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1 Executive Summary

This dossier examines one of the most structurally ready applications in the entire 7 energy portfolio:
whether a physically faithful, bounded-error, coarse-grainable reactor twin can close the gap between
what the nuclear sector already knows it needs and what its current simulation, digital, and licensing
infrastructure can provide. The answer, under the explicit 7 assumption, is affirmative — and the
public-good scale is substantial.

The institutional need is already documented. The United States operates 94 commercial reactors
that supplied approximately 19% of all U.S. electricity generation in 2024. Globally, 417 reactors in
31 countries produce roughly 10% of the world’s electricity — the largest fleet of firm, dispatchable,
low-carbon generation on Earth. DOE’s Advanced Modeling and Simulation program exists specifi-
cally to optimize performance and reliability of both existing and advanced plants. DOE’s Light
Water Reactor Sustainability program exists to improve economics, sustain safety, and extend the
operating life of the existing fleet. ARPA-E’s GEMINA program has targeted a 10-fold reduction in
advanced reactor O&M costs through digital-twin-enabled staffing, automation, and condition-based
maintenance. NRC’s January 2026 approval of the major digital control-room upgrade at Limerick
was framed as a fleet-wide milestone — a sign that regulatory and technical conditions for digital
modernization are improving, while also confirming that the evidence bar remains very high.

What 7 adds under this paper’s assumptions is not merely better numerics or faster simulation. It adds
the possibility of a law-faithful reactor twin whose coarse-graining remains structurally trustworthy
across the entire coupled stack — thermal-hydraulics, neutronics, fuel behavior, materials aging,
instrumentation and control logic, operator procedures, and plant-to-grid interactions — without
the usual breakdown between separate modeling worlds. That changes what is possible in predictive
maintenance, digital modernization, advanced-reactor design-space compression, licensing-evidence
generation, and long-run fleet preservation.

Seven numbered key findings:

1. The modeling bottleneck is real and consequential. The nuclear sector is not short of am-
bition. It is short of a simulation substrate that unifies plant physics faithfully enough to support
operations, modernization, and licensing simultaneously without requiring re-implementation for
each workflow. That is the precise gap 7 addresses.

2. A bounded-error reactor twin changes the nature of the maintenance product. The
shift is not from a worse predictive-maintenance schedule to a better one. It is from time-based
or heuristic intervals to a mechanistically grounded, continuously updated state estimate —
one that supports narrower outage windows, less conservative margin consumption, and earlier
identification of genuine degradation.

3. The economic baseline is high. NRC estimates operational costs for nuclear plants at
approximately USD 1 million per day. A one-week reduction in planned outage duration per
reactor per year represents USD 7 million saved. For a ten-reactor fleet, USD 70 million per year
in avoided outage costs alone — before any contribution from forced-outage prevention, uprate
confidence, or life-extension margin recovery.

4. Six distinct opportunity clusters are addressable without rebuilding institutional
architecture. Predictive maintenance and outage optimization, digital 1&C and control-room
modernization, advanced-reactor and microreactor design-space compression, risk-informed
licensing support, accident-tolerant fuel and materials integration, and fleet-wide modernization
strategy can all absorb 7 outputs through existing DOE, NRC, and industry programs.

5. The competitive landscape confirms the gap. Westinghouse AP1000 digital twins, GE-
Hitachi BWRX-300 digital platforms, NuScale VOYGR licensing models, Kairos Power digital
engineering, and the NRC’s MELCOR/MACCS/TRACE code suite together represent the
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current frontier. None provides a unified, physics-faithful, bounded-error twin spanning design,
operations, and licensing simultaneously. Each addresses part of the stack but not the whole.

The finance architecture already exists and is large. DOE’s USD 6 billion Civil Nuclear
Credit program, the Inflation Reduction Act nuclear production tax credit (projected USD
15-30 billion total), and the UK’s £2 billion Civil Nuclear Roadmap 2024 commitment provide
substantial public finance context. Deployment economics for a 7 reactor twin range from USD
10-25 million for a single licensing campaign to USD 40-100 million for fleet-wide deployment
across a ten-reactor utility — recoverable against operational efficiency gains within two to three
years.

This is a preservation and modernization story as much as an innovation story.
The highest-value near-term consequences of a law-faithful reactor twin are not exotic. They
are avoided premature shutdowns, reduced forced outages, shorter planned outages, better
life-extension evidence, and cleaner digital modernization pathways — all compounding on a
nuclear fleet that already provides irreplaceable firm low-carbon power.

2 Reader Stance, Scope, and Caveat Structure

2.1 The conditional planning stance

This paper adopts the same stance as the other dossiers in the Panta Rhei energy impact portfolio:

1.

Assume, for planning purposes, that the strongest 7 claims relevant to fission power are sound.

