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- Idaho National Laboratory
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- Innovation for a secure and resilient clean energy future

Integrated Energy
Systems

Clean,
Secure Energy
Future

INL’s five strategic science &
technology initiatives work together
to advance energy systems.

Nuclear Reactor
Sustainment and
Expanded
Deployment

Integrated Fuel
Cycle Solutions

Advanced

Materials and
Manufacturing for
Extreme Environments

Secure

and Resilient
Cyber-Physical
Systems
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Expanding the role of nuclear energy

TODAY

Hectricity-only focus

e

Nuclear Energy
Generation

Other Energy
Generation

(Light water reactors, high
temperature advanced reactors,
small modular reactors, etc.)

(Variable renewables,
municipal waste, fossil
with carbon capture, etc)

Integrated energy systems (IES) leverage the
contributions from nuclear fission beyond electricity

Biofuel, Hydrogen for New chemical Polymers, Industrial Fertilizer, Iron, steel, Wood products, (lean District Flexible

transportation transportation processes chemicals heat & fuels ammonia metals cardboard, Water heating electridty
fuels paper
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How Big Projects Performed
Source: Flyvbjerg Database
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- What is Digital Engineering?

Digital engineering integrates information across the life cycle of a megaproject:

- Model-based approaches to apply engineering rigor across systems and facility design

* Open-source digital thread to connect data, assets, and analytics across energy systems

- Explainable Al with mathematical approaches to forecasting and anomaly detection

* Immersive mixed reality to visualize and interact with physical assets and virtual digital twins.
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- Defining the Industrial Metaverse

The Industrial Metaverse enhances the way we interact and comprehend energy assets:
1. An environment where users can collaborate in real-time regardless of their physical location
2. A computer-generated shared space that blends the physical and virtual worlds into one

3. Enhanced connections across physical and digital systems of a digital twin

Digital Models Cloud Computing
Digital Thread High-speed Networks
Industrial
Metaverse
s Live Models
of Things Intelligence
(loT) (A Explainable

Reality
(XR)

Mixed Reality
(MR)
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Model-Based Systems Engineering (MBSE)

 Shift from document-based, static
approaches to use of models
and databases as means
of information exchange

 Transforms typical systems artifact
documents to data objects

- Models and data form an integral part of
the technical baseline, not just
visual depictions

* Ensures the right thing is
built the first time
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I Digital Threads

* Interconnected software

data exchange used to
enable digital engineering and digital @ @ g g

‘ PHYSICAL TWIN ’

twinning systems. I I
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development process
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- Maintains system integrity across P i
lifecycle.
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- Developing the Digital Thread

LEGEND INL Digital Engineering Ecosystem (DEE)
T

Systems Engineering Detailed Engineering Design

Cata Transhet Wi
Langsy Eionrut]

—

Product Lifecycle Management

Pt Loty
Managunas

Mt Ly

Callaborste Pro SR N

B3 Teat Management

Analysis & Simulation

Mubphyva Umadston

[}
Multiphy
) Wardchill 2 T
SPEC lnnervations Adapter -
Innasiste oy

External Vendor/
Collaborator . ;‘Metaatta Storag

EAL W gada! Dt

Jupryter Notebaok
[CNN. Exad)

Visualization / Intractability

Foatlty [ Fuman

\ P . \\ tesecien
fau gation
Data Histonan Cobra PG Az aptar
Adaprer
Electranic D vent Acnptar
el Dorome r s X

WebGL Browser
AR Application

Wil Lration

Management System
(E

Data Acquisition
System [ Contro

Delek Cobea

Microsoft Hololens

Legacy INL Systems Operations Project Management

IDAHO NATIONAL LABORATORY




Digital Twin

INL Definition: The computational simulation of a physical process or
system that has a live link to the physical system, enabling enhanced
verification of the simulation, control of the physical system, and analysis of
trends via artificial intelligence and machine learning.
Diverges from a traditional simulation

* Integration of real-time data

« Dynamic model update (Al/ML integration)

Digital Model

* Real-time operator feedback
(visualization)

» Accurate predictions with fused . Interactive Data
(integrated) data ye

5 Transformative Change
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- Ability to enable autonomous control
* Distributed across computing platforms.



- Extended Reality (XR)

XR use for advanced digital twin
visualization:

* Improved engineering design reviews:

- Integrated building information management
data and modeling

— True dimensional design understanding

* Improved system operation
- Integrated 2D dashboards and analytics

» Transformed Training

— Digital twins provide real data to VR/MR
trainings

— Interactions are richer and realistic than
traditional slides/videos

— Less expensive than building mock-ups and
enables dynamic interactions

— Minimizes exposure to risk.
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I What is MAGNET?

* Thermal-hydraulic and materials performance test chamber
for design verification & validation
* The digital twin can:

* Predict future temperatures of heat pipe
thermocouples

* Use predictions to send control requests to the HMI

* Experiment Plan:

* Manually adjust the temperature set point to an upper
or lower limit

* As the heat pipe approaches the limit, the digital twin
predicts the temperature will exceed the limit

* The digital twin produces a control request that the
HMI can apply to change the temperature set point back
to the baseline temperature
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- MAGNET Digital Twin Architecture

Data Historian
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Deep Lynx
(Data warehouse)
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Digital Twin and XR Demonstration with MAGNET

Microreactor
Program

Economic

' Fission
Battery
Attributes
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B What is MARVEL?

* A nuclear microreactor applications test bed to perform
research and development on various operational features of
microreactors and enable improved integration of
microreactors with end-user applications.

 The Microsoft HoloLens 2 allows users to view and interact
with a simulated MARVEL Digital Twin

- Shows real-time test/sample data of the reactor
- Represents temperatures throughout the operation
* View the actual project 3D model to scale
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- Energy Technology Proving Ground

+ Evolving IES to support development and growth of net-negative technologies.
* First step in IES vision is hydrogen (H2) production and use demonstration

- MBSE methods used to assist in the conceptual design of hydrogen system

» H2 produced using high
temperature electrolysis

» H2 post-processed and stored

» H2 used to fuel H2 fuel cell
electric vehicle (H2FECV)
coaches and potentially other
downstream markets.

System Architecture
establishes centralized source of truth; enables
testing of different configurations.

Requirements Engineering
provides connectivity to

Functional Analysis design. IDAHO NATIONAL LABORATORY

leverages simulation and drives requirement analysis.




- Summary

* Proven early success in
autonomous digital twins

Model-Based
Systems
Engineering

* Proven success in digital
engineering design

Digital Digital
Thread Twin

- Expanding open-source

technology
Digital Engineering
at INL

« Growing partnerships

- Advancing energy industry
research through digital
transformation.

Extended Artificial
Reality Intelligence
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Q&A
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ldaho National orotory

Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy.
INL is the nation’s center for nuclear energy research and development, and also performs research
in each of DOE’s strategic goal areas: energy, national security, science and the environment.
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