies and
offers a discussion on technology readiness and outlook of future technology
development.

DT costs and
potential
benefits

Costs and benefits of DTs greatly depend on the use case and underlying
technologies to develop and monitor the twin, and the literature currently lacks
documented examples of successful DT implementation for nuclear applications.
Recognizing this limitation, Section 2.7 provides basic rough-order-of-magnitude cost
information and expected benefits across various types and maturities of DTs.
Because AR stakeholders identified DT costs and benefits as the most important
aspects influencing use case prioritization, future research should investigate DT
costs and benefits.

DT use cases
for ARs

Twenty-nine DT use cases applicable to ARs are described in Appendix A, spanning
a wide range of applications over the AR plant lifecycle. These cases provide a basis
for AR stakeholders to build on and identify new applications.

Two use cases from Appendix A were selected for further evaluation in this study:
Construction Sequence Simulation and PdM. The use case evaluation process and
criteria (Section 3) offer a set of considerations and issues that readers can use to
assess their own potential use cases.

DT development
examples

Using the conceptual DT development framework proposed in this study (Section
2.3), the two prioritized use cases were analyzed further to provide additional detail,
illustrate the development process, and provide use-case-specific observations, best
practices, and recommendations. These examples provide readers interested in DT
development with an approach for considering the various steps, requirements, and
constraints involved in developing a DT.

5.3 Best Practices

Table 5-2 describes the best practices that are recommended for AR stakeholders planning to
develop DTs for their assets and processes.
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Table 5-2
Best practices

Topic

Recommendation

Follow an organized
process.

Chances of successful DT development and implementation increase if an
organized process is followed. The conceptual framework and DT functional
areas covered in Section 2 provide an opportunity to formulate an efficient work
breakdown structure and optimize resources. Establish specific DT goals,
requirements, quantifiable metrics, and inputs/outputs to minimize chances for
misinterpretations.

Think ahead.

Experience with conventional NPPs suggests that changes to assets and
processes might be lengthy and costly to implement. Plan to maintain the DT
and keep it current. Design DTs to be sufficiently flexible to accommodate
future updates with minimal costs (for example, use standardized hardware and
data formats). Define DT and WBS to be sufficiently specific at the beginning of
the project to minimize chances for future changes.

Focus near-term use
cases on low-risk
and high-reward

Prioritize low-risk/high-reward DT use cases and then move to more complex
applications as experience is gathered. Use cases focusing on non-safety-
related systems have less significant consequences of failure and are therefore

applications. less risky. Use cases addressing OCC and O&M cost reductions might be more
interesting than other cycles in terms of potential return on investment. Use
cases incorporating the DT early in the power plant design stage will likely
result in higher long-term returns.

Identify opportunities | Scalability and intersystem issues might emerge as the DT is employed across

to minimize various components and systems. Start small and then scale up on

development risks.

digitalization and integration to minimize risk. Subsequent development can
move toward automation. Leveraging existing solutions could minimize
efforts/risks. Prioritize integrated and standardized solutions as well as user-
friendly interfaces.

Engage all
stakeholders early in
the process, define
their responsibilities,

Depending on the scale and scope of the DT, a variety of stakeholders might be
involved in the DT development and deployment process. These could include
regulators, contractors, vendors, utility staff, grid operators, and so on. Each of
these entities could have one or more engineering teams collaborating on the

and plan for project (such as civil, mechanical, electrical, software), each providing a unique

disruptions. set of requirements and outputs for their specific scope. To maximize the
chances of successful implementation of a DT, engage stakeholders early in
the process and define clear responsibilities. Section 2.7.1.3 lists common DT
personnel roles. Plan and budget for inefficiencies in conventional business
practices and workflows resulting from disruptions due to DT technology
adoption.

Construction A few key use-case-specific best practices are summarized here from

sequence Section 4.1.5:

simulation.

¢ 3D model geometries should be sufficiently segmented to represent the
intended LOD.

e WBSs should be developed based on a singular classification method to
have a holistic schedule of values.

¢ While proceeding through the development and usage of the construction
sequence DT, a best practice is to create and log new versions of all models,
datasets, and DTs.

e Keep current and existing records in a cloud-based repository to give other
team members transparency and accessibility.
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Table 5-2 (continued)
Best practices

Topic Recommendation

PdM A few key use-case-specific best practices are summarized here from
Section 4.2.5:

o Ease of use should be a main consideration; many platforms are overly
complicated and have a user experience that few truly understand.

¢ Design platform security to ensure reliability and prevent unauthorized
access.

¢ Interoperability and integration of the specific technology platforms used
during the AR lifecycle.

5.4 Areas of Future Research

The research team found that DT technology is mature enough to transition from theory to
practical applications for selected use cases. Several enabling technologies and use cases are
vetted and viable; however, there are several areas where further research and development are
needed to ensure full implementation and adoption. Only through advancements in the definition,
implementation, monitoring, maintenance, and scaling of DTs will it be possible to provide
additional insights and accelerate widespread adoption in the nuclear industry. Based on the
literature review, conceptual framework development, use case evaluation, and DT development
framework examples performed in this study, Sections 5.4.1-5.4.5 suggest several areas in which
future research should be prioritized.

5.4.1 Business Cases

Results from the literature review and stakeholder engagement indicate a scarcity of business
cases for DTs in general and specifically for ARs. One of the main reasons is that early research
studies have focused on DT capabilities and functions, while cost/benefit analysis data is rarely
prioritized and/or shared publicly. In addition, the existing business cases typically cover specific
DT use cases and cannot be easily grouped into categories from which statistics or trends can be
derived. The widely varying scale and scope of DTs also make extrapolation of limited
datapoints very challenging.

