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Disclaimer

This report was prepared as an account of work sponsored by an agency of the U.S.
Government. Neither the U.S. Government nor any agency thereof, nor any employee, makes
any warranty, expressed or implied, or assumes any legal liability or responsibility for any third
party's use, or the results of such use, of any information, apparatus, product, or process

disclosed in this publication, or represents that its use by such third party complies with applicable
law.
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EXECUTIVE SUMMARY

On January 31 and February 1, 2024, the U.S. Nuclear Regulatory Commission (NRC) Office of
Nuclear Regulatory Research hosted a public workshop ' to explore the human role in remotely
operated advanced nuclear reactors. The workshop was conducted as part of a larger research
project with the U.S. Department of Energy’s Idaho National Laboratory (INL) to inform the
development of guidance on human factors reviews of license applications for advanced reactor
designs that include novel concepts, such as remote or highly automated operations.

The goals of the workshop were (1) to understand concepts of operations the nuclear industry is
considering that may include elements of remote operation, and (2) to gain insight into how well
the NRC’s current guidance is suited to the human factors review of these concepts.

The workshop was hosted as a hybrid meeting, with in-person attendees at NRC Headquarters
and virtual attendees joining through Microsoft Teams. There were approximately 60 in-person
participants and over 230 virtual participants. The workshop included NRC staff members,
advanced reactor vendors, current reactor licensees, researchers, industry consultants, and
international regulators. NRC and INL staff members facilitated the 2-day workshop through a
combination of focused presentations and discussions.

Day 1 of the workshop included presentations by NRC and INL staff members on ground rules for
the regulatory feasibility of remote operations and the NRC's proposed rulemaking for Title 10 of
the Code of Federal Regulations (10 CFR) Part 53, “Risk-Informed, Technology-Inclusive
Regulatory Framework for Advanced Reactors” (NRC, 2024). The afternoon of Day 1 included
presentations from industry representatives involved in the design and development of advanced
reactors, including Westinghouse, Radiant Nuclear, Kairos Power, General Electric (GE) Vernova,
Flibe Energy, and NextEra Energy. The industry presentations included overviews of advanced
reactor design concepts; the potential role of remote monitoring or operation in advanced reactor
designs; and perspectives on where guidance is needed to support future license applications.

Day 2 opened with a series of stakeholder presentations sharing unique perspectives on remote
operations with presenters from Sargent and Lundy, the Electric Power Research Institute, and
the Institute for Energy Technology’s Halden Human-Technology Organisation Project. Next,
NRC staff members presented on the NRC’s human factors technical review process and the
agency’s development of a scalable process for performing human factors reviews as
documented in the draft interim staff guidance DRO-ISG-2023-03, “Development of Scalable
Human Factors Engineering Review Plans,” issued September 2022 (NRC, 2022). The afternoon
concluded with breakout discussions among the in-person attendees to further explore the
human-system interactions in concepts of operations that involve remote operation, including
areas that might be challenging or have unique implications for human performance. Discussions
were organized into five topical groups, based on the seven elements of a concept of operations
identified in the proposed draft 10 CFR 53.730(c).

1 The public meeting notice is available at https://www.nrc.gov/pmns/mtg?do=details&Code=20240019.
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Facilitation of the industry and stakeholder presentations and discussion enabled the NRC to
meet the objectives of the workshop. The following are some of the major takeaways from the
workshop:

Reactor vendors are considering near-term strategies ranging from no remote operations
to remote monitoring of near-autonomous operations.

Some vendors are considering the use of automation, passive safety features, and
inherent safety characteristics to support personnel in monitoring or controlling reactors
from a remote location.

Some vendors are planning to employ an iterative design process. This may include
establishment of a centralized facility that evolves from remote monitoring capabilities to
remote control capabilities.

Reliance on passive safety features and automated safety functions may necessitate more
stringent maintenance and testing to ensure that these features and functions perform as
expected.

Standardization, including international standardization, may be particularly important for
vendors contemplating remote operation of multiple reactor units across multiple sites.
This includes standardization of operator licenses, to the extent possible.

Remote operation is being considered as a way to reduce overall staffing levels, which is
also likely to change the roles and responsibilities of personnel at the remote facility and at
the reactor site.

The use of remote operation may be considered in addition to local (onsite) support rather
than in lieu of local support. Remote operation could be both a part of normal operations
and a means of supporting operations during emergencies at the reactor site (e.g., during
a local control room evacuation).

The nature of communication, coordination, and teamwork may change with the
introduction of remote operation, particularly if remote operators, local operators, and
other personnel (e.g., maintenance, security) are geographically dispersed.

Changes to the role of the human due to increased automation and use of remote
operation may affect the situation awareness, workload, response time, and vigilance of
personnel.

Workspaces used for remote operation should be designed flexibly and adaptably to
address the potential for high cognitive workloads.

A performance-based approach that integrates validation early and throughout various
stages of the design process is important for addressing the risks associated with changes
to the human role.

The insights from this workshop will inform the NRC’s ongoing research efforts supporting the
development of future guidance on human factors reviews of license applications for advanced
reactor designs that include remote monitoring or remote operation.
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1 INTRODUCTION

On January 31 and February 1, 2024, the U.S. Nuclear Regulatory Commission (NRC) Office of
Nuclear Regulatory Research hosted a public workshop to explore the human role in remotely
operated advanced nuclear reactors. The workshop was conducted as part of a larger research
project with the U.S. Department of Energy’s Idaho National Laboratory (INL) to inform the
development of guidance on human factors reviews of license applications for advanced reactor
designs that include novel concepts, such as remote or highly automated operations. The goals
of the workshop were the following:

(1) to understand concepts of operations the nuclear industry is considering that may
include elements of remote operation

(2) to gain insight into how well the NRC'’s current guidance is suited to the human factors
review of these concepts

This report summarizes the presentations and discussions that occurred during the workshop
and provides the authors’ perspectives on how the information gathered from the workshop
might inform the NRC’s future human factors research and guidance development activities.
The views and opinions presented in this report are those of the authors and the individual
workshop participants, and publication of this report does not constitute NRC approval or
agreement with the information contained herein. The use of product or trade names in this
report is for identification purposes only and does not constitute endorsement by the NRC.

The report is organized as follows:

o Section 2 presents an overview of the workshop agenda, participating organizations, and
key questions provided in advanced of the workshop to support presentations and
discussions.

) Section 3 provides summaries of the workshop presentations and discussions, including

references and hyperlinks to presentation material.

) Section 4 summarizes the outcomes of the workshop, including information on how the
use of remote operation is being considered in advanced reactor design concepts, as
well as considerations for guidance on human factors reviews.

o Section 5 presents the authors’ conclusions on how the workshop outcomes could
inform future research and licensing activities.



2 WORKSHOP OVERVIEW

The NRC organized the workshop “Human Factors Considerations for Remote Operation of
Nuclear Facilities” to provide an opportunity for early engagement among those involved in the
development and deployment of advanced reactor technologies on the topic of human factors
and remote operations. The agency hosted the workshop as a hybrid public meeting at NRC
Headquarters in Rockville, Maryland. There were approximately 60 in-person participants and
over 230 virtual participants, including NRC staff members, advanced reactor vendors, current
reactor licensees, researchers, industry consultants, and international regulators. Table 2-1
presents the workshop agenda, and table 2-2 lists participating organizations.

The key questions explored during the workshop, listed below, focused on human factors
considerations for the design and operation of nuclear facilities. The questions were organized
based on the seven elements of a concept of operations (ConOps) identified in the NRC’s
proposed rulemaking for Title 10 of the Code of Regulations (10 CFR) Part 53, “Risk-Informed,
Technology-Inclusive Regulatory Framework for Advanced Reactors,” specifically proposed
10 CFR 53.730(c) (NRC, 2024). A ConOps includes the high-level missions and goals of a
facility, the functions and operational practices needed to manage both normal and off-normal
situations, expectations related to human performance, and the interactions between personnel
and facility systems that help ensure that safety systems will function correctly when needed.
The staff further described the elements of a ConOps in appendix A to the draft interim staff
guidance DRO-1SG-2023-03, “Development of Scalable Human Factors Engineering Review
Plans,” issued September 2022 (NRC, 2022). The seven ConOps elements and associated
questions are as follows:

(1) Plant Mission/Goals

. What will be the primary mission(s) of the reactor facility?
. What are the facility’s safety and emergency response functions?

(2) Roles and Responsibilities of Personnel and Automation

) What will be the role of personnel in performing and ensuring the achievement of
plant safety and emergency response functions?

o What role will plant personnel have in other facility mission functions?
) From where will the personnel role in each of these functions be achieved?

(3) Staffing, Qualifications, and Training

o What are the planned number and qualifications of onsite staff and remote staff?

o What staffing plan changes are anticipated, if any, over the course of a facility
license?

o Where will personnel be trained and qualified (e.g., at the reactor facility, at a

remote operations facility, other)?

(4) Management of Normal Operations



. What will be the roles of personnel in the monitoring and control of normal
operations (e.g., startup, power level control, shutdown, refueling)?

. Where will personnel perform the duties to fulfill these roles?

(5) Management of Off-Normal Conditions and Emergencies

° What will be the roles of personnel in responding to off-normal and emergency
conditions?

. Where will personnel perform the duties to fulfill these roles?

° Will response to off-normal or emergency conditions require personnel to be

dispatched to the reactor site? If so, from where?

. How will a loss or degradation of communications (e.g., control signals, safety
parameters) between the reactor facility and remote operations facility be
managed?

(6) Management of Maintenance and Modifications

o What will be the roles of personnel in performing maintenance and
modifications?

o Where will personnel perform the duties to fulfill these roles?

(7) Management of Tests, Inspections, and Surveillance
) What will be the roles of personnel in tests, inspections, and surveillance?
o Where will personnel perform the duties to fulfill these roles?

Table 2-1 Workshop Agenda
TIME TOPIC SPEAKERS
WORKSHOP DAY 1—JANUARY 31, 2024

9:00 a.m.—10:00 a.m. Workshop Opening and Introductions ¢ Niav Hughes Green and
Stephanie Morrow, Workshop
Coordinators, NRC
¢ Ray Furstenau, Acting Executive
Director for Operations, NRC
10:00 a.m.—10:15a.m. | BREAK

10:15a.m.—-11:30 a.m.  [Session 1: Overview of NRC Ongoing ¢ David Desaulniers, NRC
Regulatory Development Areas e Thomas A. Ulrich, INL
¢ Development of Ground Rules for ¢ Theresa Buchanan, NRC

Remote Operations
¢ Ground Rules for Remote Operations
Through a Human Factors Lens
e Proposed Part 53 Rulemaking
¢ Key Questions for Workshop
11:30 a.m.—1:00 p.m. LUNCH (on own)



TIME
1:00 p.m.—2:30 p.m.

2:30 p.m.—2:45 p.m.
2:45 p.m.—4:15 p.m.

4:15 p.m.—4:30 p.m.
4:30 p.m.

9:00 a.m.—9:15 a.m.

9:15a.m.—-10:15 a.m.

10:15a.m.—10:30 a.m.
10:30 a.m.—11:30 a.m.

11:30 a.m.—1:00 p.m.

1:00 p.m.—1:30 p.m.
1:30 p.m.—2:45 p.m.

2:45 p.m.-3:00 p.m.
3:00 p.m.—3:45 p.m.

3:45 p.m.—4:00 p.m.
4:00 p.m.—4:15 p.m.

TOPIC

Session 2: Industry Presentations on
Remote Operation Concepts*

SPEAKERS

¢ Nuria Bernal Cortés,
Westinghouse eVinci™
¢ Chanson Yang, Radiant Nuclear
e Christopher Poresky,
Kairos Power
BREAK

Session 3: Industry Presentations on
Remote Operations Concepts*

Dan Laughman, GE Vernova
D.J. Hanson, Flibe Energy
Annie Paskavitch,

NextEra Energy

NRC/public

Public Comments (Open to All)
Day 1 Adjournment

WORKSHOP DAY 2—FEBRUARY 1, 2024

Day 2 Opening Niav Hughes Green and Stephanie
Morrow, Workshop Coordinators,
NRC
¢ Cristina Corrales, EPRI
¢ Rick Paese, Sargent and Lundy
¢ Daniel Odéen and Per Givind
Braarud, Institute for Energy
Technology (Halden HTO

Session 4: Stakeholder Presentations*

Project)
BREAK
Session 5: NRC Human Factors Review e Brian Green, NRC
Process e David Desaulniers, NRC

¢ NRC Human Factors Reviews:
Current Practices and Preparing for
the Future*®
¢ Development of Scalable HFE Review
Plans for Advanced Reactors*
LUNCH (on own)
Summary of Range of Concepts of
Operations Discussed on Day 1
Breakout Discussions of Concepts of
Operations for Remote Operation**

BREAK

Casey Kovesdi, INL

All In-Person Participants

Summary of Breakout Discussions and  [NRC/INL
Key Takeaways
Public Comments (Open to All) NRC/Public

Day 2 Closing and Next Steps Niav Hughes Green and Stephanie
Morrow, Workshop Coordinators,

NRC

*Includes open discussion of questions from in-person and virtual participants.
**Breakout discussion activity from 1:30 p.m. to 2:45 p.m. for in-person patrticipants. Virtual participants will
break until 3:00 p.m.



Table 2-2 Organizations Participating in the Workshop

Aalo Atomics

Atomic Alchemy

ARC Clean Technology

Boston Atomics

Brookhaven National Laboratory

BWX Technologies, Inc.

Canadian Nuclear Safety Commission (CNSC)

Curtiss-Wright

Dominion Energy

. Electric Power Research Institute (EPRI)*

. Flibe Energy, Inc.*

. Florida Institute of Technology

. Framatome, Inc.

. General Electric (GE) Vernova*

. Global First Power

. Holtec

. Idaho National Laboratory*

. Information Systems Laboratories (ISL)

. Institute for Energy Technology (Halden Human-Technology Organisation Project)*

. Kairos Power*

. McMaster University

. NextEra Energy*

. Nuclear Energy Institute (NEI)

. Nuclear Promise X

. Nuclear ROSE Consulting, LLC

. NuScale Power, LLC

. Oklo

. Paragon Energy Solutions

. Radiant Nuclear*

. Reploy Power

. Sargent and Lundy*

. System Applications and Products (SAP)

. Tecnatom

. TerraPower

. U.K. Office for Nuclear Regulation (ONR)

. Ultra Safe Nuclear Corporation

. United Engineers and Constructors

. University of Central Florida

. University of Toronto

. U.S. Nuclear Regulatory Commission*

. Westinghouse*

42.