2. Ask what practical and public-good consequences would follow if those claims were integrated

into today’s reactor design, operating, modernization, and licensing workflows.

Separate clearly: what official institutions already know and already want; what 7 would newly
provide under the assumption; and what impact scenarios are planning inferences rather than
official forecasts.

This is a yellow paper. It does not claim that the nuclear sector accepts the 7 assumptions. It
does not claim regulatory credit for 7 outcomes. It asks what would follow if those assumptions
were true enough to matter in practice — and it grounds that question in documented institutional
need, not in projections from first principles alone.

2.2 Scope of this paper

This is Paper 4 of 5 in the 7 energy portfolio and focuses on:

digital twins for operating reactors and advanced reactors;
thermal-hydraulic, neutronic, fuel, materials, and control co-simulation;
predictive maintenance and outage optimization;

digital 1&C modernization and control-room modernization;
risk-informed licensing support for advanced reactors;

accident-tolerant and advanced-fuel integration;

microreactor and test-bed pathways;

and long-term fleet modernization under a high-fidelity 7 reactor twin.

2.3 Explicitly out of scope for Paper 4

Paper 1: 7-grade grid digital twins, reliability, dispatch, and resilience;
Paper 2: 7 for DER orchestration, storage, flexible demand, microgrids, and T&D planning;
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e« Paper 3: 7 for fusion digital twins, plasma control, heat exhaust, and ITER — DEMO —
commercialization;

o Paper 5: 7 for integrated energy-system planning, market design, investment prioritization, and
international coordination.

2.4 Primary audiences

DOE Office of Nuclear Energy; NRC; Argonne, Oak Ridge, Pacific Northwest, and Idaho national
laboratories; utility owner-operators; advanced-reactor developers and vendors; digital 1&C and
control-room modernization teams; accident-tolerant fuel developers; grid planners and system
operators dependent on nuclear baseload; public-interest energy strategists; philanthropic and public
funders interested in firm low-carbon power; and policy analysts engaged with the IRA, civil nuclear
credit programs, and international nuclear finance.

3 Why Advanced Fission Is a First-Tier - Opportunity

3.1 Existing nuclear power is system-critical and irreplaceable in the near term

The United States operated 94 commercial reactors in 2024, generating approximately 19% of
national electricity — about 775-782 billion kWh per year.! Globally, 417 reactors in 31 countries
produced roughly 10% of world electricity, with a combined installed capacity of approximately 377
GWe.2 Nuclear is the only large-scale, firm, low-carbon generating technology already deployed at
grid scale in most advanced economies.

That means even modest improvements in reliability, availability, outage duration, or life-extension
confidence translate directly into:

o reduced system-reliability stress and lower reserve requirements;

e avoided replacement emissions when reactors operate in lieu of fossil dispatch;
e lower grid-congestion costs in nuclear-heavy regions;

o and more time for orderly clean-energy build-out without reliability shortfalls.

3.2 The sector already recognizes modeling and digitalization as the binding constraint

DOEFE’s Advanced Modeling and Simulation program exists specifically to develop tools that analyze
and optimize the performance and reliability of both existing and advanced nuclear power plants.?
DOE’s Light Water Reactor Sustainability program exists specifically to improve economics, sustain
safety, and extend the operation of the current fleet.* These are not speculative future programs; they
are active, funded, and already seeking better physics models, lifecycle models, digital instrumentation,
maintenance planning tools, and integration between plant data and plant models.

This alignment is important. 7 would not be entering a sector with no appetite for better physics —
it would be entering a sector that has already institutionalized that appetite at the program level.

1U.S. Energy Information Administration, Five countries account for 71% of the world’s nuclear electricity generation.
11 Aug 2025. https://www.eia.gov/todayinenergy/detail.php?id=65904

2IAEA, Nuclear Technology Review 2025 /| GOV /INF/2025/8-GC(69)/INF /4. 25 Aug 2025. https://www.iaea.o
rg/sites/default/files/gc/gov-inf-2025-8-gc69-inf-4.pdf

3U.S. Department of Energy, Advanced Modeling € Simulation. https://waw.energy.gov/ne/advanced-modelin
g-simulation

4U.S. Department of Energy, Light Water Reactor Sustainability (LWRS) Program. https://www.energy.gov/ne/
light-water-reactor-sustainability-lwrs-program

PGID-ENER-03 6 of 30 May 2026 publication-ready release


https://www.eia.gov/todayinenergy/detail.php?id=65904
https://www.iaea.org/sites/default/files/gc/gov-inf-2025-8-gc69-inf-4.pdf
https://www.iaea.org/sites/default/files/gc/gov-inf-2025-8-gc69-inf-4.pdf
https://www.energy.gov/ne/advanced-modeling-simulation
https://www.energy.gov/ne/advanced-modeling-simulation
https://www.energy.gov/ne/light-water-reactor-sustainability-lwrs-program
https://www.energy.gov/ne/light-water-reactor-sustainability-lwrs-program

