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There’s never been a better time to be an engineer

Before Digital Tools Now

The System Engineering perspective is based on A Systems Engineer is a generalist'
systems thinking. Systems thinking is a unique ;

perspective on reality—a perspective that sharpensour ~ ® Develops and maintains the

awareness of wholes and how the parts within those system Concept start to finish.
wholes interrelate. When a system is considered as a .

combination of system elements, systems thinking « Coordinates the work of
acknowledges the primacy of the whole (system) and the engineering disciplines.

primacy of the relation of the interrelationships of the . .
system elements to the whole. Systems thinkingoccurs ~ ®  Steps in when a technical resource

through discovery, learning, diagnosis, and dialog that such as 3D modeling is missing
lead to sensing, modeling, and talking about the real- |

world to better understand, define, and work with
systems. A systems thinker knows how systems fit into
the larger context of day-to-day life, how they behave,
and how to manage them. [INCOSE]
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Today’s
Agenda

INL's Digital Transformation Mission (Peter)
What is a Small Modular Reactor (SMR)?

The typical licensing process

Human Systems Integration (HSI) to make a
better license application

An elegant system

Design verification & system validation
Traversable structure

Dynamic views

Automatic Configuration Management

Transformation to Probability Risk
Assessment (PRA)
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Idaho National Laboratory

Innovation for a secure and
resilient clean energy future

INL’s five strategic science &
technology initiatives work

together to advance our mission.

The nation’s nuclear energy
laboratory

Integrated Energy
Systems

Clean, X

\ Secure Energy |
\ Future  J

Nuclear Reactor
Sustainmentand
Expanded
Deployment

»:5.;? Integrated Fuel
" Cycle Solutions

Advanced
Materials and
Manufacturing for ¥

. ExtremeEnvironments

Secure
and Resilient
Cyber-Physical

Systems



INCOSE

Digital Transformation at Idaho National Laboratory

* WHY? Nuclear power has a historical cost

. Andb f t
overrun of 120% with poor schedule performance = e o megaProlects,
* Vogtle Units 3 & 4 B T ——
Mg ontectng dams _ r 3 i 3
* Initial $14B, final > $30B (+$17B) PR —
- Initial 2026, final 2024 (+8 yrs) :'
g somar | $100.00 e
* DE technologies and techniques demonstrated in ey varsmisin | { R T
other industries (defense, aerospace, etc.) have i $10,00- o Tama
historically shown the ability to save around 15- 3 | .
. o t
20% on project cost & schedule based on gg $1001
statistics from DoD and commercial construction 38 |
S0.10 ¢
* DE is a risk reduction capability for nuclear, .
enabling projects to complete closer to Y ———
budget and schedule than current trends CiNeCipety heied W)




Digital Transformation Process

1. Transform the way 2. Transform the way 3. Transform the way

Organizations / Projects Organizations / Projects Organizations / Projects
Generate Data Store and Connect Data Use and Automate Data

Model-Based Engineering Digital Threads Data Pipelines
Systems Engineering Data Warehouses Data Analysis
Model-Based Systems Eng. Product Lifecycle Management Artificial Intelligence

Simulation Configuration Management

Computing Infrastructure, Cloud Hosting, Authentication, etc.

Culture and Workforce Adoption

incose.org | 6
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Digital Ecosystems

* Interconnected software data exchange
used to enable digital engineering and
digital twinning systems

* Connects data to other digital definitions
created later in the development process
* Maintains system integrity across lifecycle

» Standardized ontologies to store and relate
information

* Suite of software adapters using open-
source directed acyclic graph (DAGSs)
technology




Digital Twins

* Digital Twins represent the merging of integrated
and connected data, sensors and instrumentation,
artificial intelligence, and online monitoring into a
single cohesive unit.

* What is different than a traditional simulation?

* Integration of real-time data
* Dynamic model update (Al/ML integration)

* Real-time operator visualization

Engineering design and
visual representation.

* Accurate predictions with fused (integrated)

data _

L1 DESCRIPTIVE

e Ability to enable autonomous control

Integration of loT, asset
history, and maintenance
data.

L2 INFORMATIVE

Predictions of unmeasured
quantities and future states
based on historical data.

L3 PREDICTIVE

o
Il‘l\

Updatable models to drive
actionable insights.