X-energy

(Listed in alphabetical order. * Indicates workshop presenter.)




3 SUMMARY OF WORKSHOP PRESENTATIONS AND DISCUSSION

3.1 Session 1: Overview of NRC Ongoing Requlatory Deployment Areas

3.1.1 Developing Ground Rules for the Regulatory Feasibility of Remote Operations of
Nuclear Power Plants

Dr. David Desaulniers, Senior Technical Advisor for Human Factors and Human Performance
Evaluation in the NRC’s Office of Nuclear Reactor Regulation (NRR), presented on the
development of ground rules for the regulatory feasibility of remote operations. The ground rules
report was the result of an interdisciplinary NRC staff effort to establish a basis for identifying
and addressing future regulatory needs pertaining to remote operation of nuclear power plants
(NRC, 2021). Dr. Desaulniers’ accompanying slides can be found on pages 8-22 of the
NRC/INL workshop presentation at Agencywide Documents Access and Management System
Accession No. ML24030A001.

Dr. Desaulniers began by defining some foundational terms important to the workshop:

° Remote operation was defined as the “command and control of the plant from a location
outside the nuclear reactor site boundary” (NRC, 2021).

. Autonomous systems are “able to perform their task and achieve their functions
independently (of the human operator), perform well under significant uncertainties for
extended periods of time with limited or nonexistent communication, with the ability to
compensate for failures, all without external intervention” (NRC, 2023).

. Automatic pertains to “a function, operation, process, or device that, under specified
conditions, functions without intervention by a human operator” (IEEE, 2000).

Dr. Desaulniers shared an abridged version of the 11 ground rules and stated that most reflect
consideration for human factors or have human factors engineering (HFE) implications. He
highlighted the following ground rules as being particularly relevant to the workshop:

. Remote operations criteria should be part of the design and development process from
the beginning (Ground Rule #1).

° Guidance on acceptable approaches to meet regulations is unavoidable (Ground Rule
#4).

- Guidance should use technology-neutral and performance-based acceptance
criteria.

- Demonstrated achievement of such criteria is expected to be more effective in
ensuring safety than prescriptive guidance or regulations.

. The responsibilities of the remote operator(s) (i.e., operators in the remote control room)
should be based on the following (Ground Rule #7):

- the level of automation

- the reliance on human actions in meeting both the acceptance criteria for remote
operation and the technology’s “minimal risk conditions”
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- the time in which such human actions need to be completed

° A crew that is based on site or in the vicinity of the site is unavoidable within the remote
operations paradigm (Ground Rule #9).

3.1.2 Ground Rules for Remote Operations Through a Human Factors Lens

Dr. Thomas A. Ulrich, Human Factors Scientist at INL, discussed the ground rules through a
human factors lens, from the perspective of a specific use-case under INL'’s fission battery
initiative. His slides can be found on pages 23-29 of the NRC/INL workshop presentation
(ML24030A001).

Dr. Ulrich emphasized the importance of data and voice communication infrastructure as well as
security, including cybersecurity (Ground Rule #6). He remarked that in traditional operations,
there is a protective barrier around the site within which the infrastructure is isolated. A remote
operations paradigm requires communications to be extended and personnel coordinated
outside of that protective barrier, and the distance over which this is necessary may carry
implications for human performance as well as other areas (e.g., physical security and
cybersecurity). Anticipating diverse communication failures and ensuring data integrity will be
critical to ensuring resiliency in remote operations.

Next, Dr. Ulrich discussed the roles played by operators at the local and remote site(s) and how
those roles or the associated functions should be allocated given the requirements for human
actions (Ground Rule #7). Dr. Ulrich contended that the division of responsibilities and levels of
expertise required could change depending on the site’s level of autonomy. For example, a
self-reliant mitigation facility 2 that relies on attributes such as passive safety features, simplicity
of design, and high levels of automation could require fewer types of remote interactions to
maintain critical safety functions. On the other hand, changes to the operator role may change
or raise new human factors concerns. For example, the added distance between the operator
and the site could complicate the diagnosis of a problem if communication is degraded due to
problems with either the communication network or the sensors themselves. A crew working
from a distance faces greater uncertainty when handling unusual plant behavior.

Dr. Ulrich also highlighted Ground Rule #9 and the significance of physical security at both the
site and the remote control facility. He remarked that remote operations could save costs by
centralizing expertise and make use of economies of scale from the oversight of multiple reactor
sites, but that such cost savings must be balanced against potential safety issues associated
with human factors, such as an increased need for multisite coordination. These safety issues
necessitate certain levels of experience and training for operators at both onsite (or nearby)
locations and remote operations centers. Dr. Ulrich emphasized that the technical and
regulatory feasibility of remote operations will depend on coordination among several
overlapping disciplines.

3.1.3 Human-System Integration Requirements of Proposed 10 CFR Part 53

Dr. Desaulniers and Ms. Theresa Buchanan, Senior Reactor Engineer for Operator Licensing in
NRR, provided an overview of relevant parts of the NRC’s proposed 10 CFR Part 53

2 “Self-reliant mitigation facility” is a new term introduced in the proposed 10 CFR Part 53 rulemaking to refer

to a class of commercial nuclear plant that demonstrates compliance with the operating and technical
characteristics defined under 10 CFR 53.800(a)(1)—(5)
(https://www.regulations.gov/document/NRC-2019-0062-0310). Also refer to the discussion in section 3.1.3.
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rulemaking. Their slides can be found on pages 30—46 of the NRC/INL workshop presentation
(ML24030A001).

Dr. Desaulniers began by introducing the legislation driving the 10 CFR Part 53 rulemaking for
advanced reactors: the Nuclear Energy Innovation and Modernization Act (NEIMA). He
indicated that, through NEIMA, the rulemaking was directed to be risk informed, performance
based, and technology inclusive. At the time of the workshop, the NRC staff was waiting for the
Commission’s review of the proposal and preparing to respond to changes requested by the
Commission in a staff requirements memorandum. 3

Dr. Desaulniers described the aspects of the draft proposed rule relevant to the integration of
humans in the system. One of the new requirements for a submittal under 10 CFR Part 53 will
be a description of the ConOps. As part of this description, applicants for an operating license or
combined license must address the following seven elements:

(1) plant goals

(2) the roles and responsibilities of operating personnel and automation (or any combination
thereof) that are responsible for completing plant functions

(3) staffing, qualifications, and training

(4) the management of normal operations

(5) the management of off-normal conditions and emergencies
(6) the management of maintenance and modifications

(7) the management of tests, inspections, and surveillance

The ConOps framework helps applicants indicate how a facility will be operated in various
phases. This will be important because the operation of advanced reactors may differ
substantially from that of large light-water reactors (LLWRs), meaning that the NRC staff may
not be able to rely on past operating experience to comprehend how plants will operate. To
establish a baseline for the review of an advanced reactor application, the NRC staff must
understand the ConOps for the corresponding facility design. Dr. Desaulniers emphasized that
applicants should undertake early engagement with the NRC to ensure comprehensive
understanding of their proposals.

Next, Dr. Desaulniers highlighted the requirements related to functional requirements analysis
and function allocation. Functional requirements analysis is important for identifying what
features, systems, and human actions are relied upon to accomplish overall safety goals.
Function allocation refers to the characterization of how safety functions will be accomplished by
personnel, automatic systems, or some combination thereof. Applicants must address how
safety functions and functional safety criteria are achieved and how the safety functions will be
assigned to human action, automation, active safety features, passive safety features, or
inherent safety characteristics. Because remote operations may rely on higher levels of
autonomy or automatic operations, the division of tasks between humans and machines

8 As of the drafting of this report, the revised 10 CFR Part 53 rule and associated key guidance documents
have been published in the Federal Register (FR) and are available for public comment until February 28,
2025. The proposed rule may be found in 89 FR 86918, and supporting documents are available at
https://www.regulations.gov/docket/NRC-2019-0062.
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becomes very important. This division may be further complicated by how tasks are allocated
between local and remote control centers, as well as by the combined use of active and passive
safety features and inherent safety characteristics.

Dr. Desaulniers addressed a key distinction between the HFE requirements in 10 CFR Part 50,
“‘Domestic Licensing of Production and Utilization Facilities,” and 10 CFR Part 52, “Licenses,
Certifications, and Approvals for Nuclear Power Plants,” and the proposed requirements in

10 CFR Part 53. In the regulatory framework of 10 CFR Part 50 and 10 CFR Part 52, the HFE
requirement is focused on the main control room. This requirement, imposed after the Three
Mile Island accident, states that applicants must submit a control room design that reflects
state-of-the-art HFE principles. The focus on the main control room is consistent with the way
LLWRs are operated, since most safety-critical human actions in an LLWR are conducted in the
control room. By contrast, the HFE requirement in the proposed 10 CFR Part 53 framework
focuses on safe and reliable performance in all locations where human activities may provide or
support plant safety or emergency response functions. This approach enables more flexible
application of HFE in novel designs and ConOps.

Dr. Desaulniers went on to describe the two new classes of facilities included in the proposed
rule: (1) interaction-dependent mitigation facilities, which are similar to the plants operating
today and rely to some extent on human operators to ensure safe operations, and (2) self-reliant
mitigation facilities, which are a class of facilities introduced by the proposed rule that can
ensure safety without reliance on human intervention. Associated with these two facility types
are two classes of operators: (1) traditional licensed reactor operators, and (2) a new class
known as generally licensed reactor operators (GLROs).

Dr. Desaulniers then turned the presentation over to Ms. Buchanan, who discussed these
concepts further.

Ms. Buchanan began by clarifying that an interaction-dependent mitigation facility is any facility
that does not meet the definition of a self-reliant mitigation facility. As part of meeting the NEIMA
mandate, the NRC introduced the category of self-reliant mitigation facilities to address simple
advanced reactor designs that use very reliable mechanisms (e.g., passive features or inherent
characteristics) to perform safety functions without human intervention. To be classified as a
self-reliant mitigation facility, a plant must do the following:

o Meet safety performance criteria without reliance on human action for credited event
mitigation.
o Rely on safety features and characteristics that will neither be rendered unavailable by

human errors of commission or omission nor credibly require manual human operation in
response to equipment failures.

o Provide for a layered defense-in-depth approach that is not dependent upon any single
barrier or credited human action.

In addition, self-reliant mitigation facilities must meet several human-system interface (HSI)
requirements: the HSIs must enable GLROs to receive plant operating data, including reactor
parameters and information needed to evaluate emergency conditions; immediately initiate a
reactor shutdown from their location; promptly dispatch operations and maintenance personnel;
and immediately implement responsibilities under the facility emergency plan, as applicable.



The NRC introduced the GLRO classification to provide flexibility in the operator licensing
process for self-reliant mitigation facilities, as part of meeting the NEIMA mandate to establish a
risk-informed and performance-based regulatory framework. GLROs can manipulate the
controls of a self-reliant mitigation facility and direct licensed activities of other GLROs. Most
importantly, they do not have a role in performing or maintaining safety functions. A key aspect
of self-reliant mitigation facilities is that their defense in depth is not dependent on any credited
human action; they are capable of accomplishing all safety functions without human
intervention. This is also what distinguishes GLROs from specifically licensed operators: the
former do not need to take any particular actions to accomplish any safety functions, whereas
the latter do. The classification of an operator as a GLRO or a specifically licensed operator is
based on the safety-related actions they have to take, not on their location.

Ms. Buchanan mentioned some additional considerations related to remote operations,
including the ability to promptly dispatch operations and maintenance personnel in the event of
an equipment failure, as well as the implementation of the facility emergency plan

(e.g., responsibilities for notifying state and local governments or providing protective action
recommendations for the surrounding areas). For some small and simple advanced reactor
designs, the risk profile may not include any potential offsite impacts, but these questions
should always be considered for remote operations paradigms.

Ms. Buchanan noted that a focus of 10 CFR Part 53 is understanding how safety functions are
fulfilled, whether they are accomplished on or off site. This question also affects staffing plans.
An application for an interaction-dependent mitigation facility would need to describe how the
proposed numbers, positions, and qualifications of operators and senior operators across all
modes of plant operation would suffice to maintain plant safety functions. This description would
need to be supported by HFE analyses and assessments. In contrast, an application for a
self-reliant mitigation facility would need to describe how staffing by GLROs would suffice to
provide both continual monitoring of the operations of fueled reactors and continuity of
responsibility for facility operations during the operating phase of the reactors. For example, if
intending to have personnel who can be dispatched to the site for operations or maintenance, or
to initiate portions of the emergency plan, the applicant will have to demonstrate how continuity
will be maintained under off-normal conditions. For a self-reliant mitigation facility, however,
there are fewer HFE requirements because human operators do not play a role in ensuring
safety functions. As in the case of an interaction-dependent mitigation facility, the staffing plan
must describe how the numbers, positions, and responsibilities of personnel will adequately
support all necessary functions within areas such as plant operations, equipment surveillance
and maintenance, radiological protection, chemistry control, fire brigades, engineering, security,
and emergency response.

Ms. Buchanan also stated that staffing plans should describe how engineering expertise will be
made available to the on-shift operating personnel to assist in any situations not covered by
procedures or training. This requirement in 10 CFR Part 53 corresponds to the role of the shift
technical advisor in the current operating fleet. The shift technical advisor position was
introduced after the Three Mile Island accident to handle unexpected conditions not addressed
in procedures or training. In all nuclear facilities, it is important that a person with engineering
background and knowledge be available to assist on-shift personnel; however, depending on
the plant’s staffing approach, such a person may not be needed on site at all times. Thus,

10 CFR Part 53 does not specify where the staff member with engineering expertise must be
located. It may be feasible for a licensee to have one engineer on shift in a central location who
is knowledgeable about a specific plant type and responsible for multiple facilities in different
locations. In this paradigm, however, a reliable means of communication is essential.
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Ms. Buchanan then pointed out that the simulation facility requirements in 10 CFR Part 53 are
more flexible than their counterparts in the existing regulatory framework, to account for simpler
designs (such as those of self-reliant mitigation facilities) in which humans have no role in
fulfilling safety functions. The operator licensing requirements for current plants under

10 CFR Part 50 and 10 CFR Part 52, set forth in 10 CFR Part 55, “Operators’ Licenses,” include
use of a plant reference simulator for training, qualification, and examinations. In

10 CFR Part 53, a simulation facility means an interface designed to provide a realistic imitation
of the operation of a commercial nuclear plant, which is used to administer examinations, for
training, or to demonstrate compliance with experience requirements. A simulation facility may
rely, in whole or in part, upon the physical use of the reference plant itself.