Notwithstanding the lack of established business cases in the literature, this research filled some
gaps in cost/benefit analyses (see Section 2.7). Results from this project and other industry
efforts (for example, EPRI 3002015935 [14], GEMINA [13]) could help prioritize future studies
aiming to prove that DTs can result in significant cost savings. For example, future research
could investigate business case proofs-of-concept for AR applications and track costs, benefits
(projected savings over time, opportunities for economies of scale), challenges (assumptions,
lack of models), and lessons learned (most appropriate applications to reduce potential overruns).
Initial business case studies could focus on simple applications with less demanding vetting
requirements and then scale to more complex problems.
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5.4.2 Cybersecurity and Data Ownership

Many DT applications depend on an abundance of sensors and data and often rely on wireless
networks for data collection and sharing. Until a mature level of standardization and security is
achieved in hardware and software supporting data transmission across the DT ecosystem, DTs
might remain expensive and limited in functionality in the nuclear industry. Aspects such as
cybersecurity and data ownership (for example, intellectual property, export control) will likely
become increasingly important in the future as DTs grow in complexity and scale. Future pilot
studies could investigate these aspects and identify solutions for a range of data transmission
strategies. Because cybersecurity and data ownership are areas that require unique expertise and
experience, SMEs in these areas will need to support industry stakeholders to scope out potential
issues and solutions.

5.4.3 Technology Readiness

This study investigated the state of technologies enabling DT applications (see Section 2.6).
Some technologies and solutions are considered mature for practical applications, whereas others
require further development. This study identified some technology aspects that require
additional research to reach a sufficient level of readiness for successful deployment at an NPP
and could be prioritized in future research efforts:

e Data repositories — As DTs are developed and integrated for more assets and more data is
collected and processed in increasingly sophisticated data-driven and physics-based models,
demands for computing resources, data storage, and data management (such as compression,
reduced order modeling, optimization of data collection) are expected to increase
dramatically. These will likely become areas where innovation is required to enable larger,
more integrated, and more detailed DTs.

e Data structures — DTs require deployment of an instrumentation network, data processing
software, data storage hardware, and development of physics-based and/or data-driven
models for performance prediction and optimization. As multiple DTs are employed across
various components and systems, scalability and intersystem performance issues might
emerge from the use of different data protocols. Common semantic data structures could
facilitate DT adoption.

e Sensor integrity — In the case of ARs, sensors will have to be deployed in harsh environments
characterized by conditions such as high radiation levels, high temperature, or high
probability of mechanical damage (for example, in construction environments).
Consequently, sensing networks for AR DT applications will have to be sufficiently robust,
reliable, and resilient to such operational conditions.

e DT integration platforms and standardization — DT integration platforms and tools have
generally been deployed only for first-of-a-kind applications, although there are exceptions,
such as BIM. No mature DT integration technology is available for broad commercialization
across a variety of use cases. The lack of commercially available integration platforms is
exacerbated by a lack of standardization of various DT elements and components. Future
research could focus on developing standard integration platforms, protocols, and conceptual
frameworks that are broadly applicable across a variety of use cases.

5-6



Conclusions

5.4.4 Training, Verification, and Validation

Many DT use cases for ARs rely on high-fidelity simulations to predict and optimize the
physical asset performance. As such, advanced models and algorithms (such as AI/ML) are
expected to play a crucial role in the successful implementation of DTs. Stakeholders identified
training, verification, and validation of advanced models and algorithms as three critical aspects
to produce reliable data and robust uncertainty quantification. ARs are still under development
and lack historical data, which could affect training, verification, and validation efforts. Future
research could review opportunities to streamline these efforts, for example:

e Develop industry standards and guidelines for V&V of advanced algorithms, including
specific measures, tolerances, analysis, and file formats.

e Develop industry consensus on V&V process. For example, define stakeholder
responsibilities throughout the DT lifecycle, identify actions in case of nonconformances,
and establish data sharing protocols.

e Augment existing training databases using physics-based simulations.

5.4.5 Regulatory Certainty

Regulatory certainty (including and beyond V&V) will be critical to the successful adoption of
DT technology in the nuclear industry. Continued, ongoing engagement among regulatory bodies
(for example, the NRC), technical research organizations (such as EPRI), policy advocates (such
as the Nuclear Energy Institute), plant owners, and AR developers will be essential to ensure that
the regulatory readiness keeps pace with DT technology development and deployment. Future
studies could investigate options to develop infrastructure to support regulatory decisions
associated with DTs and increase knowledge sharing. Examples include cross-sectoral
committees focusing on specific AR DT gaps and collaborative development of industry
standards.
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Use Case Table