L4 LIVING DIGITAL TWIN

* Distributed across computing platforms



Extended Reality (XR)

* A graph and source of information is
nice, but humans are visual —
need a better way to consume data

* Extended reality (XR)
* Virtual reality (VR)

* Augmented reality (AR)
- Mixed reality (MR) ,'O‘

*  Centering information on models
facilitates understanding

* Engineers can interact with
visualization — inspect, change,

delete, etc. \ ’*a\
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Seismic Analysis Automation

s

g
Some INL Case Studies

AT

AGN-201 University Reactor Digital Twin
NRIC Digital Engineering Ecosystem
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Artificial Intelligence

Engineering and systems have become more complicated — Al can help us manage this
complexity by accelerating / augmenting traditional systems engineering processes

Framework
Response

i 11l

Post Processing
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I
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Small Modular
Reactors (SMRs)
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LARGE, CONVENTIONAL REACTOR

700+ MW(e)

Source: A. Vargas/IAEA 2024

SMALL MODULAR REACTOR
Up to 300 MW(e)

IREARNEENEREN

MICROREACTOR
Up to ~10 MW(e)
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Advantages of SMRs/Microreactors

Much smaller and simpler than traditional
nuclear power reactors.

* Minimum site preparation
o Factory fabricated

Standard, commercial components

Flexible operation

Enhanced safety

Refueling (every 2-10 years)

Operational lifetime: 5 —20 years.

il il,‘«"' »
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SMR Lifecycle
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Mass Production

According to Copenhagen
Atomics, thorium molten salt
breeder reactors can be mass
manufactured on assembly
lines with an expected output
of minimum 1 reactor per day
(per assembly line).

https://www.copenhagenatomics.com/about/

Image generated by Microsoft Designer




https://www.copenhagenatomics.com: Conceptual visualization of a 1GW power plant.



https://www.copenhagenatomics.com/
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Datacenters

578 in Virginia, USA (www.datacentermap.com)
Use as much as 100 MWe (US DOE 2020)
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o
Numerous SMR Developers
Ultra Safe Technology T Rosatom
Nucl
— Rolls-Royce|—Reactors

SMR Ltd

%

INET

REaR o 48
P it
Qaer \\ Westinghouse EDF
Kairosj Electric Company
t o
CNNCand

GE-Hitachi NPIC

Power

CNEA
[onen ]~

LEGEND

e

Locations of SMR designer
headquarters

Source: The NEA Small Modular Reactor Dashboard (2023). The list changes rather rapidly.
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Traditional
Licensing
Processes

The IAEA identifies a multi-step process and
32 examples of documents to be submitted to
the regulatory body. The regulatory body
must review the documentation to assess the
safety of the proposed nuclear installation.
Source: IAEA SSG-12, Licensing Process for
Nuclear Installations.

The licensing process usually takes years of
submittals and feedback. Source:
https://www.nuclearinnovationalliance.org

Image generated by Microsoft Designer
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International Atomic Energy Agency (IAEA) SSG-12
Licensing Process for Nuclear Installations

IAEA Safety Standards
for protecting people and the environment

Licensing Process for
Nuclear Installations

Specific Safety Guide
No. SSG-12

“alternative approaches do exist,
especially for countries with
experience in nuclear power where
several similar nuclear installations
have already been built and are
proven.”
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Proposal for an Alternative Licensing

Process

Design an application review process
that is repeatable, objective, and
comprehensive.

Case Study: Digital Documented
Safety Analysis (DgDSA)

The Documented Safety Analysis
(DSA) is a US Department of Energy
(USDOE) that requires the review and
approval of numerous documents. It
includes an in-depth description of
hazards, safe boundaries, and hazard
controls.

Image generated by Microsoft Designer
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Idaho National Laboratory (INL) Motivation

Multiple Test Beds Hosting Multiple Microreactors
Each Requiring a Documented Safety Analysis

DOME Test Bed LOTUS Test Bed
Lln': = m
‘.'u-y,';ﬂ;i,

I “ =

w

| g
DOME: Demonstration of Operational LOTUS: Laboratory for Operation and
Microreactor Experiments Testing in the United States

See INL/RPT-23-72206, Recommendations to Improve NRC Licensing
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Study human performance to make a better license application

Human-Factor & Ergonomics Information Technology
Task & Activity Analysis Competences & Human-Computer Interaction
Human & Organizational Artificial Intelligence
Performance Evaluation & Metrics Visualization techniques
Modeling B Simulation  Modeingana
Simulation .