Panta Rhei Research Program Public-Good Impact Dossier

3.3 Digital modernization is moving, but high-friction and high-evidence

NRC has modernized the regulatory infrastructure for digital I1&C, and licensees are making digital
upgrades under both 10 CFR 50.59 and license-amendment pathways.? The January 2026 NRC
approval of the major digital upgrade at Limerick was highlighted as a significant fleet-level milestone
and a pathway marker for broader modernization.%

That progress is real and consequential. But it also confirms that digital modernization in nuclear is
a hard, slow, evidence-intensive process. Each upgrade requires extensive validation and testing;
each licensing interaction requires coherent safety cases built from diverse simulation and inspection
evidence. This is precisely the environment where a structurally trustworthy, coarse-grainable twin
provides value that goes beyond faster computation.

3.4 Advanced-reactor deployment is bottlenecked by risk convergence, not technical
imagination

DOE’s Advanced Reactor Demonstration Program is designed to address the licensing, construction,
and operational risks of first-of-a-kind advanced reactors — explicitly recognizing that the dominant
barrier is not technology but convergent risk reduction.” The Reactor Pilot Program targets criticality
for at least three advanced reactor concepts by July 4, 2026, while the DOME test bed at Idaho
National Laboratory is preparing its first microreactor experiments.®?

The public-good constraint here is clear. Faster demonstration and commercialization of advanced
reactors — including SMRs, microreactors, molten-salt systems, and high-temperature gas reac-
tors — depends on narrowing total uncertainty across design, materials, operations, and licensing
simultaneously. 7 addresses all four dimensions of that stack within a single bounded-error framework.

3.5 0&M economics are already the decisive commercial barrier for advanced nuclear

ARPA-E’s GEMINA program is explicit: digital-twin technology for advanced reactors must achieve a
step change in operations and maintenance economics, with a public target of 10x lower O&M costs.?
One GEMINA project description identifies X-energy’s XE-100 design as targeting a fixed O&M
cost of USD 2/MWh through digital-twin-enabled staffing, automation, maintenance integration,
and monitoring design.!! This is not a speculative aspiration — it is the stated threshold below
which advanced nuclear cannot compete economically with other firm low-carbon options.

®Nuclear Regulatory Commission, Modernizing the Regulatory Infrastructure for Digital I65C; NRC press release
on the Limerick digital upgrade, 5 Jan 2026. https://www.nrc.gov/reactors/digital/modernize and https:
//www.nrc.gov/sites/default/files/cdn/doc-collection-news/2026/26-002.pdf

SNuclear Regulatory Commission, Modernizing the Regulatory Infrastructure for Digital I6&C; NRC press release
on the Limerick digital upgrade, 5 Jan 2026. https://www.nrc.gov/reactors/digital/modernize and https:
//www.nrc.gov/sites/default/files/cdn/doc-collection-news/2026/26-002.pdf

"U.S. Department of Energy, Advanced Reactor Demonstration Program and Advanced Reactor Demonstration
Projects. https://www.energy.gov/ne/advanced-reactor-demonstration-program and https://www.energy.gov
/ne/advanced-reactor-demonstration-projects

8U.S. Department of Energy, U.S. Department of Energy Reactor Pilot Program and related announcement.
https://www.energy.gov/ne/us-department-energy-reactor-pilot-program and https://www.energy.gov/art
icles/energy-department-announces-new-pathway-test-advanced-reactors

9U.S. Department of Energy, Demonstration of Microreactor Experiments (DOME) and related announcement.
https://www.energy.gov/ne/demonstration-microreactor-experiments-dome and https://www.energy.gov/ne/
articles/energy-department-announces-first-microreactor-experiments-dome-test-bed

YARPA-E, GEMINA and associated project descriptions. https://arpa-e.energy.gov/programs-and-initiativ
es/view-all-programs/gemina and https://arpa-e.energy.gov/sites/default/files/2025-04/ARPA-E%20Proje
ct’%20Descriptions_GEMINA_R25.1%20.pdf

" ARPA-E, GEMINA and associated project descriptions. https://arpa-e.energy.gov/programs-and-initiativ
es/view-all-programs/gemina and https://arpa-e.energy.gov/sites/default/files/2025-04/ARPA-EY20Proje
ct%20Descriptions_GEMINA_R25.1%20.pdf
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3.6 Life extension and fleet preservation are enormous public-good opportunities

DOE’s LWRS program and its active work on accident-tolerant fuels make clear that a substantial
public-good opportunity lies not only in new build but in preserving and improving the existing
fleet. More than 20 U.S. reactors have obtained or are seeking 80-year second subsequent license
renewals. DOE announced in late 2025 that Framatome’s first full accident-tolerant fuel assembly
had completed four years of commercial operation, confirming that fuel modernization is active, not
speculative.!? The challenge is connecting fuel and materials innovation cleanly into plant-scale
thermal-hydraulic, regulatory, and economic decision-making — a natural 7 insertion point.