Table A-1
Use cases
Use Case Application Area Target Benefits Requirements
1 — Design
1.1 | Automated Design Updates via Integrated Design Platform * Design Optimization . Mitiglatesi_cosi of ?_esi%n updates, . Develop;n_nent a(\jn? ir;tegrat_ion of
e . , . . L . . . . accelerating iterative design process. parametric models for various
¢ Building information modeling (BIM) model integrating 3D geometry; bill-of-materials parametric design calculations, L ; . X
models, and analyses; hierarchical design requirements database; probabilistic risk assessment (PRA); cost model; ¢ EI?:rtr)wlaets' c;r;t;rg:zaatlgg 20(;2:.3 2605'%20mes e:_r:rigﬁi:f ii?:]%r’:rm::)rg:ltéogr(glggis
schedule; etc., to enable automated design updates across interdependent components and systems. v variou 'gn ou P del gt ti 3{ h ,d | Y
e Enables rapid iterative design process/virtual prototyping (safetyfrisk, cost, schedule, etc.). rr;o )e S, COSt estimates, schedules,
’ etc.).
e Can provide design update impacts on safety margin, risk insights, clash detection, cost, schedule, etc. « Development of optimization
¢ Analogous to multidisciplinary design optimization (MDO) as described in Flager et al. [45] and Martins and Lambe algorithms.
[46]. « Reliable material and labor rate data
for local markets.
1.2 | Construction Sequence Simulation ¢ Design Optimization * Minimize ambiguity in design to preclude | e Development of construction sequence
. . . L . . . e Configuration construction delays and costly design models.
. Siwu?;?sgialtgti%]drzwgrgk?;ngu?a?]n;iizy’ construction sequencing information, cost model, schedule, etc., to visualize and Management changes during construction. « Design tools with construction
e Enables 4D (spatiotemporal) virtual constructability, inspectability, and maintainability reviews in parallel with design * ggﬁ::;’; sz;dnﬂlgcﬁ];gﬁ?esérucnon cost isnetguf;(?jnwv?&eg?hgefz?::gx;a:)?d
development process. When coupled with Use Case 1.1, design changes stemming from these reviews can be rapidly : . ' d grat f ti
incorporated in an iterative fashion. . Wuen |r|1teg|rated v_\nth cost mod_el and Eesllgn information. f .
¢ Assists in ensuring completeness of design information prior to construction to minimize requests for information (RFIs) zg ﬁiﬂfe’sa,te';gig\gecfg::fehg:a| zed ) SEI\i/IrEyseirr]mgdaegs?ﬂenLgsgonStrUCtlon
and preclude construction-stage design changes, requalification engineering assessments, extended regulatory ang o timizeg Y gnp )
inspections, and associated cost and schedule impacts. P )
e Incorporate uncertainty into model input parameters to enable probabilistic simulations of construction sequence.
Identify most likely scenarios with least desirable outcomes and adjust the construction plan to mitigate them. For
example, simulate various potential as-built placement/geometries to identify high-risk elements of design most
adversely affected by out-of-tolerance/nonconforming construction.
1.3 | Site Selection Optimization ¢ Design Optimization ¢ Assist in identifying sites most likely to be | e Geographic information system (GIS)-
. . . _ . economically viable and successfully based framework for the region(s)
¢ ?Sé?nn?t?atis(gi;?éiﬂgztgri;s;i?iijgigss'sﬁ]{;’ I\|Ac/; er?:iégt:;gnﬁ?a?sl)so be used to automate generation of regulatory licensed. Directs focus of development under consideration, including data on
- ) ) . ’ ) . . fforts t ket i for which fact ffecti timal sit lection.
¢ Optimize site selection across multiple factors, such as location-specific construction cost variance, resource gdsar?c;\jlv ?égcTo?; ?A%gigs?g\?idgr e . ngc;i amzzt";?‘ gptilrr:iia?iloise e
availability and transportation, public safety and natural hazards, socioeconomic impacts, ecological and environmental maximal value al orithFr)ns P
impacts, geographic features, security, technological feasibility, and factors affecting economics of operation, such as « Shortened sch-edules for site selection g '
transmission losses and ambient temperatures of heat sinks. See Peng et al. [47] for an example of a potential o . e i ’
optimization framework for NPP siting fea5|b|llt¥ studf|fes, and site licensing
; oy . ) . . o . process for different site alternatives.
. g;:g::gﬁ \;vr:tg IT;?rda;i(ij gemgn platform described in Use Case 1.1 could enable two-way optimization of both site « Potential to inform plant design based on
P gn: site selection optimization by integrating
with integrated design platform described
in Use Case 1.1.
1.4 | Sensor Layout Optimization e Health Monitoring ¢ Cost savings by reducing number of ¢ Data-driven or physics-based model of

e Employ a data-driven or physics-based model of a physical asset to create “virtual sensors” that replace and/or
augment physical sensors (Kabadayi et al. [48]).

¢ Virtual sensors enable reduction of the number of real sensors deployed on the asset and/or provide additional
information about the asset that is not feasible to collect using physical sensors (Mohanty [49]).

o Perform optimization analysis to identify minimal set of physical sensors that, when integrated with digital model to
create virtual sensors, provide the required descriptive data for the physical asset.

physical sensors installed and
maintained.

Increased fidelity and completeness of
descriptive data about the asset enables
improved diagnostic, predictive, and
prescriptive analytics.

asset.
Sensor placement optimization
algorithms.
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Table A-1 (continued)
Use cases

Use Case Table

Use Case

Application Area

Target Benefits

Requirements

2 — Construction

2.1 Supply Chain Modeling, Simulation, and Tracking ¢ Configuration o |dentification of high-risk elements of e |dentification of critical elements of
¢ Digital model for visualizing, simulating, and tracking delivery of critical elements of supply chain for construction . M?or:?r?:dmljegfzisions rsnuiﬁpg(icc)gasl?r;?ee?:sbliﬂsnairr;};z?eioggsotna?\g S:?:rlri/ecégfsl,r}rﬁngrtrgﬂplttc())n?gduction
(Microsoft Corporation [50]), e.g., concrete batch plants, structural steel suppliers, structure module manufacturers, schgdule disru tgilons. an delive P P
and primary loop component manufacturers. ¢ Rapid identific:tion df suboptimal supply | e Data on hi?’:&)rical and current trends
. rF;ri[[?S;;go%og;tar?ec;:gg, can be used to run simulations to determine high-risk elements of supply chain and develop chain links during construction. Enables for reliability of supply chain elements
. ok impl ) f mitiqati h | S i .
¢ During construction phase, vendors, suppliers, and manufacturers provide live data feeds from their ﬂquelgsﬁ?;ietgnﬁq?;?,?q?;eoscnﬁgszoge|ays E-?t enables predictive modeling using
facilities/processes (e.g., facility production rates, qualification/inspection status, status and location of shipping and associated costs '
vehicles, live camera feed), which are integrated into the central digital twin (DT) platform for real-time tracking, control, ’
and issue mitigation.
e Could be integrated with Use Cases 1.2 and 2.2 to further improve the fidelity of construction sequence simulations.
2.2 | Real-Time Construction Sequence Optimization and Front-Running Simulations ¢ Health Monitoring » Improved efficiency of construction * Integrated construction sequence
¢ During construction phase, use DT similar to Use Case 1.2 to perform real-time optimization and front-running ¢ E)Aor;flgur;tlzr: . Oopetiﬁtifnj ts and schedul . gﬂulaﬁlﬁngfril/m}lrar tt(r) Utse; Ctase 1.2
simulations informed by monitoring of schedule- and cost-critical parameters (e.g., concrete curing (Barroca et al. [51]; | ? aged S - Epl ed cos sfa S¢ elt:]e. ith me n?tor ?iti ol . ?ns tu‘; ude ricr)l
Lim et al. [52]); health, efficiency, and productivity of construction equipment (Navon [53]); quantities of materials * Informed Decisions ¢ hary(\;va;mn_g N per?onr;e fea_ d ° to ? cal parameters during
delivered and installed; current weather and forecast; environmental/health hazards (Park et al. [54]); number, afze}[r S during construction for improve gons ll'ucljlop. deling DT similar t
geolocation, and biometrics of personnel; status of work products and inspections; supply chain data and predictions satety. L _ * Supply chain modeling L1 similar to
from Use Case 2.1; billings from suppliers). * Informed ad hoc decision-making based Use Case 2.1.
¢ Real-time tracking of critical parameters enables identification and mitigation of suboptimal construction operations. on klnowlzdge Oftl'ltre] l‘i consecgiue.nces of | Dleve_It%pment of optimization
¢ Front-running simulations provide real-time analysis of the likely consequences/outcomes of construction project unr;:]) ?pneti r?venr:js tangclcurt urrl:g f algorithms.
events and deviations from plan. Provides construction management with high-fidelity information to support optimal ﬁwoitis tL|Jr<1: ° tai1 n potential outcomes o
responses to construction deviations. gating actions.
2.3 | Automated Construction Quality Assurance ¢ Configuration e Improved quality control. ¢ Portable and durable sensor