The last 10 CFR Part 53 requirement that Ms. Buchanan discussed was that of load following.
Load following is permitted if at least one of the systems or individuals below is immediately
capable of refusing demands that could challenge the safe operation of the plant or that are
precluded by plant equipment conditions:

o an automatic protection system that uses setpoints more conservative than those
otherwise credited for the purposes of reactor protection

o an automated control system
o an operator, senior operator, or GLRO, as appropriate

Although load following is primarily related to automatic or autonomous operation, it also has
implications for remote operation. For example, a likely use case for load following is a facility
with a grid operator who is not at the site. Ms. Buchanan indicated that currently there is no
automatic load following in U.S. nuclear power plants. Under 10 CFR Part 53, load following
would not be limited to self-reliant mitigation facilities; it would be allowed whenever there is a
mechanism between the grid operator and the plant that is capable of immediately refusing the
demand request (e.g., an automatic protection system, an automated control system, or an
operator).

Ms. Buchanan then turned the presentation back to Dr. Desaulniers, who provided the final
takeaways, summarizing how the new 10 CFR Part 53 requirements apply to remote
operations. Dr. Desaulniers reiterated that the proposed rule takes a performance-based
approach to HFE and staffing, focusing on what is necessary to fulfill safety functions rather
than being overly prescriptive. Relatedly, there is no requirement specifying the location of
operators or HSls; instead, an application must demonstrate the adequacy of its approach in
view of design-specific elements of the facility and its operation. The requirements pertaining to
self-reliant mitigation facilities and load following may be particularly relevant for applications
involving remote operations. Dr. Desaulniers concluded with the caveat that this workshop was
focused on the human-system integration aspects of remote operation, but that other
interdisciplinary considerations, such as cybersecurity, remain.

During the discussion following the presentation, a participant asked whether remote operations
could be addressed following 10 CFR Part 50 and 10 CFR Part 52 or only through

10 CFR Part 53. The presenters stated that either approach could be used, based on the
applicant’s choice. If following 10 CFR Part 50 or 10 CFR Part 52, an applicant can use an
exemption process. On the other hand, 10 CFR Part 53 does not explicitly address remote
operations, but it does not prescribe where operations staff must be located, and it permits load
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following under certain conditions. The presenters emphasized, however, that the NRC is still in
the rulemaking process for 10 CFR Part 53.4

A participant also asked whether the criteria defining a self-reliant mitigation facility applied to
human actions related to the maintenance of safety-related equipment. The presenters
confirmed that the criteria do apply to such human actions (in particular, if maintenance is not
performed correctly, then the reactor’s safety functions cannot be fulfilled). The commenter
suggested that the NRC consider issuing additional guidance on such human actions. Another
member of the audience, noting that maintenance errors are often latent in nature, suggested
that applicants might ask to what extent they would need to prove that a design’s automatic
systems can handle maintenance-related latent errors. This question is a potential area for
future research and guidance development.

Finally, a participant asked whether human reliability analysis (HRA) would need to be
expanded to account for human actions related to maintenance. The participant emphasized
that in new reactor designs, there may be a shift from relying on operations for accident
mitigation to an emphasis on ensuring the proper alignment of systems, structures, and
components to fulfill safety functions. An NRC staff member responded that the NRC is actively
developing guidance on probabilistic risk assessment for new reactors and on the potential HRA
implications for maintenance of safety systems.

3.1.4 Questions for Understanding Remote Operation of Nuclear Facilities

Dr. Desaulniers closed the first session by identifying several key questions of interest to set the
context for the workshop. These questions are listed in section 2 of this report and were
provided to attendees as background material in advance of the workshop. The slides covering
the questions can be found on pages 47-56 of the NRC/INL workshop presentation
(ML24030A001).

3.2 Session 2: Industry Presentations on Remote Operation Concepts

3.21 HFE Considerations for Microreactors (Westinghouse eVinci™ Microreactor)

Ms. Nuria Bernal Cortés, Human Factors Engineering Senior Engineer for Westinghouse
eVinci™, gave a presentation on HFE considerations for microreactors, focusing on the ConOps
for the eVinci™ microreactor. Ms. Bernal Cortés shared the status of the company’s
preapplication engagement with the NRC since 2021.5 She also identified areas to consider as
gaps in various NRC HFE guidance documents. Presentation slides can be found at
ML24053A206.

Ms. Bernal Cortés described the key elements of the eVinci™ microreactor ConOps, starting
with an overview of the design. The eVinci™ microreactor is a 15-megawatt-thermal reactor that
delivers high-temperature heat from the reactor core. Heat is transferred through heat pipes and
a primary heat exchanger to a power conversion system. The reactor uses tristructural isotropic
particle (TRISO) fuel and operates at atmospheric temperature for a fuel cycle of about 8-

4 See
https://www.nrc.gov/reactors/new-reactors/advanced/modernizing/rulemaking-and-quidance/part-53.html.

5 On December 4, 2024, the NRC approved the Westinghouse eVinci™ Advanced Logic System® Version 2
instrumentation and control (I&C) platform in a final safety evaluation report
(https://www.nrc.gov/reactors/new-reactors/advanced/who-were-working-with/licensing-activities/pre-applicat
ion-activities/evinci.html).
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10 years. The core uses graphite for both moderation and thermalization, and graphite blocks
are oriented all along the length of the core. Safety is achieved through passive heat pipe
technology, enabling a very low-pressure reactor. Ms. Bernal Cortés shared a slide depicting
the site layout, which includes a reactor site footprint of approximately 2 acres and a building
footprint of less than 0.5 acres, with all buildings and systems located above ground. The
facility’s mission includes two main goals:

. Ensure safe nuclear operations; prevention and mitigation of accidents; and adequate
protection of personnel, the public, and the environment.

° Provide reliable and clean energy to remote sites at a lower cost than existing power
plants.

The facility is designed to fulfill these goals through the safety functions of reactivity control,
heat removal, and radiological containment. Each goal is broken down into specific facility
functions, which will be evaluated in detail during the execution of the HFE program, with
particular consideration given to the functional requirement analysis guidance in NUREG-0711,
Revision 3, “Human Factors Engineering Program Review Model,” issued November 2012
(O’Hara et al., 2012).

Describing the roles and responsibilities for personnel and automation, Ms. Bernal Cortés stated
that the design includes high levels of automation, relying on simplicity, passive features, and
inherently safe characteristics that result in lower facility risk. Thus, the mission-related functions
will be accomplished through automatic and passive means, with a limited role for personnel.
Operations personnel will provide onsite control authority, monitor reactor operating parameters,
and respond to emergency situations as needed. They will also have the ability to manually shut
down the reactor if needed. Other operator actions will be identified as the design progresses,
using existing processes and guidance. Ms. Bernal Cortés noted that the ConOps includes the
presence of qualified personnel on site for all operating conditions (e.g., normal, off-normal,
emergencies, maintenance, surveillance).

Next, Ms. Bernal Cortés addressed the staffing, qualifications, and training element of the
ConOps. She stated that the simplicity of the design and low facility risk would allow for reduced
staffing, with an onsite staff complemented by remote monitoring from a facility located off site.
Cybersecurity risks would be addressed as part of the design. The impact of and response to a
degradation of communications between the operating site and the remote monitoring facility
would be evaluated. The staffing plan would be analyzed and validated during execution of the
HFE program, considering guidance from NUREG-0711. A design-specific training program
would be developed following the Systematic Approach to Training process.

Ms. Bernal Cortés emphasized the importance of early preapplication engagement with the
NRC, which provides greater regulatory certainty on high-risk, high-priority items during the
design and licensing processes.

She then highlighted areas in existing HFE guidance documents that could benefit from revision
or enhancement in view of remote operations considerations. She recommended adding
guidance on HSI design (e.g., in future revisions to NUREG-0700, Revision 3, “Human-System
Interface Design Review Guidelines,” issued July 2020 (O’Hara and Fleger, 2020)) to address
key features of new reactor designs (e.g., highly automated facilities, multiunit operation and/or
monitoring, nonconventional control rooms). She also suggested a re-evaluation of the
risk-informed screening process in NUREG-1764, Revision 1, “Guidance for the Review of
Changes to Human Actions,” issued September 2007 (Higgins et al., 2007), for lower risk and
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highly automated designs. In relation to NUREG/CR-3331, “A Methodology for Allocating
Nuclear Power Plant Control Functions to Human or Automatic Control,” issued August 1983
(Pulliam et al., 1983), Ms. Bernal Cortés recommended redefining the role of personnel in highly
automated designs. Finally, she recommended that a future revision of NUREG/CR-7202, “NRC
Reviewer Aid for Evaluating the Human-Performance Aspects Related to the Design and
Operation of Small Modular Reactors,” issued June 2015 (O’Hara et al., 2015), address
potential human performance issues related to remote control or monitoring of facilities.

In the discussion following the presentation, a participant asked Ms. Bernal Cortés to expand on
what it means for a facility to be “highly automated” in comparison to conventional plants.

Ms. Bernal Cortés stated that “highly automated” referred to the automation of entire
sequences, not just the automation of specific actions (as is already done in conventional
plants). When asked about the number of staff members and the degree of manual intervention
expected in the eVinci™ microreactor ConOps, Ms. Bernal Cortés stated that the
responsibilities and staffing plan are still being developed. Finally, when asked about the design
of the onsite control room for the facility (given the use of a remote monitoring station),

Ms. Bernal Cortés stated that while the details could not be shared as the design is still under
development, the designers envision a small workstation that would be very different from the
Westinghouse AP1000 control room.

3.2.2 Concepts for Remote Operations (Radiant Nuclear)

Mr. Chanson Yang, Systems Engineer for Radiant Nuclear, and Mr. Roger Chin, Software
Architect for Radiant Nuclear, gave a presentation on the concept of remote operations for the
Kaleidos portable microreactor. Presentation slides can be found at ML24053A204.

Mr. Yang stated that Kaleidos is designed to be packaged, shipped, and operated in a single
transportable container. Personnel for Kaleidos are not anticipated to be located on site; instead
they will be centrally located to manage a fleet of reactors. Reactor shutdown will not require
any operator actions. Referring to the image of the container depicted on presentation slides 1
and 3, Mr. Yang noted that, by design, very few actions can be performed outside of the factory
where the reactor is fabricated. Kaleidos is intended to be deployed, turned on, operated and
monitored, and brought back to the factory for any major servicing needed. No service to the
reactor unit is expected in the field, except possibly in certain off-normal or unique scenarios.

Kaleidos will rely on passive safety features such as the use of helium coolant to minimize
radionuclide release in loss-of-coolant accidents; TRISO fuel, which provides an additional
containment barrier; and inherent safety characteristics such as a negative thermal coefficient.

Diverse and redundant telemetry points will be used to monitor reactor health. A central facility
will perform the monitoring, using sophisticated data analysis and machine learning tools.

Mr. Yang noted that continuous data review can strengthen trend detection and statistical
modeling. For example, lessons learned from a single reactor can lead to fleetwide patches,
which may increase overall safety.

The mission and goals envisioned for Kaleidos include the provision of energy in remote or
hard-to-reach places that are not connected to the traditional energy grid. Therefore, the primary
method of communication between the site and the remote operations center would be by
hardline, wireless connection, or both. Mr. Yang noted that Dr. Ulrich’s presentation had already
addressed many of the considerations relevant to this type of connection, such as the question
of who will provide internet service and ensure cybersecurity. The primary actions performed
remotely would be load following, monitoring of reactor health, reactor shutdown, and
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emergency scram. Some staff might remain on site for security or emergency response, but
generally the only onsite activities would be for transporting and initial activation of the reactor.
Centralized factory personnel would perform all refueling, maintenance, and decommissioning
activities.

In terms of staffing, Radiant Nuclear is planning to use a performance-based approach to
determine the right number of personnel to employ for its reactors, taking into account the
reliability of connectivity, actions needed to meet safety goals, and actions needed to operate
the reactors. Radiant Nuclear does not intend to specify any fixed number of personnel per
reactor (e.g., one operator per reactor). Given the size of the reactors, it would not be feasible to
scale the size of the staff directly with the number of reactors. Mr. Yang noted that staff will be
trained at the Radiant Nuclear headquarters, which will also serve as the operations center from
which the reactors are monitored and controlled.

Mr. Yang stated that operators would not necessarily control reactors from a standard control
room with specific control panels. More likely, they would use dedicated laptops or workstations
designed to connect to the reactor, with access managed through the use of cybersecurity
controls.

3.2.3 Remote Operations (Kairos Power)

Mr. Christopher Poresky, Manager of Cyber-Physical Systems for Kairos Power, provided an
overview of the iterative design and testing process for Kairos Power’s fluoride-salt-cooled
high-temperature reactor (FHR). Presentation slides can be found at ML24053A202.

Mr. Poresky shared a diagram relating operations to outcomes to illustrate how remote
operation might factor into nuclear plant operations (see slides 5-13 in the accompanying
document). In this framework, outcomes are elements of the facility’s high-priority goals or
mission, such as ensuring safety of the public and personnel. A plant’s design is the
fundamental technology and development pathway chosen by a developer, which constrains the
impact of operations on outcomes. Actuations are actions taken on the plant, which can be
initiated by either operators or automation. The control room consists of operators providing
inputs for actuations through the human-machine interface. Mr. Poresky posed two critical
questions to consider for remote operation: (1) what role do operators and inputs play in the
outcomes of the plant, and (2) what aspects of that role have to do with the location of the
control room? He further suggested that vendors should focus on establishing a safety case that
the design of the plant constrains how operators and inputs can affect plant outcomes.

Mr. Poresky then discussed Kairos Power’s experience of remote operation and related
considerations. He noted that the use of TRISO fuel and liquid fluoride salt (FLiBe) coolant in
the design of Kairos Power’s FHR allows for a significant margin between operational
temperatures and temperatures that would challenge the integrity of the fuel. These features
simplify the design enough to reduce the need to automate actions to ensure safety outcomes.
Furthermore, Kairos Power is following a philosophy of iterative development, with a “plan,
design, build, test” cycle to test different iterations of hardware. It will test components using the
Hermes reactor, a nonpowered demonstration reactor with a nuclear core. Its U-Facility will
provide for full-scale manufacturing, operator training, facility operation, and maintenance. The
final step in the iterative development process will be a commercial nuclear plant.