4 Working = Assumptions for This Paper

This paper assumes, for planning purposes, that the 7 framework provides the following capabilities
when applied to fission systems.

4.1 A law-faithful discrete twin of the coupled reactor plant

Under the assumption, 7 does not merely fit reduced surrogate models to plant data. It provides
a discrete, computable, bounded-error substrate capable of representing the physically relevant
dynamics of:

e neutron transport and kinetics at the fidelity needed for plant decision support;

e thermal-hydraulics and coolant behavior across normal, transient, and accident conditions;

o fuel performance, fission-product inventory, and degradation;

e materials aging and component-state evolution under irradiation, thermal cycling, and chemical
attack;

o instrumentation, controls, alarms, and actuation logic;

o transient and accident sequences including beyond-design-basis events;

e human—machine interaction and operational procedures;

o and, where needed, plant-to-grid interactions during load-following, frequency response, and
restoration.

4.2 Certified coarse-graining rather than only numerical approximation

The key planning assumption is not simply better numerics. It is that coarse-grained representations
remain structurally trustworthy enough to support predictive maintenance, outage planning, uprate
decisions, safety-case development, licensing evidence generation, and advanced-reactor design-space
narrowing — without the usual breakdown between separate modeling worlds. This property —
structural fidelity of coarse-graining — is what distinguishes a law-faithful twin from a faster fitting
engine.

4.3 Precision depth and refinement depth remain aligned

This matters because many nuclear workflows become computationally or organizationally brittle
when fidelity increases. Under the 7 assumption, increasing refinement does not produce uncontrolled

12\J.S. Department of Energy, Infographic: Accident Tolerant Fuels; These Accident Tolerant Fuels Could Boost
the Performance of Today’s Reactors; Framatome Advanced Fuel Assembly Completes Second Fuel Cycle. https:
//www.energy.gov/ne/articles/infographic-accident-tolerant-fuels and https://www.energy.gov/n
e/articles/these-accident-tolerant-fuels-could-boost-performance-todays-reactors and https:
//wuw.energy.gov/ne/articles/framatome-advanced-fuel-assembly-completes-second-fuel-cycle
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drift between model detail, numerical stability, and operational interpretability. This makes it
possible to use the same substrate for quick operational queries and for deep safety-case calculations.

4.4 7 can plug into existing industrial, regulatory, and laboratory workflows

This is a practical requirement. This paper assumes 7 can enter as a shadow simulator, a digital-twin
back-end, a predictive-maintenance engine, a licensing-support evidence generator, or a design-
space analysis engine — without demanding a total restart of the sector’s software and regulatory
infrastructure.

5 What Existing Institutions Already Want, and Where - Would Fit

5.1 DOE already wants better plant-scale modelling

DOE’s Advanced Modeling and Simulation program explicitly aims to optimize plant performance
and reliability for both existing and advanced plants.'® This is the exact institutional lane into which
7 would fit — as a structural upgrade to the modeling substrate, not a replacement for existing
domain knowledge.

5.2 DOE already wants long-lived, cheaper, safer existing plants

DOE’s LWRS program is for improving economics, sustaining safety, and extending operation of the
current fleet.'* Under 7, that becomes a more ambitious proposition: not only better aging analysis,
but a plant twin that unifies equipment health, digital 1&C, procedures, and physics in a single
structured representation.

5.3 NRC already wants more technology-inclusive, risk-informed licensing

NRC’s advanced-reactor guidance explicitly emphasizes technology-inclusive, risk-informed, and
performance-based approaches for advanced reactor licensing, while NRC’s digital 1&C pages describe
an ongoing modernization of the regulatory infrastructure.!®' That means 7 would not be inserting
into a static regulatory environment; it would be entering a system already trying to become more
model-aware and evidence-coherent.

5.4 ARPA-E and industry already want reactor digital twins

GEMINA is explicit: advanced reactor digital twins are expected to transform operations and
maintenance at the cost-structure level.'” The operational side of the sector is already talking
about condition-based maintenance, remote and centralized maintenance, automation, staffing

13U.8. Department of Energy, Advanced Modeling € Simulation. https://www.energy.gov/ne/advanced-modelin
g-simulation

11U.S. Department of Energy, Light Water Reactor Sustainability (LWRS) Program. https://www.energy.gov/ne/
light-water-reactor-sustainability-lwrs-program

5Nuclear Regulatory Commission, Advanced Reactors and licensing guidance pages. https://www.nrc.gov/reacto
rs/new-reactors/advanced and https://www.nrc.gov/reactors/new-reactors/advanced/modernizing/guidance