¢ Capture and document as-built configuration using real-time sensing data, such as light detection and ranging (LiDAR),
computer vision, photogrammetry, instrumented tools.

¢ Integrate sensor data (e.g., point clouds, torque measurements on pipe flange bolts) with 3D BIM to automate and/or
facilitate QA of as-built configuration (e.g., rebar size and spacing, concrete finished surface dimensions) and identify
deviations/nonconformance (Akinci et al. [55]; Wang et al. [56]; Hong et al. [57]; Cumulus [58]).

e Couple with automated/integrated design calculations, such as in Use Case 1.1 to enable rapid evaluation and
requalification of as-built configuration.

e Can extend into maintenance and operations phases to automate tracking and QA as-operated plant configuration.

Management

Reduced cost and schedule impacts
from manual inspections.

Automated generation of as-built
documentation and plant maintenance
records.

equipment capable of deployment at
construction sites for generation of
high-resolution point-cloud data.

e Artificial intelligence/machine learning
(Al/ML) algorithms for integrating point-
cloud data with 3D geometry models,
classifying objects, detecting
deviations, etc.
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Table A-1 (continued)
Use cases

Use Case

Application Area

Target Benefits

Requirements

24

Prefabrication

e Portions of the facility and/or systems that are manufactured off-site in sections to enable rapid assembly on-site.

¢ Industrialized construction promotes the advancement of construction processes by employing mechanization and
automation.

e Industrialization provides reapplication of design to multiple projects, reducing time in planning, procurement,
manufacturing, and assembly.

¢ Inclusive of two stages—manufacturing of assemblies then erection of assemblies.

e Presents high quality for repetitive assembilies.

Specific Applications
Quality Control and Qualification of Off-Site Manufactured Components

o Off-site manufactured components (such as ASME-qualified vessels, structure modules) are delivered with an
accompanying DT designed to assist in demonstrating compliance with design requirements/ qualification.

o DT consists of a full characterization of design requirements, corresponding as-built measurements and parameters,
and a comparison to validate that the as-built configuration meets all specified requirements.

e For example, the DT could include a 3D geometric design model of a structural module, LiDAR scan of the as-built
module, and an analysis demonstrating that the as-built geometry is within the specified geometric tolerances required
in the design.

e Data gathered during manufacturing is integrated with DT to aid in defect detection, quality control, and design
optimization (e.g., LeVasseur and Kitchen [59]).

e Configuration
Management

o Maximize design efforts.
e Minimize schedule delays and

associated costs resulting from rejection
of nonconforming work products
delivered to construction site.

Automate and expedite validation of as-
built conformance to design
requirements.

Can reduce costs associated with
destructive testing and design iteration
for manufactured components
(LeVasseur and Kitchen, 2020).

¢ Upfront design/construction
considerations for prefabrication/
industrialized manufacturing of
systems.

¢ Specification of requirements for DTs,
parameters to be modeled and
measured, and validation tests to be
conducted and integrated with DT
upon product delivery.

e Development of methods for
comparing measured data to design
requirements (e.g., point cloud data vs.
3D model geometry).

3 — Commissioning

¢ Virtual plant simulating physical sensors, actuators, and plant physics/behavior are integrated with physical or virtual
control system to test, troubleshoot, and optimize plant systems and controls.

e Can be extended to Use Case 3.1.

¢ Analogous to virtual commissioning concepts described for manufacturing systems (Hoffmann et al. [61]; Lee and Park
[62]).

Management

rate of control system errors requiring
troubleshooting during commissioning
stage.

Identification of design flaws and
potential operational faults before
construction mitigates costly corrective
actions that would otherwise be required
during commissioning.

Enables feedback from commissioning
process into design of physical plant
systems, procedures, and 1&C systems.