The Kairos Power cyber-physical systems team also employed an iterative process to develop
the human-machine interface. The test facility in New Mexico operated continuously, 24 hours a
day and 7 days a week. The cyber-physical systems team staffed a remote support room at the
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company’s headquarters in California to assist the operations staff. The team learned a great
deal about how operators used the human-machine interface during the first few months of
operation and built this information into the next phase of development to improve operational
efficiency. Toward the end of the test period, Kairos Power found it challenging to staff the test
facility with operators 24 hours per day, 7 days per week, and began using the remote support
room as a remote control room to augment onsite staffing. The remote support personnel were
able to continue their test plan without slowing down while running the facility remotely from
California. Their presence also provided added flexibility in responding to unanticipated events.
In one instance, the control room in New Mexico had to be evacuated, and the remote staff
members in California were able to take over control of the facility until normal operations could
be resumed approximately 30—45 minutes later.

Mr. Poresky described the ConOps for the FHR as being born out of necessity and experience,
evolving throughout the iterative development and testing process. In particular, the company’s
experience showed that the operators were able to keep the test facility running 24 hours per
day, 7 days per week, with a limited crew during off hours, and the designers were able to
improve the human-machine interface to optimize the operators’ ability to monitor the facility, as
well as to distribute control across two separate control rooms.

3.3 Session 3: Industry Presentations on Remote Operation Concepts

3.3.1 Reimagining Remote Operations (NextEra Energy)

Ms. Annie Paskavitch, General Manager Central Operations for NextEra Energy, gave a
presentation on NextEra Energy’s experiences with remote operation and monitoring of its fleet
of renewable energy assets and fossil fuel plants. Presentation slides can be found at
ML24053A203.

Ms. Paskavitch stated that NextEra Energy’s renewable fleet has experience with remote
operation dating back to 2004. In addition, the company recently deployed a remote operating
facility for its fossil fuel resources, which provides fully remote operations for 11 complex
combined-cycle plants of varying technologies following a common approach. The remote
operating facility has the following key characteristics:

. operational process overhaul

- updated operational processes and procedures
- new training program with fleet simulators
- new emergency response plans developed and tested

. critical communications

- redundant integrated service procedure (ISP) at local sites
- statewide radio system
- internet protocol (IP) and satellite phone systems

o control center design

- physical security on site (similar to security for nuclear facilities)
- ergonomic digital workstations designed with human performance considerations
- distributed control system (DCS) automation and alarm reduction
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- proximity to other technical staff for efficient collaboration and support

. facility resiliency

multiple substation feeders

multiple ISP connections

- distributed backup model

- hardened category 5 (CAT5) building design

Ms. Paskavitch noted that use of (1) “operation-by-exception” DCS automation (e.g., one-button
startup and shutdown control sequences) and (2) alarm filtering has contributed to the
successful operation of the facility. These features have reduced the number of alarms per hour
by 70 percent and the number of operator actions performed by 50 percent (e.g., to fewer than
12 actions per hour). They have also enabled greater standardization across HSIs, minimized
local staff-hours, and increased operator skills. Operators participated in the implementation of
both features. To enable DCS automation, operators were asked what tasks they performed
and what they were “clicking every day” to determine what to automate for startups and
shutdowns; this process was done in conjunction with review of the existing procedures for
allocating functions. Alarm reduction was achieved by reviewing and filtering expected alarms.

HSIs were simplified to consolidate the number of displays for a given workstation. The goal
was to enable one operator to command and control four sites. The number of displays was
reduced from 33 displays per site to 24 total across four sites. The design of the displays
adopted grayscale graphics, using color only for the most salient information requiring operator
attention.

The control center crew consists of eight staff members: two operational leaders, one reliability
engineer, and five power generation specialists. (All staff members are experienced; their
combined experience is over 150 years.) The operational leaders provide supervision on shift;
they also serve as subject-matter experts on control systems and plant operations. The
reliability engineer’s role supports equipment health monitoring and is a central communications
hub. The power generation specialists execute the daily operational tasks of the fleet. As four
power generation specialists command and control the sites, the fifth can support the other staff.

The remote control facility where the crew resides is in close proximity to other technical staff.
This proximity allows for quick collaboration and support, an added benefit that was not
available to local operators before the establishment of the remote control facility.

The operators at the remote control facility go through a 4-month training program. They are not
required to be licensed. A fleetwide training simulator is used to provide hands-on training for
both normal and off-normal conditions. During training, operators are also familiarized with the
DCS across platforms and trained on site differences. Ms. Paskavitch stated that the use of a
simulator has replaced traditional paper-based training and has proved successful. The staff are
also cross-trained in operations and in a specialized technical craft (e.g., as mechanics or
electricians, or in instrumentation and controls (1&C)).

Ms. Paskavitch noted that there are still personnel located on site, who serve as the “eyes and
ears” of the site. Command and control from the remote facility can be transferred to the site.
The high levels of automation and alarm filtering in use have made it possible to combine
multiple job functions for the local operators, freeing them to support preventive maintenance
tasks at certain times. Operators’ task performance is also supported by digital technology; for
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instance, the sites leverage an automated inspection watch system using acoustic and vibration
sensors that can autogenerate work orders. Local operators no longer need to perform these
inspections “with clipboards to record numbers.”

3.3.2 Remote Operation of Nuclear Plants (General Electric Vernova)

Mr. Dan Laughman, Senior Engineer of Human Factors Engineering for General Electric (GE)
Vernova, provided perspectives on topics that should be considered in determining the
feasibility of remote operations. He discussed the importance of standardization, including
international standardization, and of establishing clarity about what constitutes remote
operation. Presentation slides can be found at ML24053A200.

Mr. Laughman described GE Vernova as developing a mid-range small modular reactor (SMR).
Generally, as an established company, GE Vernova follows the approach it has always used,
with some innovation. For example, its human factors program follows the guidance in
NUREG-0711, deviating only in cases for which the guidance does not fit. One of the company’s
concerns about remote operation or other novel approaches is standardization—for example, it
is important to know not just what the NRC is going to regulate in the United States, but also
what Canada and other countries might do. One question related to standardization is “How
remote is remote?” For instance, on a site with three units, if the control room for all three is
located in one of the units, does that make it a “remote” control room for the other two units?
What would it mean if the control room were moved outside of any one plant, or outside the site
boundary, but still maintained a hardline connection to the plants? Mr. Laughman also raised
considerations of State lines and the implications of having two regulatory structures at the
State level.

Another consideration Mr. Laughman identified was the level of connectedness between a
remotely located control room and the reactor (e.g., whether connections are hard-wired or
through the internet). Would a plant need to shut down if connection were lost? Mr. Laughman
noted that the NRC’s regulations on offsite emergency response facilities address shutting down
the reactor facility but not operating it. He also noted that the current guidance for staffing of
multiunit facilities only addresses up to three units. Should staffing for more than three units be
specified, or should it be left to the vendors to figure out? These types of questions need to be
answered.

Mr. Laughman also raised questions about the role of maintenance in remote operations. He
observed that in a facility with SMRs, it may not make sense to have a whole maintenance crew
for each plant. In such contexts, it might be more appropriate to consider maintenance as a
service, training as a service, and technological help as a service, rather than meeting these
needs through facility staffing. Finally, standardization is important to consider in relation to
operator licensing. If plants are standardized, could operator licenses be portable to other
plants? For instance, how standard does a group of plants have to be to allow for one specific
license but transferrable within the group? What criterion should be followed to allow for transfer
of specific licenses? Standardization could simplify the licensing process and drive down the
cost of licensing people.

3.3.3 Human Factors and Remote Operations (Flibe Energy)

Mr. D.J. Hanson, Chief Operating Officer for Flibe Energy, provided an overview of the
development of Flibe Energy’s fluid-fueled molten-salt reactor and his perspectives on remote
operation. Presentation slides can be found at ML24053A208.
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Based on his data center experience, Mr. Hanson defined “remote” as “any time one leaves
from a signal source and goes to a buffered or packet-switched network.” He noted that the
workshop discussions had talked about remote operations in many different contexts. In some
cases, the term “remote” has meant there are effectively no personnel on site, a situation
referred to at Amazon as “lights-out operation”: there may be people on site to patrol the
grounds, but the people making the decisions and pulling the levers are not necessarily on site.
Mr. Hanson stated that Flibe Energy is not interested in pursuing lights-out operation for its
reactors until it has built many more of them.

Mr. Hanson emphasized the importance of learning from the experiences of other industries, as
failure in the nuclear industry carries severe consequences. He displayed a picture of a nuclear
plant control room in the 1960s and a modern control room, noting the marked similarities
between the two. He stated that although the industry has learned a lot since the 1960s, it has
not been able to apply what it has learned, because it has very stringent standards. He
expressed the belief that the industry should move “slowly but often.”

Furthermore, Mr. Hanson stated that human action is always driven by perceived risk, which is
functionally disparate from real risk—that is, the probability of a given loss multiplied by the cost
of that loss. This means it is important for perceived risks to be tightly correlated to real risks.
Mr. Hanson cautioned the audience about the challenges of employing remote operations
without onsite operating experience, noting that one cannot easily make up for the quality of
information obtained and the risk calibration that occurs when an operator is able to employ all
their senses in the plant itself. As an example, he shared a story from a tour of a coal plant.
During this tour, the ambient noise in a room changed, causing an immediate reaction from all
the people in the room who had worked at the plant: they knew at once that a condition in the
plant had changed. Mr. Hanson expressed the belief that if the nuclear industry is going to have
remote operations of any kind, it needs to be able to iterate and do everything locally that would
be done remotely.

3.4 Workshop Day 1 Open Discussion

Day 1 of the workshop ended with an open discussion period, during which the NRC staff
addressed comments or questions from members of the public in attendance. Notable topics
from the discussion include the following:

. The topic of vigilance decrement was raised as an area of uncertainty for remote
operations. A workshop attendee commented that vigilance is a topic of concern with the
existing fleet of LLWRs. The use of alarms is a primary tool in managing vigilance in
operating plants. The commenter stated that it remains to be determined how remote
operation or monitoring might affect vigilance decrement.

° A workshop attendee asked the presenter from NextEra Energy, given their experience
with nonnuclear power generation, whether there were any lessons learned on remote
operations in other industries that could inform the nuclear industry. One lesson
identified was that in existing nonnuclear plants with remote operations, local controls
are still available for added redundancy.

o A third question pertained to the control of a single piece of equipment from more than
one location. A workshop attendee asked the presenter from Kairos Power whether
administrative controls would be sufficient or whether other (e.g., technological) controls
should be in place. The discussion then identified a control theory algorithm (namely, an

19



N-1 or a proportional-integral control algorithm) that could be used to enable a
predefined order of operations.

. The presenter from NextEra Energy mentioned that NextEra uses administrative control
for its fleet of fossil fuel plants. The HSIs explicitly indicate who has control. There are
rules for coordination between local operations and the fleet control center, and local
operators will call the fleet control center to coordinate.

. An NRC staff member mentioned that Subcommittee 5 (Human Factors and Control
Facilities) of the Institute of Electrical and Electronics Engineers (IEEE) Nuclear Power
Engineering Committee is working on a standard that may provide guidance on
administrative control, specifically for Type 3 computerized operating procedure systems
(COPS). Type 3 COPS include embedded soft controls that may be used to issue
control commands to plant equipment. The standard is IEEE 1786, “IEEE Guide for
Human Factors Applications of Computerized Operating Procedure Systems (COPS) at
Nuclear Power Generating Stations and Other Nuclear Facilities” (IEEE, 2022).

3.5 Session 4: Stakeholder Presentations

3.5.1 Remote Operations: Benchmarking NASA Flight Control

Mr. Richard Paese, Digital Instrumentation and Control and Human Factors Engineering
Consultant for Sargent and Lundy, presented on lessons in remote operation from his
experience with National Aeronautics and Space Administration (NASA) flight control for the
International Space Station (ISS). Presentation slides can be found at ML24053A205.

The ISS is a permanently manned space station that is in low Earth orbit (approximately

250 miles above Earth’s surface). The primary purpose of the ISS is to conduct advanced space
exploration and host experiments in a space environment (including experiments on learning to
live in space). The ConOps for the ISS includes both remote monitoring and remote control.
Most monitoring and control operations are performed from NASA’s mission control center in
Houston, Texas. Stationed astronauts conduct the rest of the operations on site (i.e., within the
ISS). The mission control center personnel and the stationed astronauts rely on audio and video
communication to coordinate their operations.

Mr. Paese detailed the complex operations and communication protocols of the NASA flight
control, noting the similarities between these practices and those that would likely be applied to
remote operations in the nuclear power industry. They include the following:

. Personnel safety is the top priority.
. Stations (i.e., plants) are controlled by qualified personnel.
o Somewhat complex (yet effective) channels exist for communication with grounds crews

or other relevant personnel.

° Control/command sequences (e.g., computerized operating procedures) are used.
. Cybersecurity is another top priority.
o Robust and realistic simulation tools are used to train relevant personnel on systems.

20


https://adamswebsearch2.nrc.gov/webSearch2/main.jsp?AccessionNumber=ML24053A205

° Unique emergency response protocols are available.

For example, Mr. Paese stated that NASA had protocols in place to manage delays or
interruptions in communications. First, there is a complex system of satellites orbiting Earth and
ground antennas on Earth that minimize blackouts with the space station. For planned blackouts
during which communication with the space station is not possible, the mission control center
may send time-sensitive commands to the station ahead of time, with timestamps indicating
when to execute each command. In emergencies, the astronauts have protocols to follow
without the need for direction from mission control. Mr. Paese observed that the interactions
between mission control staff and astronauts might be similar to interactions between remote
and local operators for a nuclear facility.

Finally, Mr. Paese noted that while remote operational concepts are new to the nuclear industry,
they are not new for human spaceflight. Several key lessons on remote operations from NASA
flight control could serve as a benchmark for the nuclear industry, including the following:

. Evaluate new communication protocols.
. Leverage new and advanced simulation tools for training.
. Automate control as much as possible.

During the discussion following the presentation, workshop participants asked how NASA
decided on the number of staff and the allocation of responsibilities to each system. The
presenter stated that although he was not on the team when final decisions were made, he
knew that NASA had decided to allocate one team of operators per system. NASA then
consolidated staffing after finding that, for example, during normal operations fewer operators
were needed to manage the workload. The operational philosophy was to have two teams: a
front team and a back team. The front team was responsible for situation awareness and
communication with other groups and the flight director. The back team was responsible for
physical systems and communicating information about those systems to the front team. The
flight director had ultimate decision-making authority, including transfer of authority over the
space shuttle.