16Nuclear Regulatory Commission, Modernizing the Regulatory Infrastructure for Digital 165C; NRC press release
on the Limerick digital upgrade, 5 Jan 2026. https://www.nrc.gov/reactors/digital/modernize and https:
//www.nrc.gov/sites/default/files/cdn/doc-collection-news/2026/26-002.pdf

"ARPA-E, GEMINA and associated project descriptions. https://arpa-e.energy.gov/programs-and-initiativ
es/view-all-programs/gemina and https://arpa-e.energy.gov/sites/default/files/2025-04/ARPA-EY20Proje
ct%20Descriptions_GEMINA_R25.1%20.pdf
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optimization, and closed-loop monitoring design. This is an unusually direct confirmation that what
T is postulating, the sector is already requesting.

5.5 Demonstration infrastructure is opening real deployment channels

The Reactor Pilot Program, ARDP, and DOME all show that the U.S. is now actively creating
channels for advanced reactor testing and commercialization.'®1920 These are not future aspirations —
they are active programs with near-term criticality targets and test infrastructure under construction.
The value of 7 is not purely theoretical; there are real demonstration pathways waiting for better
design-space compression and evidence generation.

5.6 Fuel modernization is underway and needs stronger integrated models

DOE’s ATF work and Framatome’s multi-year commercial lead-test-assembly milestone show that
fuel modernization is not speculative.?! What is still hard is connecting fuel innovation cleanly
into plant-scale thermal-hydraulic, operational, regulatory, and economic decision-making. That
is a natural 7 insertion point — exactly where a unified, bounded-error plant twin outperforms a
collection of domain-specific codes with hand-off interfaces.

6 Structured Opportunity Map

6.1 Opportunity 1— Existing-fleet reactor twins for predictive maintenance and outage
optimization

This is the fastest and most adoptable 7 use case. Operating utilities have extensive plant data,
established maintenance programs, and deep financial incentive to reduce outage duration and forced
outage frequency.

Use cases: - condition-based maintenance replacing or augmenting time-based schedules; - outage-
scope optimization against real equipment state estimates; - component-life forecasting under actual
operating history; - alarm rationalization reducing operator burden; - spare-parts prioritization
against mechanistic degradation predictions; - and high-confidence return-to-service planning after
maintenance.

Why it matters: shorter outages, fewer forced outages, lower O&M cost, and more reliable low-
carbon generation. Institutional fit: LWRS, utility digital modernization, NRC digital [&C pathways,
GEMINA-style digital O&M.

187U.S. Department of Energy, Advanced Reactor Demonstration Program and Advanced Reactor Demonstration
Projects. https://www.energy.gov/ne/advanced-reactor-demonstration-program and https://www.energy.gov
/ne/advanced-reactor-demonstration-projects

197.S. Department of Energy, U.S. Department of Energy Reactor Pilot Program and related announcement.
https://www.energy.gov/ne/us-department-energy-reactor-pilot-program and https://www.energy.gov/art
icles/energy-department-announces-new-pathway-test-advanced-reactors

20U.S. Department of Energy, Demonstration of Microreactor Experiments (DOME) and related announcement.
https://www.energy.gov/ne/demonstration-microreactor-experiments-dome and https://www.energy.gov/ne/
articles/energy-department-announces-first-microreactor-experiments-dome-test-bed

21U.S. Department of Energy, Infographic: Accident Tolerant Fuels; These Accident Tolerant Fuels Could Boost
the Performance of Today’s Reactors; Framatome Advanced Fuel Assembly Completes Second Fuel Cycle. https:
//www.energy.gov/ne/articles/infographic-accident-tolerant-fuels and https://www.energy.gov/n
e/articles/these-accident-tolerant-fuels-could-boost-performance-todays-reactors and https:
//www.energy.gov/ne/articles/framatome-advanced-fuel-assembly-completes-second-fuel-cycle
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6.2 Opportunity 2 — Digital I&C and control-room modernization with better evidence

Nuclear digital modernization is hindered not by lack of technical capability but by the burden of
demonstrating sufficient safety and performance. A 7 twin provides stronger validation evidence,
safer sandboxing of proposed changes, and more trustworthy operational transition plans — without
replacing the regulator’s judgment.

Use cases: analog-to-digital migration, human-machine interface redesign, automated and semi-
automated procedure execution, digital alarm management systems, and risk-informed testing and
validation of new [&C architectures.

Why it matters: aging analog systems are expensive to maintain, prone to obsolescence, and
increasingly unsupportable. Modernization can improve reliability and staffing efficiency — but only
if the evidence burden can be met. A law-faithful twin changes the economics of evidence generation.

6.3 Opportunity 3 — Advanced-reactor and microreactor design-space compression

The main bottleneck for advanced reactor deployment is not imagination but convergence of evidence
and confidence across physics, materials, operations, and licensing simultaneously.