= Professionalism
Comfort & UX Safety

v

actors Enginesring (HFE)

Usability Ceeupational
= / Health
Hurnan Organization \
Factors Sustainability
Engineering I
\ Social, Culwral
- o & Organizational
. om| Training Factors
el \ Technology /
=[-1-] Systems Engineering  ys; planning Habitability
Sociotechnical Systems oy Operational Domain
51"5.?&”; uflivstems Workforce Integrated Logistics Operational Expertise & Experience
_ Agile Deve upml_!nt Planning = Scenario Elicitation
Design & System thinking Support &

Model-Based SE Maintenance Experimental test personnel

Source: INCOSE The Human Systems Integration (HSI) Primer



INCOSE

Bad practices that diminish
human performance

Based on a review of recent (but
highly redacted) submittals to the
US Nuclear Regulatory
Commission (USNRC)* and author
reviews of developer documents

*https://www.nrc.gov/reactors/new-
reactors/advanced/who-were-working-
with/pre-application-activities.html

Use of non-standard
abbreviations and terms

Unnecessary words
Paragraphs with multiple topics
Misidentified performers
Unnecessary complexity

Incomplete
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Non-standard
abbreviations and
terms

INCOSE Guide for Writing
Requirements (GWR) is
also applicable to technical
writing

Characteristics and Rules in the GWR

C11 — Consistent: Use a consistent language (that
is, the same words are used throughout the set to
mean the same thing).

R37 — Acronyms: Consistent with other artifacts
developed across the lifecycle.

Confusing: “Ice cream scoop” (for a pump outlet)

Example Standards: NRC Glossary for reactors
and OmniClass® for host facilities.

Solution: Load database with standard terms and
abbreviations and use macros to flag non-standard
items.


https://www.nrc.gov/reading-rm/basic-ref/glossary.html
https://www.csiresources.org/standards/omniclass

INCOSE

Unnecessary
words

Refer to best practices
from software code, o
database structures,

Examples:

A passive voice adds auxiliary (helper) words.

Duplicate words such as “The System shall” when
the entire section is about the System.

Duplicate requirements among various documents

and construction Solution:

specifications

Generalization "
and Inheritance =i
Ganeralzation s Fw process of

Active Voice: Start directives with a verb

Generalize: Sort information into a hierarchy and
present in a tree view.

Inherit: Don’t copy general information into
containers of specific information.
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Paragraphs with
muiltiple topics

The INCOSE Guide for
Writing Requirements
(GWR) is also applicable
to technical writing.

Common English Syntax is
also applicable to technical
writing. For example, Topic
Sentences That Make the
Purpose Clear

https://www.yourdictionary.
com/articles/topic-
sentences-purpose

Characteristics and Rules in the GWR

C5 - Singular: (A paragraph) should state a
single capability, characteristic, constraint, or
quality factor.

R1 — Structured Statements: Conform to a
standard pattern (such as paragraphs that
begin with a topic sentence).

Solution: Parse paragraphs into single topics
and paste two or three words at the beginning
of each paragraph to identify the topic.

Parea paragrapht inss singim sepics
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Misidentified
performer

inASME B31.3

Most codes and standards direct a human to
perform something.

Yet, many functions, requirements, and
descriptions written by engineers misidentify the
system as the performer.

Incorrect: “The system shall comply with ASME
B31.3.”

Solution: Use case diagrams and associated
tables clarify who or what is the performer:
specifiers, designers, contractors, crafts,
software, hardware, etc.
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Unnecessary
Complexity

Problem: Focusing on codes and
standards rather than functions

Result: Amorphous, incomplete set
of requirements.

Solution: Focus on functions first.
What must the system do? Then
for each function, identify the
performance requirements.

ey Sprciatoms Fution Frst)
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An elegant solution

A simplification of
NASA/TP-20205003644

Author’s Definition: A data-
based application that is so well
structured that it only takes
simple queries to derive an
enormous amount of useful
information.



INCOSE

Design Verification &
System Validation

ISO/IEC/IEEE 15288
as cited in the INCOSE
Systems Engineering
Handbook

Design Verification is comparing
design outputs to design
requirements to verify compliance.

System Validation is the objective
evidence that the system, when in
use, fulfils its business or mission
objectives and stakeholder
requirements, achieving its
intended use in its intended
operational environment

Design Verification

Requirement Verfication and Traceability Matrix

System Validation
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Traversable Structure

Verify

Decomposition

Every component has a
function

Every function has
performance requirements

Every requirement has
objective evidence of
compliance

A Component: Vessel Surrounding the Reactor Core
Iteration
Function: Enclose Reactor Core

Recursuon
a. Performance Requirement: Properties
. Evidence: Calculation 123
2. Evidence: Drawing DEF
3. Evidence: Specification XYZ

b. Performance Requirement: Weld Quality

LY ol aab P Y LY
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Part Hierarchy

5| PartsTree X

= All Parts
AIR HANDLING UNIT SCHEDULE
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Design
Requirements
What needs to
be there

Configuration
Management

Making sure that the

design basis, the design,
the physical system, and
the operating procedures

. Physical Design and
are always consistent. Configuration Supporting
What is Documentation
actually there What the
documentation says is
there

kﬁé J
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Phase 2 — Transformation of Data

Model-Based Systems Engineering Probabilistic Risk Assessment (PRA)
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Risk Analysis and Assessment Modeling Language (RAAML)
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Home » NRC Library » Basic References » Glossary

Full-Text Glossary

See also NUREG-0544, "Collection of Abbreviations"”

Access hatch

An airtight door system that preserves the pressure integrity of
reactor, while allowing access to personnel and equipment.