3.1 Virtual Plant Simulator for Operations Training and Optimization ¢ Design Optimization More flexible schedul!ng ar)d r_educed . 3D.model of the environment (e.g.,
¢ Augment traditional concept of nuclear plant control room simulators (IAEA [60]) with 3D model of control room and/or C?]S;{gglpsgiﬁgzﬁql;ﬁ'nl:')ngc::n}[/r';;;ﬂsvs' ?2Itr:ar?103r;tg¢)alirzoosr?rﬁmg?£ plant, safety
plant environment integrated with process models for simulating plant behavior. fra?/ning facility to anyWhere that could . P)I/ant controls?ogic/proceés model
¢ Train personnel in simulated environments via virtual reality (VR)/augmented reality (AuR) without entering the support VR/AUR. integrated with virtual environment
physical plant or physical simulator. Simulate procedures involving activities both inside and outside of control room Data collected from simulations can be )
with 3D visualization and real-time simulated plant response. used to evaluate training effectiveness
¢ Supplement traditional written procedures with guided walkthroughs using AuR. and optimize control system, procedures
o Integrate other elements of personnel training (e.g., classroom instruction, visualization of thermodynamic processes and human error models. ’ ’
inside equipment) with virtual simulator environment to provide more immersive and interactive training. Improved training for personnel other
¢ Full-plant simulator can be used to augment training programs for other plant personnel besides control room than control room operators.
operators, e.g., managers, maintenance personnel, outage crews, health physics personnel (IAEA [60]). Enables feedback from training and
¢ Run simulations on scenarios most likely to induce human error, and then design the system to mitigate those human interaction simulations to inform
scenarios, errors, and consequences (Grieves and Vickers [22]). designs.
3.2 | Virtual Commissioning e Configuration Reduced overall commissioning time and | Virtual plant model described at the

level of sensors, actuators, and plant
behavior.

¢ Physical digital control system or
virtual representation of control system
logic integrated with virtual plant
model.
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Table A-1 (continued)
Use cases

Use Case Table

Use Case

Application Area

Target Benefits

Requirements

4 — Operations

4.1 | 3D mapping and AuR Visualization of Ambient Radiation Levels ¢ Optimized Operations ¢ Enhanced personnel safety, reduced o A DT of the facility capturing spatial
. o . I . 4 L . . ¢ Configuration dosage. and component layout information, and
* :'gtdeig:i?)tr? Ir:\;j;stlfhr:,gjgﬂgﬂl?ﬁesslg?]?r data with 3D building models to provide real-time in situ mapping of ambient Management e Decreased personnel effort for historical radiation levels in different
o Equip plant personnel with mobile AuR equipment integrated with the ambient radiation maps and personnel location performing radiation surveys manually. . E;rtﬁ;rg?rzjc;g?gn sensors (e
tracking to enable real-time visualization of radiation levels in the field, e.g., safety glasses with projected images permanently installed, worn by bglle.;nt
L]r;cah::ggr%;crgﬁﬁtgsegot spots” to improve implementation of “as low as reasonably achievable” (ALARA) dose personnel), integrated with DT.
e Use pathfinding algorithms to guide personnel through optimal routes to their destination to minimize personnel dose * VR/A.R software and FieV|ces.
exposure. . A_Igon_thms for an_alyszg new vs. y
e Compare real-time measurements from distributed sensors in plant and dosimeters worn by plant personnel with glnsécr);g:ﬁ;:ata to identify and classify
historical data to provide event-driven alarms and notifications of unexpected and new hotspots, which could be ’
indicative of system faults, leaks, or malfunctions.
e Couple personnel location tracking with contamination monitors to facilitate tracking, tracing, and cleanup of
contamination sources.
4.2 | Smart Chemistry Monitoring and Control ¢ Informed Decisions o Optimized chemistry controls. ¢ Improved PCS module to represent
¢ Integrate plant-specific heat balance/physical water chemistry models for secondary systems with SMART Plants * Health Monitoring ¢ !gg;??.i‘;?.;ﬁlg:g'%.;’.'aa?ﬁgyof adverse ﬂzg’glsspemflc heat balance physical
Works, a tool that enables importing of near-real-time chemistry data from plant systems, and includes a primary-to- Itrendlsl : tigati v e Inte rat.'on of data feeds from SMART
secondary leak rate calculator, trend analyzer, and other modules to evaluate plant chemistry (EPRI 3002020014 [15]). ' Plar?ts VIVorks into impbroved PCS
¢ Provide plant staff with robust description of current water (or other working fluid) chemistry conditions. P '
¢ Enable analytics to optimize chemistry controls and identify, classify, and mitigate adverse trends and anomalies.
¢ Possible extension to other plant areas, including heat exchangers and flow-accelerated corrosion modeling, to predict
and represent transients.
4.3 | Smoke and Fire Detection and Response System ¢ Informed Decisions e Enhanced safety. e Physics-based DT of the facility that
¢ Integrate 3D building model with live data feeds from smoke detectors, temperature sensors, and video cameras. * Design Optimization . Elfti&gtj(i)rpgri?nudar;{e (E)arcr;peargztlon.
o Use camera feeds for computer vision fire detection (Qi and Ebert [32]). smoke detect%rsqand )’:emperatu,re
¢ Integrate data feeds and building model with fire propagation models and computational fluid dynamics (CFD). Perform Sensors ’
front-running simulations (Grieves and Vickers [22]) to predict propagation scenarios and assess efficacy of alternative ’
mitigation measures to inform crisis management decisions in real time.
4.4 | Narrow-Band Dynamic Operating Envelope ¢ Informed Decisions ¢ Enhanced safety via increased sensitivity | ¢ Network of sensors and actuators.
¢ A model of the plant at the level of sensors, actuators, and plant behavior runs real-time simulations to predict the plant * Health Monitoring .to faults th_at could ot.herw_|§e b.e * Develc_)pment and trg_mmg of ano_maly
state corresponding to the actual control operations (Cilliers [63]) imperceptible. Early identification of detection and classification algorithms.
¢ Deviations between the simulated state and the measured state indicated by instrumentation signal plant faults, which Iﬁ;gzrb:;?erfytgsgt;%sl:gslg;&n: itions that | « E}Z(ﬂ?gﬂ;\;ﬂ: 'g;?grzg?g f?ggg};sin
would normally otherwise be imperceptible and/or masked by automated control system compensation. « Improved efficiency and eﬁicac.y of al orith,ms and user,interfapce g
e The DT alzo s_ir_nulates the control system response to faults, which is used to classify faults and inform operator maintenance and troubleshooting 9 ’ '
response decisions. operations by providing additional
context to operators to aid in fault
classification and root-cause analysis.
4.5 | Personnel Tracking and Authorized Access Enforcement ¢ Informed Decisions e Enhanced security through improved e A DT of the facility capturing spatial

¢ Use data from motion, infrared, light, and security access sensors with wearable personal location device and the as-
built facility DT to provide visibility into occupancy and movement of personnel throughout plant.

e The personal location devices could include features such as push-button emergency alert for accidents, biometric
sensors to detect dangerous vital conditions, and automated detection of slips-trips-falls.