The topic of function allocation arose in relation to potential latency issues with communications,
which could occur because the space station was orbiting Earth. The presenter stated that
decisions about whether the ground crew or automation would handle a control function were
based on the time-sensitivity of the function. Time-sensitive control functions were automatic.
Some critical actions had to be performed manually, such as operation of the solar arrays during
space docking: the ground crew needed to ensure that the thrusters from the space station did
not hit the solar arrays. Otherwise, operation was primarily automatic. Scripts could be built in to
automate manual tasks. Finally, because the space station is an international collaboration,
priorities had to be balanced between agencies when considering communication protocols and
transfer of authority.

3.5.2 Human Factors Analysis Methodology (EPRI)

Ms. Cristina Corrales, Principal Technical Leader of Nuclear Instrumentation and Control for the
Electric Power Research Institute (EPRI), gave an overview of EPRI’'s human factors analysis
methodology (HFAM) and how it might be employed to address function allocation challenges in
remotely operated facilities. Presentation slides can be found at ML24053A207.
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Ms. Corrales defined remote operation as “a supervisory Concept of Operations with substantial
automation all the way to full autonomous operation.” Based on this definition, to achieve
acceptable levels of risk (in the areas of nuclear safety, personnel and public safety, and
economic operation), automated systems must compete with humans in their ability and
competency to manage safety-critical actions. During the discussion, the presenter clarified that
“‘competing” meant finding the lowest level of risk for the function, whether by assigning it to
automation or to a human.

Ms. Corrales stated that EPRI developed HFAM to focus on design elements of a system and
evaluate how well they meet the safety and reliability requirements of the nuclear community.
The primary goal of HFAM is to integrate HFE and human reliability considerations into overall
systems engineering activities for digital I&C modifications and new build projects. In particular,
HFAM is meant to do the following:

° Accommodate human capabilities, limitations, and performance requirements.

. Ensure correct allocation of functions to humans and/or machines.

o Design appropriate and effective HSls and workspaces.

o Assess the system design to ensure that the human in control meets the required

reliability level.

HFAM focuses on the human element of critical actions and is intended to be used in
conjunction with other design engineering methods. As such, HFAM is complementary to the
other methods described in the EPRI Digital Engineering Guide (EPRI, 2021). The output of
HFAM identifies important human actions and develops “loss scenarios” for testing how these
actions are handled. It also identifies and scores control methods intended to “design out”
human error until a risk reduction target is met, as determined by adapting aspects of HRA into
the design process.

Ms. Corrales stated that HFAM offers an approach for focusing on critical human actions within
the system and for understanding how the system design (e.g., automation) either mitigates or
eliminates the possibility of an inappropriate action.

3.5.3 Human Factors Considerations Across Industries and Simulator Research
Capabilities (Halden HTO Project)

Dr. Per Qivind Braarud, Senior Scientist at the Institute for Energy Technology’s (IFE’s) Halden
Human-Technology Organisation (HTO) Project, gave a presentation on lessons from remote
operation in other industries, including the petroleum, maritime, and aviation industries. He also
presented research insights from studies in the Halden Small Modular Reactor (HSMR)
simulator. Mr. Daniel Odéen from the IFE provided more information on the Halden project
facilities and capabilities to support future research on remote operations and other advanced
reactor topics. Presentation slides can be found at ML24053A201.

3.56.3.1 Human Factors Considerations for Remote Operations Across Surrogate Industries
The presentation first described what the nuclear industry can learn from other industries that
have already introduced remote operations—specifically, the petroleum and maritime industries.

Studies on remote operations from these other industries can be considered surrogates for
research specific to nuclear facilities.
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3.5.3.1.1 Petroleum Industry

The petroleum industry in Norway introduced remote operations in 2016. In 2017, the IFE
collaborated with Equinor, an international energy company that is among the world’s largest
offshore operators, to identify human factors variables that would be important. These variables
included the following:

maintaining situation awareness across facilities

handling simultaneous disturbances across multiple facilities

the risk of erroneous operations due to differences between facilities/locations
lack of plant-specific local knowledge, leading to loss of control
misconceptions about responsibilities and the division of labor

the diminishing attractiveness of the operator role

The IFE developed a set of compensating measures for the petroleum industry because enough
onsite field operators were not available. These compensating measures included the following:

o increased robustness of equipment, I&C, and trending, as well as operator training and
mindset (e.g., tolerance of uncertainties)

o the use of smart diagnostics and decision support tools such as smart alarms, HSI
integration of information from multiple data sources, real-time planning tools, digital twin
technology, and smart sensors

. the use of mobile sensors—including rich sensor packages, drones, video cameras, and
machine learning tools—to gain the needed information

3.5.3.1.2 Maritime Industry

The IFE found that with remotely controlled autonomous ships, a single ship was not
problematic for an operator to manage. However, once the number of ships increased to three,
the operator began to have difficulty, particularly with ships closer to the shoreline. In its studies,
the IFE noticed that operators clearly preferred to complete tasks sequentially; they found
multitasking very demanding. In addition, operators tended to defer other tasks and reduce their
focus on ship overview to concentrate on the task at hand. This research demonstrated the
importance of designing the remote operation workspace for flexibility and adaptation to high
cognitive workloads.

3.5.3.2 Simulator Research Capabilities

Next, the presenters described the technical capabilities of their laboratory, the Halden
Human-Machine Laboratory (HAMMLAB). A variety of research studies can be conducted at
this facility. The IFE invites licensed reactor operators, generally from the United States or
Sweden, to participate.

HAMMLAB contains the IFE’s pressurized-water reactor (PWR) simulator, which is a generic
three-loop PWR design with an output of approximately 969 megawatts electric. The simulator
has an individual operator desk and screens for the shift supervisor and shift technical advisor.

HAMMLAB also has an experimenter’s gallery from which researchers can control simulation
scenarios, record data, and assume the role of field operators or other plant personnel
communicating with the main control room. Data recording capabilities include microphones for

23



audio recording, cameras for the control room and individual desks, screen capture for the
overview displays, and event logs for all operator actions. Generally, crews are trained for

1.5 days on the procedures for a study. The scenarios are designed to target the factor of
interest (e.g., cognitive dependency, decision-making under uncertainty, and a variety of other
human performance variables).

Additionally, the IFE has an SMR simulator, the HSMR. Installed in summer 2022, the HSMR is
a PWR design with natural circulation, operating at a capacity of 50 megawatts electric. The
HSMR can run from 1 to 12 units at a time; it is currently configured with 6 units. The HSMR
enables researchers to study human factors issues arising in multiunit facilities, such as
problems of situation awareness or unit confusion. Furthermore, the IFE has a smaller scale
simulator with a single operator station, called the Halden Human-Machine Satellite Laboratory
(HAMMSAT), which is appropriate for studies with a single operator controlling a single unit.

Collectively, the HAMMLAB facilities allow the IFE to conduct a wide range of studies on human
factors considerations in remote operations. For example, it would be possible to create an
experimental setup that includes both a local control room and a remote control room.
HAMMLAB'’s high-performance virtual reality simulator can be run over the internet, facilitating
collaboration between international colleagues. The SMR simulators cannot currently be run
over the internet, but the IFE is developing an interface that will permit this.

3.6 Session 5: NRC Human Factors Engineering Review Process

3.6.1 Human Factors Elements of a Licensing Application

Dr. Brian Green, Senior Technical Advisor for Human Factors in NRR, presented on the NRC’s
technical review process—specifically, the scope of human factors reviews within that process.
Presentation slides can be found on pages 66—76 at ML24030A001.

Dr. Green noted that human factors technical reviews conducted under 10 CFR Part 50 and

10 CFR Part 52 have traditionally focused on the control room. However, for advanced reactors,
activities important to safety may not be limited to the control room; they could happen at a local
control station, an offsite control room, or other locations proposed by the applicant. Since the
purpose of a technical review is to verify the applicant’s technical claims regarding facility safety,
including claims about the operator’s ability to safely control the plant, the review should
encompass all of these locations.

Dr. Green stated that it was important for applicants to understand the various licensing
processes available and the guidance associated with each. He also emphasized that
preapplication activities, although optional, are highly recommended to identify and efficiently
resolve challenges associated with design features, schedules, and regulatory requirements.

During the discussion following the presentation, an attendee asked whether the scope of
existing guidance, such as NUREG-0711, would be changed in view of the development of

10 CFR Part 53 and its implications for expanded human actions. Dr. Green said that the NRC
has not yet determined whether to update NUREG-0711. While NUREG-0711 generally does
not address human actions beyond the main control room, other guidance documents do. It
remains to be determined what specific guidance the NRC will update following the

10 CFR Part 53 rulemaking.

Asked whether there were different views on “state-of-the-art HFE principles,” Dr. Green pointed
out that state-of-the-art HFE principles need not be cutting-edge. NUREG-0711 characterizes
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state-of-the-art principles as those currently accepted by HFE practitioners. Accepted principles
or practices could be those documented in NUREG-0711 or in other standards or guidance
documents. Dr. Green stated that, although applicants and licensees might shy away from using
other standards and guidance because of regulatory uncertainty about whether the NRC wiill
accept an alternate approach, in principle there is nothing that precludes the use of such
standards or guidance.

3.6.2 Scalable Human Factors Engineering Reviews and Use of Human Factors
Engineering Guidance

Dr. David Desaulniers presented on the development of the draft interim staff guidance
DRO-1SG-2023-03, “Development of Scalable Human Factors Engineering Review Plans”
(NRC, 2022; Desaulniers et al., 2023). Presentation slides can be found on pages 77-100 at
ML24030A001.

Dr. Desaulniers described the draft guidance as providing a way to scale human factors reviews
for advanced reactors. Scaled reviews would be risk-informed and focus on areas where HFE is
necessary to support important human actions. The intent is for human factors reviews to be
application specific, taking into account the characteristics of the facility design and its
operation.

Dr. Desaulniers stated that the timeline for the scaling process would start with preapplication
engagement and conclude with the completion of an application acceptance review. He noted
the importance of preapplication engagement. While not required, preapplication engagement
could reduce the NRC'’s timeline for performing scaled HFE reviews for first-of-a-kind designs.
DRO-1SG-2023-03 outlines a five-step process for completing a scaled, facility-specific HFE
review:

(1) characterization

(2) targeting

(3) screening

(4) grading

(5) assembling the review plan

The main part of DRO-ISG-2023-03 (22 pages) provides the essential guidance for conducting
the process, and the five appendices contain additional guidance for reviewers on
accomplishing each step. The appendices include recommended methods for each step, and
they cite sources of additional guidance.

Dr. Desaulniers briefly described each of the steps and their significance. The first step,
characterization, is aimed at gaining a general understanding of the design and operation of the
facility from a human factors perspective. It is important for the HFE reviewer to understand the
human role in the facility’s ConOps; this also reduces the potential for inaccurate assumptions
drawn from LLWRs. The characterization step also helps HFE reviewers coordinate with related
reviews (e.g., staffing, operator licensing, 1&C).

The second step, targeting, involves identifying the key elements of the design and operation on
which to focus the HFE review. This step uses a risk-informed approach, factoring in risk
insights and uncertainty (e.g., from operating experience), to identify those aspects of the
facility’s design and operation that may have implications for human performance.
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For the third step, screening, the reviewer examines the HFE activities that are being conducted
by the applicant (e.g., task analysis) and identifies which ones should be included in the scope
of the review. Like the targeting step, the screening step is risk-informed.

For the fourth step, grading, the reviewer considers which standards and criteria are appropriate
to apply to the assessment of each targeted facility characteristic and the corresponding HFE
activities. Dr. Desaulniers noted that while NUREG-0711 and NUREG-0700 may provide
suitable guidance for these assessments, the NRC staff acknowledged in DRO-1SG-2023-03
that the NRC had developed most of its HFE guidance with LLWRs in mind, and few guidance
documents specifically address HFE for advanced reactor technologies. Other guidance or
standards may be better suited to the particulars of a proposed facility. The grading step gives
reviewers the flexibility to apply the appropriate guidance or standards, because the NRC staff
recognizes that advanced reactor designs may evolve rapidly and NRC endorsement may not
be able to keep up with their evolution.

The fifth step, assembling the review plan, leverages the results of the previous steps to support
an efficient and effective HFE safety evaluation of the proposed design. Dr. Desaulniers ended

his presentation by noting that the NRC considers DRO-ISG-2023-03 to be an interim document
and intends to improve it over time by incorporating lessons learned from applying the guidance.

3.7 Summary of Range of Concepts of Operations from Workshop Day 1

Mr. Casey Kovesdi, Human Factors Scientist at INL, shared insights from the range of ConOps
discussed during Day 1 of the workshop. He noted that designers were considering many
different strategies, each with potentially different implications for the roles and responsibilities
of personnel and automation; staffing and personnel qualifications; and the management of
functions during normal operations, emergency response, and maintenance and testing
activities.

3.7.1 Industry Consideration of Remote Operations

Mr. Kovesdi observed that the advanced reactor designs presented on day 1 of the workshop
were vastly different from each other, and each presenter had shared different strategies for
employing remote operation or monitoring. One vendor had no plans to employ remote
operation and was intending to maintain command and control of the reactor within the site
boundary. At the opposite end of the spectrum, another vendor planned to achieve remote
operation through automation, with the ultimate goal of fully autonomous operations without the
need for human intervention to perform safety functions. Between these extremes, some
vendors planned to use remote monitoring in their initial ConOps and consider remote operation
in subsequent designs. Table 3-1 summarizes the example cases presented by the vendors at
the workshop.
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Table 3-1 Summary of Vendors’ Consideration of Remote Operations

Vendor Reactor Type Megawatts Considering Considering Remote
Thermal Multiunit Operations?
(Electric) Operation?
Design 1: GE Light-Water 870 (300) Undetermined Undetermined
Vernova Reactor
Design 2: Molten-Salt 310 (140) Undetermined Not for first-of-a-kind
Kairos Power  High- (considering in subsequent
Temperature reactor designs using a
Reactor staged approach)
Design 3: Helium 1.9(1.2) Yes Remote operation with a
Radiant simple design and highly
Kaleidos automated systems
Design 4: Heat Pipe 15 (5) Yes Remote monitoring
Westinghouse (not remote control, but
eVinci™ limited onsite operator
actions)
Design 5: Molten-Salt N/A (250) Undetermined No remote operations
Flibe Energy Reactor
(Thorium)

3.7.2 Vendor Deployment Strategies and Timelines
Two vendors discussed the anticipated deployment of their reactor designs:

. Radiant Nuclear indicated plans to deploy Kaleidos by 2026. The reactors are planned to
be rolled out in stages, with a few reactors going online at a time. The vendor would
assess staffing levels while operating a small number of reactors, then update the
staffing levels when scaling the number of reactors up.