Activation

The process of making a radioisotope by bombarding a stable |

Active fuel length

The end-to-end dimension of fuel material within a fuel assemkt

glement").

Activity

The rate of disintegration (transformation) or decay of radioacti
activity (also known as radioactivity) are the curie (Ci) and the |

A
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aviation fuel storage
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facility
abrasion-resistant coatings
abrasive aggregates
concrete
flooring
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abrasive safety floors
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absorption water chillers
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accelerators, concrete
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=

281600 interfaces

281100 global applications

281415 inputs and outputs

281511 integrated credential
readers

28151 keypads
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28131 mobile applications
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281311 operating systems
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281311 software
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280509 surge protection

251400 system hardware

281900 vehicle identification
systems
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077233 access hatches, roof
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doors
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glass 1
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Parse paragraphs into single topics
Before

The reactor core is enclosed within a canister filled with an inert gas just above atmospheric pressure
to protect reactor components from oxidation while enhancing heat transfer. The core design consists
of graphite blocks with repeated, segmented, hexagonal unit cells oriented horizontally along the
length of the core. The unit cells contain channels for fuel, burnable absorbers, alkali metal heat
pipes, and shutdown rods.

After
Reactor Enclosure: A canister filled with an inert gas encloses the reactor core. The system

maintains the gas above atmospheric pressure to protect reactor components from
oxidation while enhancing heat transfer.

Core Configuration: The core consists of graphite blocks with repeated, segmented,
hexagonal unit cells oriented horizontally along the length of the core.

Unit Cell Content: Unit cells contain channels for fuel, burnable absorbers, alkali metal heat pipes,
and shutdown rods.
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Human Factors Engineering (HFE)

An understanding of human
limitations that lead to errors
and omissions.

* Distractions
* Inexperience
* Confusing terms

° Fatigue "t

)

&/



INCOSE

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

Design Detail

A J

Design Detail

Design Detail

Design Detail

Design Detail

A 4

Human Performance — Document Reviews

Mistake!

Mistake!



Modeling and
Simulation

* Visualize the complicated

* Link objects to identify
interfaces

incose.org | 42
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Generalization
and Inheritance

Generalization is the process of
identifying common parameters
at each layer of a hierarchy so
that a model can take
advantage of the simplifying
benefit of inheritance.

» Part

The top level of this hierarchy is an
‘abstract’ object that identifies
parameters that are placeholders for
real data in child objects. In essence,
it is a table with column headings but
no rows under the headings.

Parameters in parent objects, both
abstract and real, must be syntax for
inherited in child objects. inheritance

Child objects realize some

abstract parameters and may __——

add new abstract parameters.

SysML

Valve (realized Type)

Unique ldentifier
Type

Description
Manufacturer
Model
Assemblies
Functions

i

I—

(inherited parameters)
Subtype

Fluid

Pressure

Temperature

Size

Materials

&
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Top Level

Decomposition

e Plant
e Facility
*  Reactor

SysML syntax
for part

Decomposition is the process of
breaking up a complicated
system into smaller subsystems
so that engineers and analysts

—

Structure

. e Normal Power (N) e  Foundation e Pipe Assembly
e Standby P S) e Walls e Chail
focus their efforts on one part at : Bty vt 5 e D e
a time.
Part: SysML V2

Nomenclature

e Cables e  Conduits e Transformers

\\

i

a

%
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Performers identified
in ASME B31.3

Each performer has:
* Preconditions

*  Prompt to act

* Action/Function

* Success criteria

* Extensions when something
goes wrong

uc Install Qualified Piping )

Owner
— Specify Design
Designers
Hire Qualified
Staff
Employers
Qualify
Procedures
Component
Fabricator

«include»

Fabricate
Components

ASME B31.3 Process

Identify Design
Conditions

«includey

Identify
Inspectors

Inspect Records
and Piping

Determine
Quality
«inélude»
Assemble
Components

<<ex1ehd>>

Specify
Requirements

«include»

«include»

«include»

«include»
| Create Records <"

«include»

«extend»