¢ Configuration
Management

visualization of real-time personnel
location.

e Enhanced personnel safety via
monitoring and tracking biometric
responses to plant environments and
tasks.

and component layout information.

¢ Network of motion, infrared, light, and
security access sensors integrated with
data from personal location and health-
monitoring wearable devices.
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Use Case Table

Table A-1 (continued)
Use cases

Use Case

Application Area

Target Benefits

Requirements

4.6

Automated Quality Control and Yield Optimization of TRISO Pebble Production

¢ Collect data feed from various parameters potentially affecting tristructural isotropic (TRISO) fuel pebble quality (e.g.,
chemical composition, temperature, pressure at various production stages). Integrate with data on quality of end-state
product.

e Leverage ML/AI algorithms to implement a smart process control system to maximize yield and quality of TRISO
pebbles for pebble-based ARs.

¢ Analogous to Westinghouse approach for nuclear fuel pellet manufacturing [64], with reported savings in excess of $1
million per year (Golchert and Banyay [65]) and increased business of $10 million per year (Langley and Simon [66]).

¢ Informed Decisions

e Cost savings and increased yield of
usable product by minimizing process
waste, rejected product, and destructive
testing.

* Network of sensors to detect the yield
of the manufacturing process.

¢ A network of actuators that can alter
the parameters of the manufacturing
process to maximize yield.

4.7 | Fleet-Level Performance Optimization ¢ Informed Decisions ¢ Improved operational efficiency and ¢ DTs for corresponding components,
¢ Use an integrated system of individual plant-level DTs to rapidly optimize fleet output and operational costs. tsgritj); bgnfgﬂgt;tlggrig:r?fng liﬁsas?lzse’t :}éfézrsnfr’l&:ielr:a tlr?aﬂltasn\};h;?r:eag?; std
¢ Integrate data feeds and predictive models for grid demands, individual plant performance, maintenance schedules, . Real-ti,me monitoring of fFI)eet ' R Developmenﬁ ofpfleetwide optimization
environmental factors affecting efficiency (such as ambient temperatures) into optimization algorithms to provide erformance alqorithms
prescriptive guidance on individual plant operation that optimizes overall plant performance. P ' Dg I -t f optimized d
¢ Applicable to nearly identical components, systems, or plants in a fleet, such that data collected from one plant may be * Leployment of optimized procedures.
used to inform decisions pertaining to other plants. Analyze feeds of operational parameters across the fleet to
automatically identify patterns, outliers, inefficiencies, “best practices,” etc., which can inform operational decisions.
¢ Particularly relevant for ARs because many designs are anticipated to be deployed with multiple units at a single site
and/or across multiple sites, that is, deployed as a fleet of nearly identical plants.
o Monitoring fleet performance enables identification of opportunities for enhancements and improved design features
into next-generation designs.
4.8 Mobile Access to D|q|ta| Confiquration Manaqement Information L] Conﬁguration e Cost SaVingS from increased effiCiency e Data-centric CMIS (EPRI 3002003126
¢ Allow real-time access and viewing of current and historical documents (e.g., drawings, P&IDs, design-basis Management idnusnTa%tci)c?r:arzagnviémc?cl)ruin:;ic\ﬁt,ies f%%_ f the facilit turi built
documents, procedures) by pointing a mobile device’s camera at a component of interest, scanning a QR code with a | P d h ” d. ¢ i (I) : actiity Ca% :mng tas- ul
mobile device’s camera, or selecting from a list of nearby components based on the mobile device’s current location in ¢ Improvead human periormance and error spatial and component 'ayou
the plant. reduct|op by providing h|g|j-guallty o information (Epd State 5 - 2D/3D
information to support decision-making in Model Integration per EPRI
the field. 3002003126 [29]).

e Development and validation of ML/AI
algorithms that can identify
components from mobile camera
feeds; or installation of scannable QR
codes on each component; or
technology capable of listing nearby
components based on mobile device
location.

4.9 | Monitoring and Active Management of Thermal Stresses in High-Temperature Coolant Lines * Health Monitoring * Active control using DTs has the * Sensor network providing real-time

¢ Use active control to manage large thermal movements and stresses in AR high-temperature coolant lines via DT with
predictive stress models.

o Perform analysis of real-time sensor data (e.g., temperatures, displacements, strains, and forces in pipes and
supports) in integrated physics-based (FEM) and/or data-driven (Al/ML) predictive models to determine full-field
characterization of displacement response, stresses, and strains.

¢ Leverage the analytical results to optimize actuator response to accommodate thermal movements of the connected
equipment and mitigate stresses.

e Can be extended to lateral supports of the reactor vessel as well.

¢ Informed Decisions

potential to significantly simplify the high-
temp piping design and construction of
ARs, a key cost target of AR developers.

inputs to predictive models.

¢ Integrated physics-based and/or data-
driven predictive models for piping,
equipment, supports, and potentially
structure.

o Capability to adapt predictive models
based on actual response from
actuator inputs to system.

¢ Actuator hardware, engineering, and
maintenance.
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Use Case Table

Table A-1 (continued)
Use cases
Use Case Application Area Target Benefits Requirements
4.10 | Digital Twin Application for Earthquake Early-Warning Scram System ¢ Informed Decisions e Increased safety by early initiation of e DT integrating seismological activity
¢ Use a DT of the site geodynamics coupled with spatially distributed accelerometer network to proactively scram a * Health Monitoring . ga:sci[t?;jg;?ig via enablina relaxed mggggmg with wave-field prediction
reactor before the arrival of damaging seismic waves from a distant seismic event. seismic desian criteria for %SCS . Demon.stration of efficacy and
o Can potentially allow for relaxation of seismic design criteria for various SSCs, such as those affecting safety only 9 ' reliability of predictive ca);)ability with
during reactor operation (i.e., not required to function following reactor scram). sufficient warning time for scram.

e Framework for justifying relaxation of
seismic design criteria based on
crediting early scram.