) Kairos Power indicated plans for demonstration by 2030. The vendor plans to follow a
staged design approach, with testing and experience of earlier designs informing the
development of subsequent designs.

3.8 Breakout Discussions of Concepts of Operation for Remote Operation

In-person attendees participated in interactive small-group breakout discussions to further
explore ConOps that involve remote monitoring or operation, including areas that might be
challenging or have unique implications for human performance. Discussions were organized
into five topical groups based on the seven elements of a ConOps identified in the draft of

10 CFR 53.730(c). Each topical group focused on one or two elements. A representative from
the NRC and one from INL served as the discussion hosts for each topical group. To promote
interaction and diversity of views in the dialogue, each participant rotated to three topical groups
during the discussion period.

For Topic 1, Dr. Brian Green (NRC) and Ms. Rachael Hill (INL) hosted discussions on (1) plant
missions and goals, and (2) roles and responsibilities of personnel and automation.
Section 3.8.1 contains a summary of the discussions.

27



For Topic 2, Ms. Theresa Buchanan (NRC) and Mr. Zachary Spielman (INL) hosted discussions
on staffing, qualifications, and training. Section 3.8.2 contains a summary of the discussions.

For Topic 3, Mr. Stephen Fleger (NRC) and Mr. Casey Kovesdi (INL) hosted discussions on the
management of normal operations. Section 3.8.3 contains a summary of the discussions.

For Topic 4, Dr. Niav Hughes Green (NRC) and Dr. Ronald Boring (INL) hosted discussions on
the management of off-normal conditions and emergencies. Section 3.8.4 contains a summary
of the discussions.

For Topic 5, Dr. Amy D’Agostino (NRC) and Dr. Tina Miyake (INL) hosted discussions on the
management of (1) maintenance and modifications, and (2) tests, inspections, and surveillance.
Section 3.8.5 contains a summary of the discussions.

3.8.1 Topic 1: Plant Missions/Goals and Roles and Responsibilities

This topic focused on the impact of remote operations on (1) plant missions and goals, and
(2) the roles and responsibilities of personnel and automation. Insights from the discussions
were organized into five general themes (i.e., subtopics) according to the Task, Operator,
Machine, Environment, Social (TOMES) model (Drury, 1990). These insights are summarized
below.

3.8.1.1 Plant Missions/Goals (New Missions)

During the breakout discussions, it became apparent that the topic “Plant Missions/Goals” was
quite broad, so that participants found it difficult to generate specific examples within the time
available. To simplify the topic, one of the facilitators suggested that the discussions focus
specifically on new or current missions. Discussions became more detailed after this reframing,
and so the topic was retitled “New Missions.” The subtopics generated in the New Missions
discussions during each of the three rotations are outlined below.

In relation to tasks, participants discussed whether special considerations might be needed for
mobile reactors, such as in maritime or aviation missions. For example, would mobile reactors
be subject to jurisdictional or other legal considerations, requiring coordination with Agreement
States or other nations? Participants also mentioned the potential for interdependencies
between primary and secondary missions, such that secondary processes (e.g., producing
hydrogen) could affect primary processes (e.g., producing electricity). In particular, it would be
important to consider how the staff managing a remotely operated facility would be alerted to
effects that secondary processes might have on primary processes. In addition, participants
discussed the importance of ensuring that if issues arose at a remotely operated site, then
resources could be dispatched promptly to the site. Participants asked how emergency
preparedness might work for a remotely operated facility, including whether emergency
response could be automated and how local responders could access the site if there were few
or no facility personnel on site. The level of connectedness needed between offsite and onsite
personnel would depend on the missions and staffing of the facility.

In relation to operators, participants asked whether operator licenses could be applied across
jurisdictions, between facilities, or even between fleets. For example, how might operator
licensing work on a plane or a ship? Participants considered who has the authority for
operations; for example, who is the operator on a nuclear-powered ship—the captain, or a
specific reactor operator? They also considered whether new missions might change skillsets in
either advantageous or problematic ways (e.g., by favoring generalist or specialist knowledge,
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or by increasing accessibility of fleetwide offsite resources). Participants suggested that new
guidance might be needed to help operators prioritize competing missions (e.g., which is more
important: process heat in winter or medical isotope production?). This led to discussions about
how potential impacts on operators’ families or employment might sway their decision-making.
Would removing control to an offsite facility alleviate potential emotion-based conflicts?
Participants also considered what data might be lost if operators were unable to directly observe
the plant, and what resources might help operators adapt to controlling a plant remotely.

In relation to machines, the discussion indicated a need to identify best practices for monitoring
multiple missions. Participants asked whether nuclear designers know how to develop HSIs
appropriately for new missions or for multiple simultaneous missions. Participants also
considered whether the licensing process could be simplified by decoupling secondary
processes from primary processes (e.g., by removing secondary processes from the nuclear
island).

In relation to the environment, participants stated that it would be important to understand how
hazards associated with new missions (e.g., hydrogen) might affect other missions. They also
discussed how the site boundary could affect incident response (e.g., by affecting travel time,
the dispatch of local emergency resources, or site access) and how hazardous weather could
affect new missions.

In relation to social considerations, participants mentioned the potential impact of jurisdictional
borders (e.g., State, local, national) between remote control centers and reactor facilities. They
also discussed whether some best practices could be adapted from other industries—for
example, tools for addressing cross-border language issues or human reliability issues. Finally,
participants considered whether the NRC could learn from other industries about ways to frame
regulations that make it possible to license new technologies without being limited by the current
state of knowledge.

3.8.1.2 Roles and Responsibilities

The Roles and Responsibilities discussions were quite broad and included all personnel-related
subjects. The subtopics, questions, and suggestions generated in these discussions, across all
three rotations, are outlined below.

In relation to tasks, participants discussed what roles and responsibilities would need to be
defined if no human action were required within a critical time window. They also identified a
potential need to update guidance on function allocation. Although there is existing guidance on
the allocation of functions to either humans or automation, there is no guidance on how to
account for inherently safe systems in which functions are allocated to “Mother Nature” or the
laws of physics (e.g., through natural circulation or the dissipation of decay heat to ambient air).
The group asked whether new practices are needed to optimize allocations, and whether, in
some situations, either humans or automation should be assigned a monitoring or backup role
for a passive or inherently safe system.

In relation to operators, participants discussed the need to keep humans in the loop to confirm
that appropriate actions are taken (i.e., actions should be “monitorable”). They also asked what
sorts of skills might be necessary to supervise complex automation, and how an operator might
learn these skills. Participants suggested that remote operation with high automation might
change the training parameters for operators; for instance, operators might need to understand
the code underlying the automation. Participants also discussed how monitoring for
slow-moving accident sequences might be more challenging for remote operators.
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In relation to machines, participants generally believed that safety functions should be executed
automatically rather than manually. However, some participants raised the possibility that
automation might not be adequate in all circumstances. The group discussed whether
automation could be relied upon for the diagnosis of errors, as well as for standard control
functions such as providing redundancy, verifying actions, or screening for potential flaws in
hardware or software. Participants stated that automated systems needed to be transparent and
provide notifications to operators. Operators should be able to drill down and understand the
actions taken by automated systems. Doing so would require a variety of skills, such as the
ability to detect anomalies in the automation code, but those skills might be the responsibility of
offsite staff rather than reactor operators. A participant asked whether digital twins could help
model an expected state to determine potential flaws, such as during an unreliable data
connection event. Another participant noted that automation is designed by people and is
therefore limited by the fallibility of human design. The group agreed that it would be important
to define an optimal level of human-in-the-loop transparency from a regulatory standpoint.
Participants noted that NUREG-0700 and NUREG-0711 are relatively simplified and may need
expansion to account for various types and levels of automation.

In relation to social considerations, participants observed that even for remotely operated
reactors, human personnel may still need to be dispatched to the site to perform actions such as
maintenance activities, refueling, or field operations. Questions were raised about how far away
those personnel might be from day to day operations, and how their roles and responsibilities
might be defined to keep them meaningfully engaged in activities at the plant. Participants also
discussed the need to clearly define what licensed operators are responsible for in a remote
operations paradigm and to ensure that they are equipped to recognize and respond to
unforeseen events.

3.8.2 Topic 2: Operator Staffing, Training, and Licensing

The first rotation focused on the concept of the GLRO, which is introduced in the proposed

10 CFR Part 53 rulemaking (NRC, 2024). The GLRO option was originally introduced to provide
a streamlined form of operator licensing to satisfy a minimal set of legal and regulatory
obligations. However, nothing in the draft of 10 CFR Part 53 or in 10 CFR Part 55 specifies the
location of the licensed operator in relation to the plant. The draft 10 CFR Part 53 regulations
specify only that a person operating controls for the reactor must be licensed. A “control” is
defined as “a mechanism or apparatus that directly controls reactivity.” Outside of the United
States, there are cases in which unlicensed operators occupy a control room to manage
balance-of-plant controls but are not allowed to manipulate anything that directly affects reactor
reactivity. Some countries have graduated licensing, distinguishing, for example, between
turbine operators and reactor operators, with only the latter allowed to control reactivity. Others
(e.g., grid operators) may make changes to reactivity when slight alterations are needed to meet
market fluctuations, but this must be done with the cognizance of a licensed reactor operator.
This discussion clarified what licensing permits a licensed reactor operator to do.

Notable takeaways from the first rotation were as follows:
o A licensed operator is required only for adjustments and control changes to reactor
reactivity controls or “any mechanism or apparatus that directly controls reactivity.” The

regulations in the draft of 10 CFR Part 53 and in 10 CFR Part 55 do not specify any
requirements about the location of such an operator in relation to the plant.

30



. It may be reasonable to allow other agents to adjust reactivity (e.g., to allow adjustment
by grid operators for load-following purposes) if a licensed operator is “cognizant” of the
control actions being taken.

The second rotation focused on validating staffing levels for new plant types. It was noted that
the Advisory Committee on Reactor Safeguards (ACRS) expects all claims about safety actions
to be realistically demonstrated before approval is considered. The group discussion suggested
that this includes, but is not limited to, experimentation that demonstrates workload,
competency, awareness, and error mitigation of both system and staff responsibilities. The
group also noted the need to extrapolate results from specific tests to general situations.
Participants identified a need for guidance on acceptable methodologies for demonstrating the
safety and performance of a system given various conditions of staffing and safety strategies.

Notable takeaways from the second rotation were as follows:

) The ConOps for safety-related systems must be realistically demonstrated to be valid
before approval (e.g., as expected by the ACRS).

. Demonstration measures should include demonstrations of workload, situation
awareness, competency, and error mitigation.

) Guidance is needed on acceptable methodologies and acceptance criteria for
demonstrating the safety and performance of a system.

During the third rotation, participants discussed whether the simulators currently used for
training would be sufficient for training on remote operation concepts with different staffing
levels. One participant noted that the American National Standards Institute has guidance on
“part scope” simulators that may be useful for deciding the extent to which simulators can be
used for training in hybrid or fully remote operations. Another topic raised was whether new
competencies or skills would be required for staff of hybrid or fully remote plants. For instance, if
field operators are replaced with advanced instrumentation, then new alarm management
strategies might be required.

Notable takeaways from the third rotation were as follows:

o Hybrid or remote operations may introduce different requirements for staffing and
qualifications (e.g., multi-skilled personnel).

o System capabilities must be demonstrated to account for reduced staffing levels.
. What does training look like for remotely operated plants with hybrid or remote staff?
3.8.3 Topic 3: Normal Operations

In the first rotation, the facilitators held an in-depth discussion of what normal operations might
look like for the Radiant Kaleidos ConOps (see Design 3 in table 3-1). This reactor design is
envisioned to be highly automated, if not autonomous, leveraging operating experience from
SpaceX (e.g., the Starlink Satellite System). The designer plans to have a central operations
center where all training and operations for individual sites will take place. Its current vision is to
have four units per site. No time-critical manual actions are anticipated in the design. During
normal operations, the operators’ role at the offsite control center would primarily be to support
the monitoring of the reactor and dispatch local staff (e.g., security) if needed. The design is
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theoretically intended to operate without human oversight but will include monitoring capability
as a “good engineering measure” (e.g., consider an aircraft that is designed to operate without a
pilot but is not operated that way). There is no plan to phase out monitoring.

Notable takeaways from the first rotation were as follows:

. One prospective reactor design is expected to include (1) high levels of automation
(i.e., it will be near-autonomous) and (2) a centralized remote operations center.

. Some reactor designs are envisioned to leverage inherent safety characteristics so that
no time-critical manual operator actions will be needed (i.e., the primary role of operators
at the operations center will be to monitor).

The second rotation included representation from a vendor in a preconceptual design phase.
This vendor plans to introduce one unit and one operator per site, then graduate to multiunit
setups. One key point mentioned by a participant was that for the new designs, credited
operator actions may be absent under normal operations. This conversation led to discussion of
other implications, including how higher levels of automation can affect human performance
factors such as situation awareness, workload, response time, and vigilance. These potential
effects necessitate validation early and throughout the design process (i.e., a staged approach
to design). Participants mentioned the need to identify appropriate measures for performing
validation.

Notable takeaways from the second rotation were as follows:

. Some vendors may take a stepwise approach to remote operations (and automation),
such that the first deployment of advanced reactors will be simpler than later ones.

. Changes to the role of the human due to increased automation may affect human
performance, including situation awareness, workload, response time, and vigilance. To
address the risks associated with these changes, it may be important to adopt a
performance-based approach that integrates validation early and throughout the stages
of the design process.

In the third rotation, participants discussed potential differences between training for remotely
operated advanced reactors and training for existing LLWRs. One participant mentioned an
alternative training approach (active discovery) that could allow operators to build a better
mental model of reactor systems than under the traditional approach (in which the model is
presented to them by a trainer). Training would need to be tailored to the environment.

Notable takeaways from the third rotation were as follows:

o The training of operators and other staff for a remotely operated nuclear facility may be
fundamentally different from the training used for existing LLWRs.