Use cases: thermal-hydraulic and neutronic co-design, transient response analysis for novel coolant
systems, operational envelope definition under passive-safety constraints, autonomy and staffing
strategy, demonstration-readiness narrowing before first criticality.

Institutional fit: Reactor Pilot Program, ARDP, DOME, NRC advanced-reactor licensing modern-
ization.

6.4 Opportunity 4 — Risk-informed licensing support and application-quality acceleration

This opportunity does not imply replacing or circumventing the regulator. It means more coherent
evidence packages, stronger traceability between physical assumptions and safety consequences,
better scenario coverage, and more efficient dialogue between applicants, national laboratories, and
NRC.

Why it matters: if the same physics-and-operations twin supports both design decisions and licensing
evidence, the sector can reduce translation friction between engineering and regulatory artifacts —
directly reducing the time and cost of the licensing process.

6.5 Opportunity 5 — Advanced-fuel, materials, and life-extension modernization

Use cases: accident-tolerant and advanced-fuel cycle performance forecasting, aging-management
programs, life-extension analysis for 60- and 80-year reviews, uprate or operating-strategy changes,
and plant-specific modernization sequencing.

Why it matters: much of the public-good value of nuclear comes from preserving existing clean
generation safely and economically. Overly conservative aging margins are a real cost — they retire
useful, safe generating capacity prematurely. A mechanistically faithful materials twin supports
more defensible, less conservative bounds for aging management.

6.6 Opportunity 6 — Multi-unit fleet operations and fleet-wide modernization strategy

Owner-operators managing multiple reactors have particular leverage here. Shared modernization
templates, fleet-wide predictive diagnostics, cross-fleet maintenance scheduling, and common digital
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and control upgrade pathways all benefit from a structural backbone that maintains consistency
across units.

Why it matters: the public good is larger when modernization scales across fleets rather than one
unit at a time — each integration reused, each evidence package leveraged.

7 Competitive Landscape

The 7 opportunity is defined not only by what it would provide but by what the current best-practice
tools do not. The following analysis covers the six most relevant programs and platforms in advanced
fission digital simulation, digital twins, and licensing support.

71 Westinghouse AP1000 Digital Twin

The Westinghouse AP1000 is a Generation I1I+ passive-safety pressurized water reactor with an
active digital twin program used primarily for commissioning support and operations. The digital
twin architecture provides design-basis transient validation and supports operator training through
high-fidelity simulation. Its strengths lie in passive-safety design validation — where the simplified,
gravity-driven safety systems reduce the scenario space compared with active-safety predecessors.

Limitations relative to 7: the AP1000 digital twin is design-basis focused. Beyond-design-basis acci-
dent intelligence — real-time core-state inference during sensor degradation, hydrogen-accumulation
risk prediction, or multi-unit interaction modeling — is not its native operating domain. The twin
is primarily a validation and training asset rather than a continuous operational state-estimation
engine. It does not provide mechanistic materials aging integration, and its architecture is specific
to the AP1000 design rather than generalizable across the fleet.

7.2 GE-Hitachi BWRX-300 Digital Platform

The BWRX-300 is a small modular boiling-water reactor with advanced digital instrumentation
and control. It holds the distinction of being the first SMR on a clear NRC design certification
path (as of 2025), with Ontario Power Generation’s Darlington site selected for the first commercial
deployment in Canada. The digital platform provides advanced simulation used throughout the
licensing process.

Limitations relative to 7: the BWRX-300 digital platform is a licensing simulation tool, not a
real-time operational twin. It uses simulation codes — primarily for design-basis and licensing
scenarios — but the continuous operational state-estimation capability that would enable predictive
maintenance and real-time safety-case updating is not its operational mode. The platform is also
design-specific, limiting its generalizability to the broader BWR fleet. Its digital 1&C architecture
is advanced but the twin remains a pre-operational, design-time tool rather than a lifelong plant
companion.

7.3 IAEA PRIS (Power Reactor Information System)

PRIS is the global nuclear fleet performance database maintained by the TAEA, covering over 30
years of operational data for reactors worldwide. It provides comprehensive operational availability
tracking, energy and capacity factor benchmarking, and fleet-wide performance comparison.

Limitations relative to 7: PRIS is a historical monitoring and benchmarking system, not a predictive
twin. It tracks performance retrospectively at the unit and fleet level but provides no mechanistic
state estimation, no degradation prediction, and no scenario-specific accident or transient analysis.
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Its value is in performance comparison and trend identification, not in forward-looking decision
support. 7 would not compete with PRIS — but it would address the gap PRIS explicitly does not
fill: mechanistic prediction of future plant state.