Disposition Non-
Conformities

Inspector

Examiners
(Quality Control)

Erector /
Assembler/
Tester
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Operational
experience at

INL

Over 75 years of

experience operating more

than 50 reactors (and
counting)

Management of more than

200,000 assets and
growing rapidly

Reliability analysis of
assets to underpin
probabilistic risk
assessments (PRAs)

Equipment Corrective Maintenance Tasks @
FACILITY

= MFC
“ MFT85 - HOT FUEL EXAMINATION FACILITY

® MFC
“ Structural

© 785 NUCLEAR OPERATIONS INTERIOR MISCELLANEOUS WORK
NOM-785-WORK

“ PERSONNEL DOORS
PERS-DOORS

“ FIRE DOORS (BARRIERS)
785-FIRE-DOCRS

“ TRANSFER TUMNEL HYRDAULIC SYS #1
EEOPS-PWSY-8506

“ TOP HATCH AND CASK TUNNEL HATCH DOORS
CASK-HATCH-DORS

“ DOOR (DECON)
SLT-DOOR-101

Total

Task Count % Task Awg Cost per Task
Count

$455
§1.268
$3478

$55




Laws

Regulations

Government
Directives

Directives

Engineers
typically select
from a few codes
and standards
as requirements

$

An amorphous
mess

incose.org | 47
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Simplify Specifications (Functions First)

Concept of Operations:

f=m o0
and standards related to an - ‘./ 2l Distributed digital control

analog temperature

transmitter.

After: Two pages identifying

a function, performance, t
LS

and a functional test

gvire= ¢ i

=
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Design Verification

e

Idaho National Lab.

atory

NRIC DOME Test Bed Containment
Building & Isolation System (SDD-586)

uirement Verification and Traceability Matrix

{

Verification Matrix Page: 18 o
_
FParent | Child | Requirement | p o irment Text Rationale Verification |y, e cion Criteria |V oTiing (Verification | v yp6on Summary Objective Evidence ¥
™ ame Method erson_ | Status
‘permanent platforas, Valves are Iocated within 7 & -
Note this includes FSC of the operating floor, with A
valves inside and outside (6) of the eight within 4 &t of 4
of containment. the operating floor. [16130] ¢
[16062] |[Pasent] | CB:Passive | Each Passive At 30 co/sec per passive | lnspection | Identify leak tests inthe | Mauro | Compliant | [21478] CB: Passive [132905] NRIC DOME Teaj
Penctration | Penetrationshall | penetration, the appropriate specifications. | Ofiveira Penetration Leak Rate: Each | Bed NQA-1 Equipment
Leak Rate maintain a leak rate | cumulative leakage from [INL] passive penetration is leak | Procurements
of less than 50 cach penetration, tested by the manufacturer <
ccisee personnel door and after fabrication (re. SPC- <
equipment hatch are 3206) and following
tracked to ensure that the installation (ref. SOW- L
total containment leakage 19419). The welded
rate remains below the comnections are visually b
limit of 10% of inspected to provide .
containment vohume per assurance that the welded 3
day (24 cfim). comnections have
insignificant leakage
Additionally, the penetration
s tested followiag alteration {
or modification. [1606] 1
[16063] [[Parent] | CB: Personnel The personnel door Containment allowable Inspection | Inspeet Construction Spec Mauro Compliant | [21479] CB: Personnel Doer | [132996] Test Bed
Door Leak Rate | shall maintain a leak | leak rate is 10%V (24 Otiveira Leak Rate: The personnel | Commercial Equipment
rate of less than 100 cfm). The personnel door [INL] door 15 leak tested by the Procurements
cc/sec. needs to maintain a leal: ‘manufacturer after ‘
rate within the total fabrication (re. SPC-3207)
budget. and following installation "
(ref. SOW-19419). The 4
welded connections are
visually inspected to provide
assurance that the welded ’
connections have ;
insignificant leakage.
Additionally, the personnel
door seals are tested using an
operating instruction prior to !
establishing containment for
reactor operation to verify it
R Y NS O Uy e e N w‘ M
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System Validation

Options

<.
2.
{}O

Functions and
Performance
Requirements

Nuclear Power | Plant Validation | Acceptance
Plant (NPP) Testing
oo
e N
Standard __System Verification System P
e Modules Testing Q’b\
9, (\6
’)O, >
Q o™
@oo Standard Componen Component 6{}0
0)’00 Components |~ Verification Testing .&{'\\0
J\ .
’?}60 N\ Functional Tests and
’9‘0 Component Acquisition ’5'00 Acceptance Criteria
0@% (Including Software) ’&Qé
Q, \(\
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