) New approaches to training, such as active discovery, could be useful for advanced
reactors.
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3.8.4 Topic 4: Off-Normal Operations

In the first rotation, the facilitators asked participants from vendor organizations about the role of
personnel in off-normal and emergency conditions in their ConOps, as well as whether
personnel would be distributed (e.g., across both local and remote control stations).

One participant from Westinghouse eVinci™ (Design 4) said that the company plans to maintain
onsite local operations, with only remote monitoring. The eVinci™ design uses automation and
inherent safety characteristics as the primary means of achieving safety functions. This design
choice was based on lessons learned from LLWRs, which have many moving mechanical parts
that require maintenance. During off-normal conditions, operators would primarily play an
“observing” role rather than taking action. The reactor would be monitored through one-way
data communication, so no control would be possible. A key reason for the use of remote
monitoring is to minimize staffing levels by centralizing the monitoring function, so that staff can
monitor multiple units at once. In the event of degraded 1&C, manual intervention (i.e., manual
shutdown of the reactor) would be needed, but the passive safety features of the design should
ensure safety. The possibility of human intervention will be included to provide defense in depth.
If communication is lost for remote monitoring, an alert will occur locally, and a threshold (to be
determined) will be used to decide whether the plant can continue operating or requires
shutdown.

Another participant mentioned that their company is working on multiunit, multisite reactors. The
company is considering a staged approach (similar to that of Kairos Power as discussed in
section 3.7): first licensing an initial single-unit reactor with onsite operations (no remote
operations), then eventually licensing multisite (and potentially remotely operated) reactors. In
the initial design, the primary control room is envisioned to be located outside of the reactor
building, with an emergency control room inside the reactor building. Thus, the primary control
room could be shared across units as more reactors are built but still located on a reactor site.
The emergency control room would have a simplified design based on an emergency control
panel in LLWRs. Licensing and staffing levels for the initial design would follow the traditional
approach used with LLWRSs; in later stages, the developers would consider reducing staffing
levels. They anticipate human involvement (e.g., travel from an offsite response center) during
off-normal conditions, especially for beyond-design-basis conditions.

Notable takeaways from the first rotation were as follows:

o Many advanced reactor designs leverage a combination of automation, passive safety
features, and inherent safety characteristics to ensure safety. Operators will serve as
“observers” of such functions, rather than performing manual actions.

) In some cases, operator intervention (e.g., manual shutdown) may be required as part of
the plant’s defense-in-depth strategy.

o As also mentioned in the Topic 3 discussion, some vendors may take a stepwise
approach to remote operations (and automation), such that the first deployment of
advanced reactors will be simpler than later ones. This stepwise approach may affect
the location of the control room, licensing and staffing levels, and function allocation,
especially during beyond-design-basis conditions.

In the second rotation, the group discussed the potential for loss of all communication for
remote monitoring, even when there is more than one communication channel. The direction of
communication and the number and quality of available communication channels may affect
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how staff perform their monitoring. Reactors could have safety protocols such as “auto-trips”
built in to be used during a loss of communication. Such protocols could ensure, for instance,
that if a remote signal is lost, the reactor will continue to operate within conservative bands.
Existing guidance on the emergency response data system (ERDS) and post-event monitoring
system (PEMS) provides necessary information that could be applied to handle off-normal
conditions.

The group also discussed the identification of new hazards for advanced reactors with remote
operations, including what data would be needed to support design decisions. Off-normal
conditions might have no impact on public safety yet still affect asset and operability decisions.
If the safety-related consequences of off-normal conditions are minimal, continual active
monitoring by a human may not be required; instead, an on-call support model might suffice (as
when electricity customers call in to report that they have no power). Building on this discussion,
one vendor asked how much surveillance might be needed for off-normal conditions with no
safety-related consequences; data needs might depend on the safety and operability
consequences of any potential conditions. The group also noted that safety consequences may
depend on the population of the geographical area where the reactor is located. Consequences
for reactors located in remote or rural areas may be very different from consequences for
reactors in more densely populated regions.

Notable takeaways from the second rotation were as follows:

. The risk of a loss of communication between the control center and the reactor could be
addressed through redundancy of communication channels, as well as automated safety
protocols such as auto-trips.

. Remote operations may introduce new hazards that are different from those in the
existing LLWR paradigm, and such hazards may be tied to more than one type of loss
(e.g., both safety and financial losses). Hazard analyses should account for these
possibilities, which may give rise to different data requirements.

In the third rotation, the group revisited the Flibe Energy presentation (Design 5) in the context
of data integrity of remote signals. A participant asked whether control room operators need to
be able to look at patterns of data, and whether such an approach could be used to ensure the
data integrity of remote signals. The group also discussed potential new hazards of remote
operation. For example, how should cybersecurity threats be addressed? If multiple reactors are
operated remotely from a centralized facility, what would be the implications of a threat affecting
more than one of the units? Can safety features be built into a design to prevent or mitigate
consequences if operators are locked out of the system? While radiological release is the
primary concern for a nuclear facility, consequences such as a loss of electricity may have
severe effects on human health and the economy.

Participants also identified the need for added clarity about what constitutes automation as
opposed to passive safety, beyond the taxonomy produced by the International Atomic Energy
Agency (IAEA, 2014). Participants asked whether a consistent definition of passive safety is
being applied across the industry (e.g., does passive safety refer to a certain time period? Does
it mean there are no mechanical parts?).

Lastly, one participant mentioned that NRC guidance is sometimes perceived as constraining on

applicants and licensees. They believed it would be important for any new guidance to be
informed by experience (i.e., performance based).
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3.8.5 Topic 5: Maintenance and Modifications, and Tests, Inspections, and Surveillance

The breakout discussions for Topic 5 focused on considerations for remote operations related to
(1) maintenance and modifications, and (2) tests, inspections, and surveillance.

In the first rotation, the group discussed how the extent and scope of maintenance concerns
starts with the design. For any design incorporating remote operations, the question of interest
is, “Where is the human in this design and what is the human doing?” Participants noted that the
scope of maintenance activities within the purview of regulation is likely to depend on the
equipment needed to mitigate the design-basis events that are identified. Participants also
discussed the possibility that new fuel types could introduce new safety concerns or require new
types of technology (which might not exist yet or might be in their infancy). A participant
commented that the industry might need to come up with new ways to monitor or gather
information to analyze the state of the reactor for maintenance and surveillance purposes.

Another participant noted that designs that are very different from existing LLWR designs
(e.g., Radiant Kaleidos (Design 3), which uses fully automated operations and monitoring) might
require specialized tools for maintenance. The following questions arose on this topic:

. Will the tools be built in?
o Will a team with the needed tools travel from site to site?
o If so, what tools and resources will that team need to accomplish the maintenance

(e.g., a vehicle with a remote arm)?

Participants noted that not all maintenance functions would be subject to regulatory review; the
set of functions subject to review might depend on the design. There was also a discussion
about licensing basis events. As an example, participants considered a crane taking an SMR
out of service. A potential accident in this scenario is that the crane or crane operator might drop
the SMR on another SMR unit. An insight from this discussion was that risks associated with
maintenance activities can be design specific; designers will need to consider how such risks
will be managed (e.g., through technical specifications).

The group also raised questions about the scope of human involvement in maintenance,
modifications, inspections, and surveillance for remotely operated facilities. Participants
speculated that humans might have minimal involvement in some small, simple designs. Some
plants or reactors might be designed to last only 10 years rather than 50-80 years—a span
short enough so that the reactor would be decommissioned before any components could break
down. Such reactors might have simple, robust designs that would need no onsite maintenance,
with decommissioning or refurbishing accomplished at the manufacturing facility.

The second rotation started with a discussion of who or what would be performing diagnostics.
The group agreed that automation should broadly be responsible for aggregating information
and running diagnostics. Humans would still be involved in data interpretation and
decision-making, but they might eventually play a mainly confirmatory role, in contrast to the
operator role today.

The conversation then turned toward whether humans would be needed at all. Participants
discussed how to verify the accuracy of any alerts to operators that a component may need
maintenance. Representatives from Radiant Nuclear said that their strategy for doing this in
Kaleidos (Design 3) is to over-instrument (i.e., triplicate) to identify false negatives.
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The group also discussed how to demonstrate the reliability of a novel system when there are
no historical data on its performance. For such systems, more conservative maintenance and
surveillance practices may be needed to ensure reliability. In addition, for a remotely operated
reactor, more in-place inspection equipment may be needed to conduct surveillance if staff are
not located on site to do so.

Notable takeaways from the second rotation were as follows:

. In maintenance activities, automation may serve best for information aggregation and
analysis, while humans may still be needed for decision-making and action selection and
response (at least in a confirmatory role).

. It is important for humans to be available to verify the accuracy of information provided
by automated systems. Consequently, automation needs to be sufficiently transparent to
allow for adequate assessment by personnel.

o It may be challenging to determine the reliability of automated systems used in new
reactor designs, since few historical data are available on these designs.

In the third rotation, a participant remarked that automating a task could cause humans to
perceive the task as less important. Engineers and human factors specialists should thus
consider how the allocation of functions in high-automation environments affects the perceived
importance of each function. Also, like the participants in the first rotation, the group suggested
that microreactor designs with shorter operational lifespans might require minimal onsite
maintenance. Finally, a participant commented that plant maintenance could provide
opportunities to upgrade advanced reactors with newer technology over time, as long as
regulations permitted this.

The group discussed whether it would be possible to use “roving teams” for maintenance,
particularly in a fleet of reactors of similar design. The following questions were raised:

. Could resources be shared between sites without affecting the quality of maintenance?
o Would the feasibility of the use of roving teams depend on the distances between sites?

The group also agreed that the industry needs to distinguish between “remote operation” and
‘remote maintenance.” One participant suggested a graded approach to surveillance, with
heavier surveillance by two operators in the first cycle, then a tapering off in later cycles.

The group acknowledged that it had generated more questions than answers, largely because
the landscape of new reactor designs was changing so quickly and encompassed such a wide
range of ConOps. As noted in the first rotation, the maintenance requirements for any given
reactor will depend on its design. The concerns associated with a completely automated design
will be different from those associated with a design that still relies on human operators, either
on site or remotely.

Notable takeaways from the third rotation were as follows:
o It is important to take a human-centered approach to the allocation of maintenance

functions. Automation that does not account for what people value in their jobs may
create a suboptimal working environment.
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3.9

There are many different strategies for maintaining a fleet of reactors. The ideal strategy
for a given fleet will depend on the characteristics of the organization and the reactor
designs, which may have regulatory implications.

- One strategy is to have a dedicated team responsible for the maintenance of
multiple reactors within a given proximity.

- Another strategy is to avoid maintenance activities like refueling altogether, by
designing a reactor that is not intended to last longer than the fuel usage life
cycle.

- For some designs (e.g., Radiant Kaleidos), maintenance may entail transporting
the reactor to a central facility.

Human factors implications related to maintenance will largely depend on the design of
the reactor and the ConOps (particularly the role of the human in the ConOps). The
design and the ConOps will also affect the type of training needed and may necessitate
better training tools (e.g., high-fidelity mockups, simulators, or digital twins).

Workshop Day 2 Open Discussion

Day 2 of the workshop ended with an open discussion period, during which the following topics
were raised:

One attendee stated that funding opportunities for human factors research are often
limited. Other attendees suggested addressing this limitation by pooling data across
research organizations. One of the Halden HTO Project presenters commented that their
organization’s facilities can be used to support research; historically, their research focus
has ranged from human factors to sensors and advanced systems.

A participant commented that HFE needs to be integrated into the development life cycle
of advanced reactors. This idea was highlighted in the earlier presentation by Dr. Brian
Green, who said that HFE is most valuable when incorporated early and iteratively
throughout the project life cycle. A potential constraint on the integration of HFE is that
newer advanced reactor developers may have smaller organizations than traditional
LLWR reactor developers and thus may not have an HFE professional on their staff.
However, with prospective designs considering reduced staffing levels, greater early
consideration of HFE becomes particularly important. All designers should consider
preapplication interactions with the NRC to make sure that novel approaches to HFE are
likely to meet applicable requirements.

A participant highlighted the importance of identifying any design assumptions made
early in the development life cycle and analyzing what these assumptions mean for the
role of humans in the facility. Another attendee suggested that HFE may be best
leveraged for advanced reactor design through multistage validation. The guidance on
multistage validation in the consensus standard IEEE 2411, “IEEE Guide for Human
Factors Engineering for the Validation of System Designs and Integrated Systems
Operations at Nuclear Facilities” (IEEE, 2021), developed by Subcommittee 5 of the
IEEE Nuclear Power Engineering Committee, may be useful to the industry for early and
iterative incorporation of HFE. EPRI’'S HFAM was noted as another way to incorporate
HFE into a broader systems engineering life cycle.
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In response to the presentation about NASA flight control, a participant asked how
NASA managed losses of communication, which sometimes last for several minutes.
The presenter responded that in his experience there were two basic types of blackouts:
planned and unplanned. For planned blackouts, protocols were in place for managing
the loss of communication; for instance, any mission-critical messages could be sent
ahead of the planned blackout. For unplanned blackouts, both astronauts and ground
personnel were trained on emergency response protocols.

Given NextEra Energy’s experience in deploying remotely controlled facilities for their
renewable energy and fossil fuel assets, attendees discussed whether advanced nuclear
assets could be integrated into these existing infrastructures. A NextEra representative
mentioned that their organization is investigating the feasibility of integrating advanced
reactors into its existing fleet and is interested in exploring what the ConOps may look
like, including staffing level requirements.
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4 WORKSHOP OUTCOMES

4.1 Consideration of Remote Operations in Advanced Reactor Concepts of
Operation

This section provides the authors’ synthesis of the content from the industry presentations.
These presentations discussed a range of issues, from the specifics of advanced reactor
designs to perceptions of risk associated with remote operations. The summaries below focus
on information that directly relates to remote operations in nuclear reactor designs. They are
organized according to the elements of a ConOps identified in draft 10 CFR 53.730(c) (NRC,
2024).

4.1.1 Plant Missions/Goals

While the primary mission of LLWRs is to safely generate electrical power, some advanced
reactors may accomplish additional missions (e.g., hydrogen production or heating). For
instance, Radiant Kaleidos (Design 3) may be deployed to produce electricity or heat as a
replacement for diesel generators. These reactors may be deployed at scale and monitored
remotely from a centralized facility.