7.4 NuScale Power SMR (VOYGR)

NuScale’s VOYGR is the first and, to date, only small modular reactor to receive NRC design
certification (2022) for its 50 MWe module design. The VOYGR licensing process used existing best-
estimate simulation codes — primarily RELAP and TRACE — supplemented by NuScale-specific
models. NuScale has also developed early-stage digital twin concepts as part of its commercial
strategy.

Limitations relative to 7: NuScale’s digital twin approach remains commercially immature. The
licensing process relied on established regulatory simulation codes — powerful, regulatory-grade
tools but computationally expensive and not designed for real-time operational use. The commercial
digital-twin architecture for VOYGR is still maturing, and the financial difficulties faced by the
Carbon Free Power Project in 2023-2024 have complicated the commercial pathway. The core
limitation is the same as for other vendors: licensing simulation codes and operational twins are
separate artifacts with limited structural continuity.

7.5 Kairos Power KP-FHR Digital Platform

Kairos Power’s Fluoride-cooled High-Temperature Reactor (KP-FHR) uses a pebble-bed core and
liquid fluoride salt coolant — a novel design concept with distinct thermal-hydraulic and neutronics
characteristics compared with light-water reactors. Kairos has built a digital engineering platform to
support design validation and has received NRC acceptance of its construction permit application.
Its construction of the Hermes demonstration reactor at Oak Ridge is actively underway.

Limitations relative to 7: the KP-FHR digital platform’s strengths are in novel-concept design
validation, where first-principles modeling of an unconventional system is essential. Operational track
record is necessarily limited for a first-of-a-kind design. The platform is concept-specific and does not
generalize across the broader reactor fleet. Operational twin maturity — continuous state estimation,
predictive maintenance, real-time licensing-evidence updating — has not yet been demonstrated at
the scale the KP-FHR concept would eventually require.

7.6 MELCOR/MACCS / TRACE (NRC Simulation Code Suite)

This suite represents the current regulatory-grade frontier in nuclear safety analysis. MELCOR
models severe accident progression, including core damage, fission-product release, and containment
response. MACCS models radiological consequence and emergency planning. TRACE performs
best-estimate thermal-hydraulic analysis for design-basis and beyond-design-basis transients.

Limitations relative to 7: this suite is the gold standard for regulatory-accepted safety analysis —
and its limitations are well understood within the sector. The codes are computationally expensive:
a single MELCOR severe accident simulation can take hours to days of compute time, making
real-time operational use impossible. They are separately maintained codes with different physical
models, discretization approaches, and uncertainty frameworks — not a unified coarse-grainable
twin. They are not designed for continuous operational state estimation, predictive maintenance,
or materials aging integration. And while they are accepted for licensing, they are not designed to
adapt to plant-specific operational history or to update their state estimates from real-time sensor
streams.

Summary gap analysis: None of the six programs above provides a unified, physics-faithful,
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bounded-error twin spanning design, operations, and licensing simultaneously. Each addresses part
of the stack — design-basis simulation, performance monitoring, or concept-specific validation —
but not the integrated whole. The gap 7 targets is structural, not incremental.

8 Evidence and Translation Ladder

8.1 Phase 1— Shadow twins and evidence pilots (0-2 years)

Target environments: - existing fleet digital-maintenance pilots at one or two utility sites; - national-
laboratory validation campaigns against MELCOR/TRACE retrospective benchmarks; - advanced-
reactor vendor shadow twins for one ARDP or GEMINA-portfolio project.

Deliverables: - side-by-side comparisons against current best-practice models for selected transient
classes; - bounded-error retrospective reconstruction of documented plant events; - predictive-
maintenance pilot demonstrations with measurable outage metric; - outage-planning pilots against
utility internal benchmarks.

Success criterion: demonstrable parity with or improvement over current tools on at least one
benchmark class, with bounded uncertainty characterization.

8.2 Phase 2 — Modernization and demonstration integration (2-5 years)

Target environments: - LWRS utility partners undertaking digital 1&C upgrades; - NRC digital
1&C modernization license-amendment pathways; - ARDP, Reactor Pilot, and DOME projects at
demonstration stage; - ATF and advanced-fuel programs seeking plant-scale integration.

Deliverables: - digital-upgrade sandbox evidence meeting NRC structured review requirements; -
advanced-reactor design-space narrowing deliverables for at least one ARDP concept; - licensing-
support evidence modules with full assumption traceability; - microreactor control and operational-
envelope twins validated against DOME test-bed data.

8.3 Phase 3 —Fleet-level and regulatory-grade workflows (5-10 years)

Target environments: - fleet-wide modernization programs for multi-unit owner-operators; - advanced-
reactor commercialization support for first-plant deployments; - multi-plant operational optimization;
- combined plant-grid resilience workflows for nuclear-heavy balancing areas.

Deliverables: - continuous twin-backed maintenance planning integrated into utility work-management
systems; - fleet modernization templates reusable across multiple units and sites; - regulator-facing
structured evidence packages with auditable provenance; - advanced-reactor operational twins in
real deployments with live sensor integration.