4.11 | Simulated Stress Testing of NPP’s Cyber Security Framework ¢ Health Monitoring ¢ Extensive testing of the facility’s cyber- o A simulator of the facility’s primary
o Employ a DT of the plant primary system that simulates the operations of the primary components, the reaction control f:::g Srgzltﬁgr:esiAnbit(;gftgr/f:glv: of (s;yts)teerrg,e((:;rlljtrlict;aIsczrt]érrﬁlssystems, and
systems, the main control room supervisory control and data acquisition (SCADA) systems, the logic controllers that otentia’l vulnera%ilities which cangbe 4 y sy |
manipulate the reactor operating parameters, and the plant’s cyber-security systems (e.g., firewalls) to create a testbed g ddressed to develo rﬁore robust cvber-
for simulation of various cyber-attacks, test the facility’s cybersecurity systems, and assess vulnerabilities. security systems P y
o Attack vectors are simulated to breach the cyber-security systems modelled in the DT testbed and gain access to the ’
virtual plant controllers and SCADA systems to acquire control of the virtual reactor.
e Can be used to assess the impact of a particular system being compromised.
e The concept has been demonstrated through IAEA-sponsored (Coordinated Research Project #J02008) Asherah
Nuclear Power Plant Simulator deployed in a closed-loop DT testbed (Silva [67]).
5 — Maintenance
5.1 | Robotic Maintenance e Health Monitoring ¢ Cost savings. e A DT of the plant environment being
e Training, rehearsals, and commissioning of autonomous robots performing maintenance activities in digitally simulated * DeS|gn Oplt|m|zat|on * Ephanced safety gnd reduced dosage S|mulat9d. .
environments. ¢ Configuration via un.manned maintenance. . . . Integratlonchlf plar;]t enwrlonment DJT
e DT can integrate various combinations of virtual and physical plant systems, components, and environment; robot Management * E.nabllrllg te_chnology for A.R designs with and robot _ort e enwronment
controller and control program; and robot itself highly irradiated local environments. and the physical robot and its
¢ DT of robot enables optimization, health monitoring, performance enhancement, qualification, etc., for the robot and controls/sensing systems.
the services it provides. Enables digital engineering of robot design and de-risking of robot operations prior to initial
deployments.
e DT of robot and environment, integrated with actual robot controller enables virtual commissioning of robot controllers
(e.g., programmable logic controllers, control programs and algorithms) analogous to Use Case 3.2.
5.2 | Virtual Walkdown and Inspection ¢ Health Monitoring e Increased efficiency in activities requiring | ¢ A DT of the facility capturing spatial

¢ VR with a 3D BIM model integrated with live-feed video or periodically updated photographic surveys (undertaken
manually or automatically using high-end cameras mounted on autonomous vehicles).

¢ Virtual access (VR/AuUR) for maintenance/outage planning and strategizing in highly irradiated and contaminated
areas.

e Perform pre-job briefs and even rehearse outage activities on a virtual plant before the actual outage to help
coordinate, plan, and optimize activities.

¢ Limits physical plant access improving worker safety (minimizes radiation dose and other workplace hazards),

schedule, and associated costs.

eyes-on access to plant, and
corresponding reductions in costs and
schedules.

Enhanced safety, dosage reduction from
reduced congestion in plant.

and component layout information.
¢ VR/AUR development software and
devices.
¢ Dedicated VR/AUR facility.
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Use Case Table

Table A-1 (continued)
Use cases

Use Case

Application Area

Target Benefits

Requirements

5.3

Integrated Dynamic Probabilistic Risk Assessments

¢ Integrate systems logic model with data-centric configuration management information system (CMIS; EPRI
3002003126 [29]) to keep model current with as-operated plant configuration.

e Parameterize failure probability calculations (e.g., fragility calculations for seismic and high-wind PRAs) by SSC
parameters that can be measured and updated automatically.

¢ Measure/monitor risk-dominant parameters as determined by PRA and underlying analyses, e.g., median water level
in storage tanks, common-cause failure data, SSC availability.

¢ Integrate real-time data feeds with failure probability calculations to enable real-time dynamic PRA.

¢ Run “front-running” simulations of accident progressions in real time to assist operators with sensemaking during
complex situations and crisis management (Grieves and Vickers [22]).

¢ Health Monitoring

Shorter cost and duration for ongoing
maintenance of PRA.
Reduced risk/enhanced safety.

e Increased opportunity for incorporation of

risk-informed insights into licensing
applications.

¢ PRA integrated with data-centric
CMIS, real-time sensor data for risk-
important parameters, and parametric
failure probability calculations.

e Electronic failure probability
calculations using software where
calculation inputs can be
parameterized.

o Efficient solver/algorithm for
quantifying PRA model to enable real-
time updates.

Sensor Fault-Detection

54 ¢ Health Monitoring ¢ Increased reliability. ¢ Physics-based DT of the component
e Use a physics-based DT coupled with ML/Al algorithms to determine whether a deviation between the DT and sensor e Improved §afety, e.g., ?SSiSt operators in of interest. o
readings is due to faulty sensor readings or anomalous component operation. Effectively, use virtual sensing (Use sensemaking during crisis * Development of training data for the
Case 1.4) to monitor the health of physical sensors (Cilliers [68]; Ramuhalli et al. [69]). situations/accident scenarios by ML/Al algorithms. _
« Can determine whether the sensor needs to be inspected, recalibrated, repaired, replaced, etc. Identll'fytIJTg/fseTtsor readings that may be | « Validation of ML/Al algorithms.
unreliable/faulty.
5.5 | Predictive Maintenance ¢ Health Monitoring e Cost savings. e Hybrid physics-based, data-driven DT

e Combine operating experience data (e.g., PMBD, EPRI 3002005428 [44]), real-time instrumentation data, mechanics-
based modeling, and ML/AI algorithms to assess current health and predict remaining life.