In addition, LLWRs have traditionally been used to supply consistent, baseload power to
support the electrical grid; however, some advanced reactor designs (e.g., Radiant Kaleidos
(Design 3) and Westinghouse eVinci™ (Design 4)) are intended to support power demand
fluctuations using load following. Moreover, advanced reactors could be considered as part of a
mixed-resource fleet of operations, in which renewables, fossil fuels, and nuclear facilities could
all be supervised remotely from a centralized facility.

The range of missions and goals envisioned for advanced reactors are likely to have
downstream implications for staffing, personnel qualifications, and training requirements.

4.1.2 Roles and Responsibilities for Personnel and Automation

The roles and responsibilities of personnel are expected to vary greatly in advanced reactor
designs that include remote operations, partly because of the incorporation of automation,
passive safety features, and inherent safety characteristics.

4.1.2.1 Differences in Personnel Roles and Responsibilities

In the Radiant Kaleidos design (Design 3), key safety functions (e.g., reactor shutdown) are
primarily performed through automation, with personnel fulfilling a monitoring role from a remote
location. Radiant Kaleidos is expected to be a small reactor that includes inherent safety
characteristics, which simplify the overall design and reduce reliance on human actions to
achieve safety functions, even under off-normal conditions. In contrast, Flibe Energy’s reactor
(Design 5) is expected to operate more like current LLWRs, with local operators having primary
responsibility for many key safety functions, such as reactor startup and shutdown. The
Westinghouse eVinci™ concept (Design 4) is similar to the Flibe Energy concept, but
incorporates remote monitoring in addition to local operators. In the Westinghouse eVinci™
design, local operators still have primary responsibility for command and control of the reactor,
but their overall role is expected to be reduced, as there will be fewer functions that require
operator action.
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4.1.2.2 Combining Roles and Responsibilities for Personnel

In some of the proposed reactor designs, the overall role of personnel is reduced through a
combination of increased automation, reduced reactor size, and incorporation of passive safety
features and inherent safety characteristics. One potential consequence of this change is that
developers will combine roles in their staffing plans—for example, by adding maintenance
responsibilities to the operator role, as developers in surrogate industries have done (e.g., local
operators might also be trained electricians). Such measures could reduce required staffing
levels and thus lower operating and maintenance costs. However, they will also affect training
and may create conflicts within roles. Information Notice 93-81, “Implementation of Engineering
Expertise on Shift,” dated October 12, 1993 (NRC, 1993), discusses operating experience
involving such conflicts.

4.1.2.3 Updates to Function Allocation Guidance

On the topic of function allocation for advanced reactor designs, one vendor suggested that for
new designs that use passive safety features and inherent safety characteristics, the function
allocation process should focus on grading the need for humans, not just on assigning actions
to either humans or automated systems. This idea has implications for existing guidance, such
as NUREG/CR-3331. Furthermore, a participant suggested that the NRC consider issuing
additional guidance on simulator fidelity for verification and validation.

41.3 Staffing, Qualifications, and Training

Advanced reactors are envisioned to have lower staffing levels than existing LLWRs. While
vendors did not identify specific numbers of staff members in their presentations, they discussed
several key points on this topic.

4.1.3.1 Strategies for Determining Staffing Levels

Several strategies for determining staffing levels were discussed. One strategy mentioned was
similar to a strategy employed in staffing data centers: staffing levels would be based on the
number and accuracy of alerts that any one individual has to monitor. If the number of alerts is
low and accuracy is high, fewer staff will be needed for monitoring.

Another strategy, discussed by the presenter for the Kairos Power design (Design 2), was to
follow a performance-based approach to determine staffing levels. Under this strategy, staffing
levels would first be determined by examining the role of personnel given the reactor design;
developers would leverage the simplicity of the design, passive safety features, and inherent
safety characteristics to minimize the interactions required of the operators. Next, the vendor
would define “thresholds” (i.e., acceptance criteria) for operators’ performance on tasks, given
their assignment of safety functions. A conservative staffing level would be estimated, and then
iterative tests and evaluations would be conducted, including performance-based tests to
identify more specific staffing levels.

4.1.3.2 Coordination of Personnel at Different Locations

A topic that is particularly salient for remote operation is the coordination of personnel at
different geographical locations who share responsibilities and tasks. For instance, if two
operators, at two different geographical locations, were performing tasks that required
manipulation of the same plant equipment, it would be necessary to establish processes and
procedures for adequate coordination.
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4.1.3.3 Alternative Training Methods and Programs

While some vendors planned to use traditional training programs for their reactor operators
(e.g., traditional training programs were envisioned for Westinghouse eVinci™ (Design 4)),
others described alternative training methods with training performed at a central operations
center (e.g., this was the case for Radiant Kaleidos (Design 3)). The latter approach suggests
the possibility of operator licenses that are applicable to more than one unit. As some advanced
reactor designs give rise to changes in operator responsibilities (e.g., combining of
qualifications), they may require training methods and programs different from those in place at
LLWRs.

4.1.4 Management of Normal Operations

For some of the ConOps described, vendors are planning for normal operational functions to be
achieved through higher levels of automation, with personnel distributed across different
geographical locations.

For instance, with Radiant Kaleidos (Design 3), automation will be used extensively for load
following, health monitoring, and reactor shutdown. Refueling, maintenance, and
decommissioning will be performed by personnel at the manufacturing facility (i.e., a centralized
location) following a 5-year cycle. Remote personnel will be responsible for supporting startup
and shutdown evolutions. A potential advantage of centralizing staff is to avoid the development
of silos of knowledge and pockets of skilled operators.

Other vendors envisioned a more typical ConOps, with personnel on site to support normal
operations.

4.1.5 Management of Off-Normal Conditions and Emergencies

Vendors also discussed a range of strategies for managing off-normal conditions and
emergencies. For instance, Radiant Kaleidos (Design 3) will leverage a self-reliant mitigation
strategy, with the passive safety features and inherent safety characteristics of the reactors
(e.g., helium gas with natural convection cooling, low-reactor-pressure design) addressing all
functional safety criteria. Other vendors stated that personnel would always be on site. One
advantage of this approach is that onsite personnel can use additional sensory modalities, such
as haptics (e.g., feeling vibrations) or olfaction (i.e., smell), to detect anomalous conditions.

4.1.5.1 Implications of High Levels of Automation on Operators’ Vigilance

Workshop participants raised concerns about the effects of automation on human vigilance,
particularly under off-normal and emergency conditions. That is, in designs using passive safety
features and high levels of automation, it might be difficult for personnel to maintain sustained
attention. One vendor is addressing this problem by evaluating personnel vigilance
progressively throughout its phased process for design development.

4.1.5.2 Crew Coordination and Reactor Control During Communication Loss at Remote Control
Room

Another important consideration was crew coordination and reactor control during a loss of
communication. For facilities in which the reactor can be controlled either locally or remotely, a
loss of communication at one location could be managed by redistributing command and control
to the other location (e.g., by transferring control from the remote facility to the local control
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room). One vendor described an incident in which its engineering unit lost communication at the
primary (local) control facility during the night shift. The existence of the separate remote facility
enabled the team to continue monitoring operations.

4.1.6 Management of Maintenance and Modifications

The management of maintenance and modifications is likely to depend on the designer’s overall
approach to the construction of the reactor and the resulting roles and responsibilities of
personnel.

4.1.6.1 Modular Construction and Component Replacement

An important difference between Radiant Kaleidos (Design 3) and existing LLWRs is that
Kaleidos will be constructed at the manufacturing facility and then transported to the site of
operation, rather than being constructed at the site. Refueling will also take place at the
manufacturing facility. For designs like Kaleidos, onsite maintenance activities may be limited.

As noted in DRO-1SG-2023-03, for LLWRs, plant personnel generally participated in the
construction of the reactor facility and in component-level testing and preoperational testing.
This allowed personnel to develop a deep knowledge of the reactor facility’s structures,
systems, and components. By contrast, since Radiant Kaleidos (Design 3) will be constructed
entirely off site, onsite personnel may have less exposure to the design during its construction
and thus may not develop as much knowledge of the facility’s structures, systems, and
components before operation. This may affect the training and qualification needs for the
personnel responsible for maintenance activities (see also section 3.1.5).

4.1.6.2 New Maintenance Operations

A notable point of the NextEra Energy presentation on nonnuclear power generation was that
existing utilities are exploring the potential to combine the management of electricity-generating
resources into a single central control facility. A maintenance-as-a-service business model is
being considered, with maintenance personnel located off-site and able to service different
plants as needed. If advanced reactors are integrated into a mixed-resource infrastructure, the
maintenance personnel overseeing these reactor facilities may need to handle different types of
facilities and technology. The use of a mixed-resource infrastructure may thus affect the staffing
levels required to maintain an advanced reactor facility, as well as the training and qualifications
of the maintenance personnel.

4.1.6.3 Combining Maintenance Duties with Operations

Also during the NextEra Energy presentation, the speaker described how NextEra Energy had
combined duties for local operators of nonnuclear power generation facilities, so that operators
could support preventive maintenance activities when time permitted. The utility succeeded in
widening operators’ duties without rendering their workload excessive by shifting control
functions to a remote control center, using higher levels of automation, and implementing an
alarm reduction strategy. This experience shows that advanced reactor developers may also be
able to combine maintenance duties with local operations.

4.1.7 Management of Tests, Inspections, and Surveillance

As with maintenance and modifications, the management of tests, inspections, and surveillance
will depend on the designer’s overall approach to the construction of the reactor and the
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resulting roles and responsibilities of personnel. Reliance on passive safety features and
automated safety functions may necessitate more stringent inspections and testing to ensure
that these features and functions perform as expected.

Some inspections and surveillance may be performed remotely using video cameras or other
monitoring equipment. For these activities, communications between the remote control facility
and onsite personnel would be an important consideration.

4.2 Participant Recommendations on Human Factors Engineering Guidance

Throughout the industry presentations and discussions, workshop participants provided
recommendations on guidance to support NRC reviews of ConOps that involve remote
operations. These recommendations include the following:

. Add guidance for HFE assessment of simplified designs that lack traditional main control
rooms. For instance, in a very simple design, human actions might be limited to the
clicking of a button on a digital display to perform startup and manual shutdown. An HFE
assessment might focus on whether HFE principles were appropriately applied to the
design of the HSI to support monitoring and control, regardless of the form of the HSI.

° Consider updating NUREG-0711 to provide the option of a scaled approach for the
review of designs that involve limited or no important human actions to accomplish
safety functions. Such an update might resemble the approach proposed in
DRO-1SG-2023-03 that the NRC anticipates using for applicants under 10 CFR Part 53.

. Consider re-evaluating the risk-informed screening process described in NUREG-1764
for determining the level of HFE review needed for changes to human actions, and
modify it to suit lower risk and highly automated designs.®

. In NUREG-0700, add design guidance on (1) highly automated control systems,
(2) multiunit operation and/or monitoring, and (3) nonconventional control rooms.

. Update function allocation guidance in NUREG/CR-3331 to redefine the role of
personnel in highly automated designs and designs that use passive safety features and
inherent safety characteristics.”

. Consider issuing additional guidance on simulator fidelity for training and validation
activities.
. Provide additional guidance on the treatment of important human actions in the

maintenance of critical safety systems, particularly those that are highly automated
(i.e., require little to no human intervention). The maintenance demands for active,
systems, passive systems, and inherent safety characteristics will likely differ, and it is
unclear whether existing guidance can address important human actions outside the
control room, such as actions performed during maintenance activities.

6 In September 2024, the NRC initiated a research project to modernize risk assessments used in reviews of
changes to human actions.

7 In September 2024, the NRC initiated a research project to update guidance on function allocation methods.
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5 CONCLUSIONS

The workshop provided an important first step in understanding the ConOps that are being
considered for advanced nuclear reactor designs involving remote operation, as well as the
implications for human factors reviews of these designs. The workshop organizers had the
following goals:

(1) to understand ConOps the nuclear industry is considering that may include elements of
remote operation

(2) to gain insight into how well the NRC'’s current guidance is suited to the human factors
review of these concepts

In their presentations, vendors discussed a wide range of proposed advanced reactor designs
that incorporate various types and levels of remote operation. Some designs involve no remote
operation at all. Others are envisioned to rely on automation and passive safety features to
ensure safety while achieving fully remote monitoring and control. Between these extremes,
some vendors are planning on remote monitoring but not remote operation, while others are
planning to consider remote operation only in future iterations of their designs.

The choice of operational strategy for a plant has a significant impact on the roles and
responsibilities of personnel and automation; staffing and personnel qualifications; and the
management of functions during normal operations, off-normal conditions (e.g., emergency
response), and maintenance and testing activities.

The following are among the major takeaways from the workshop:

o Reactor vendors are considering near-term strategies ranging from no remote
operations to remote monitoring of near-autonomous operations.

o Some vendors are considering the use of automation, passive safety features, and
inherent safety characteristics to support personnel in monitoring or controlling reactors
from a remote location.

o Some vendors are planning to employ an iterative design process. This may include
establishment of a centralized facility that evolves from remote monitoring capabilities to
remote control capabilities.

o Reliance on passive safety features and automated safety functions may necessitate
more stringent maintenance and testing to ensure that these features and functions
perform as expected.

o Standardization, including international standardization, may be particularly important for
vendors contemplating remote operation of multiple reactor units across multiple sites.
This includes standardization of operator licenses, to the extent possible.

o Remote operation is being considered as a way to reduce overall staffing levels, which is
also likely to change the roles and responsibilities of personnel at the remote facility and
at the reactor site.

) The use of remote operation may be considered in addition to local (onsite) support
rather than in lieu of local support. Remote operation could be both a part of normal
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operations and a means of supporting operations during emergencies at the reactor site
(e.g., during a local control room evacuation).

. The nature of communication, coordination, and teamwork may change with the
introduction of remote operation, particularly if remote operators, local operators, and
other personnel (e.g., maintenance, security) are geographically dispersed.

o Changes to the role of the human due to increased automation and use of remote
operation may affect the situation awareness, workload, response time, and vigilance of
personnel.

. Workspaces used for remote operation should be designed flexibly and adaptably to

address the potential for high cognitive workloads.

. A performance-based approach that integrates validation early and throughout various
stages of the design process is important for addressing the risks associated with
changes to the human role.

The insights from the workshop will inform the NRC’s ongoing research efforts supporting the
development of future guidance on human factors reviews of license applications for advanced
reactor designs that include remote monitoring or remote operation.
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