¢ Used to inform and optimize maintenance activities, encouraging condition-based maintenance in favor of time-based
maintenance.

Specific Applications

e [rradiation-assisted stress corrosion cracking (IASCC) of highly irradiated elements of primary system. Predict IASCC
crack initiation and propagation, and remaining time to significant degradation based on real-time measured data on
flux rate, vibrations, temperature, etc.

o Condition assessment of electrical cables based on physics-based DT and operational history of the cables.

e Main turbine bearings. Monitor parameters such as number of operational cycles, bearing temperatures and loads,
rpm, etc. Determine grease degradation using ML/Al framework trained on photographs taken during visual
inspections, reducing and eventually eliminating dependence on costly laboratory testing.

e Emergency power lead-acid batteries (and/or other electrical equipment). Integrate loading histories captured over the
service life with performance and aging models. Monitor cell chemistry, battery temperatures, cell voltage, power
cycles, power quality, response to loading and charging, etc.

Reduced maintenance.

Increased reliability of equipment
performance.

Enhanced safety by minimizing
avoidable/noncritical maintenance
activities.

of the subject component or system.

¢ Historical operating experience
empirical data.

e Development of training data for the
ML/AI algorithms.

¢ Validation of ML/AI algorithms.
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Table A-1 (continued)
Use cases

Use Case Table

Use Case

Application Area

Target Benefits

Requirements

5.6

Structural Health Monitoring (SHM)

e Employ a system of embedded or surface-mounted strain gauges and load transducers capturing real-time data
integrated with physics-based structural models to detect structural degradation and/or anomalous load conditions.
¢ Implement ML/Al-enabled drone-based inspections to detect concrete cracking and estimate the severity of cracking

condition with regard to structural performance for design-basis loads.

Specific Applications

o SHM for below-grade structural wall water intrusion and degradation. Enables vertical cut excavations for embedded
AR cavity construction to reduce costs, which otherwise pose QA and regulatory challenges with regard to below-
grade waterproofing systems. The DT-based SHM system can monitor moisture penetration to identify and predict
significant structural element degradation and its impact on the credited safety functions for operability.

e SHM for vibration-based damage and degradation. Modal behavior analysis can help verify that the in situ behavior
conforms to the design intent and reveal structural deficiencies induced by unforeseen conditions. Examples include
load amplifications and stress concentrations due to SSCs double-resonance or flexible structure response.

e SHM for inelastic deformations and crack detection through acoustic emission monitoring. Applications include
structural elements made of reinforced concrete, steel, or composites. Acoustic wave analysis can identify defect
formation and failures, such as those resulting from creep, thermal stresses, cooldown cracking, fiber breakage,
debonding, and leakage.

e SHM in extreme environments, such as highly radioactive or electromagnetic spaces, through optical fiber Bragg
grating (FBG) sensors. FBG sensors measure strains and temperature changes by measuring propagation of
particular wavelengths through the fibers. FBG sensors’ distinctive advantages (compactness, lightweight, linearity,
embedding capability, immunity to electromagnetic interference and corrosion, high signal-to-noise ratio) make them
attractive for a variety of monitoring applications, including thermal gradients during concrete curing, crack
propagation, and multi-axial strain and tilt information.

¢ Health Monitoring

e Increased reliability
¢ Reduced maintenance

¢ Physics-based structural models.

¢ Network of strain gauges and load
transducers.

¢ Development of training data for the
ML/AI algorithms.

¢ Validation of ML/AI algorithms.

6 — Decommissioning

6.1 | Deconstruction Sequence Simulation ¢ Configuration ¢ Improved fidelity of decommissioning ¢ Development of deconstruction
¢ Similar to Use Case 1.2, enables simulation of the planned deconstruction sequence to identify feasibility and Man.ageme.nt. : cost and schedule estimates. sequence models.
challenges that could surface during execution. * Design Optimization
o Allows simulation of various deconstruction strategies and a more realistic evaluation of alternative strategies.
¢ Enables evaluation of impact of various uncertainties that could result in undesirable outcomes, to better optimize the
deconstruction plan.
6.2 | Chain of Custody Management for Irradiated Waste ¢ Configuration o Identification of high-risk elements of e |dentification of critical elements and

¢ Digital model for visualizing and tracking handling and movement of irradiated waste at and away from site during
decommissioning/deconstruction.

e Can be used to run simulations to determine high-risk elements of moving irradiated waste and develop mitigation
strategies.

Management
¢ Informed Decisions

handling and moving irradiated waste to

enable early adoption of mitigation
strategies. Improves safety.

monitoring parameters important to
safety of moving irradiated waste.
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Questionnaire on Use Cases for DTs

Questionnaire on Use Cases for Digital Twin (DT) Applications for Advanced Reactors (ARs)
for the
Advanced Reactors Technical Advisory Group (TAG)

1. Based on the initial screening of the twenty-nine use cases, please pick your top five use cases, and rank them in each category
per the table below:

Rank (1 = Best, 5 = Worst)
Technology Readiness Utility / - Regulatory AR Comments
I Feasibility Cost| vawe |S¢aaPIYY | crallenges | Applicabitity | ©Vera!

Use Case
Number

2. Which considerations (technology readiness, cost, utility/value, scalability, regulatory challenges, AR applicability) were most
important to you when screening the use cases, and why?

3. Please advise on any additional aspects, qualities, or characteristics of use cases that should be considered in prioritizing and
down-selecting going forward.

4. Please identify any specific systems or features that are unique to ARs and/or to your particular AR|technology (e.g., molten salt
pumps, pebble-bed reactor) that could potentially benefit from a DT application but was not mentioned in the use case list.

5. Are there any use cases you envision for your AR technology that we missed and which you would have ranked the same or
higher than the above five use cases? If so, please describe.

6. What are the most significant challenges you see to implementing DTs for ARs?
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