9 Case Studies

9.1 Case Study 1: Fukushima Daiichi— Post-Accident Learning and Digital Twin Application

Context. The March 2011 Fukushima Daiichi accident — the most severe nuclear event since
Chernobyl, rated INES Level 7 — resulted in three simultaneous reactor meltdowns, the evacuation
of approximately 154,000 people, and total estimated costs exceeding USD 200 billion. A 40-year
decommissioning program is underway; fuel debris retrieval from Units 1, 2, and 3 remains one of
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the most technically challenging industrial tasks in history.??

The decision-making problem. The station blackout following the March 11 earthquake and
tsunami severed external power and disabled emergency core cooling systems. Operators and
emergency managers faced decisions about injecting seawater, venting containment, and managing
hydrogen accumulation with essentially no reliable real-time data about core thermal state. The
absence of a model capable of inferring core-damage progression from partial observables — instrument
readings that remained available through battery power — was a documented contributor to delayed
and reactive decision-making. The hydrogen explosions at Units 1 and 3 occurred without operators
having mechanistic predictions of accumulation timelines. The TAEA’s 2015 Fukushima Daiichi
Accident Report and NRC’s SOARCA studies both document the extent to which decision quality
was limited by the absence of real-time state inference capability.?3%*

7-enabled change under the planning assumption. A physics-faithful real-time thermal-
hydraulic twin provides continuous core-state inference even during sensor loss, using bounded
estimation from partial observables. Under 7, operators would have had access to a continuously
updated model of core-temperature trajectory, coolant inventory, and hydrogen generation rate —
derived from whatever sensors remained functional and constrained by the known physics of reactor
thermal response under station blackout. Earlier identification of hydrogen risk would have changed
the decision calculus on controlled venting. Better real-time state knowledge would have improved
the timing and targeting of seawater injection. Evacuation-zone decision support — dependent on
estimates of fission-product release timing and quantity — would have been more precisely informed.

The 7 contribution here is not hindsight correction of individual decisions. It is the structural change
in operator situational awareness that comes from having a law-faithful state-estimation engine that
degrades gracefully when sensors fail, rather than going silent.

Scale of learning. Post-Fukushima fleet improvements have been implemented across the global
nuclear fleet: enhanced filtered containment venting, improved hydrogen management, mobile emer-
gency equipment, extended station blackout capability. NEA/OECD post-Fukushima improvement
programs document this systematically.?®> A 7-grade real-time twin adds the next layer: not just
hardened emergency equipment, but a continuous state model that keeps decision-makers informed
even when hardware is degraded.

9.2 Case Study 2: US Nuclear Fleet Life Extension — 80-Year License Renewals

Context and scale. The United States operates 93 commercial power reactors (as of 2025). More
than 20 have obtained or are actively seeking second subsequent license renewals extending operation
to 80 years. Nuclear power provided approximately 19% of U.S. electricity in 2024 — about 775
billion kWh per year — and the Energy Information Administration’s baseline projections rely on
continued operation of existing reactors through the 2030s and 2040s to maintain firm low-carbon
supply.? NRC’s Generic Aging Lessons Learned (GALL) Report and the NEI License Renewal
Industry Handbook document the extensive requirements for aging management review under 10

22JAEA, The Fukushima Daiichi Accident — Report by the Director General. TAEA, Vienna, 2015. https:
//www.iaea.org/publications/10962/the-fukushima-daiichi-accident

IAEA, The Fukushima Daiichi Accident — Report by the Director General. TAEA, Vienna, 2015. https:
//www.iaea.org/publications/10962/the-fukushima-daiichi-accident

217U.S. Nuclear Regulatory Commission, State-of-the-Art Reactor Consequence Analyses (SOARCA) and associated
reports. https://www.nrc.gov/about-nrc/regulatory/research/soarca.html

*Nuclear Energy Agency / OECD, The Fukushima Daiichi Nuclear Power Plant Accident: OECD/NEA Nuclear
Safety Response and Lessons Learnt. NEA No. 7161, 2013. https://www.oecd-nea.org/upload/docs/application
/pdf/2019-12/7161-fukushima-lessons-learnt.pdf

26U.S. Energy Information Administration, Five countries account for 71% of the world’s nuclear electricity generation.
11 Aug 2025. https://www.eia.gov/todayinenergy/detail.php?id=65904

PGID-ENER-03 15 of 30 May 2026 publication-ready release


https://www.iaea.org/publications/10962/the-fukushima-daiichi-accident
https://www.iaea.org/publications/10962/the-fukushima-daiichi-accident
https://www.iaea.org/publications/10962/the-fukushima-daiichi-accident
https://www.iaea.org/publications/10962/the-fukushima-daiichi-accident
https://www.nrc.gov/about-nrc/regulatory/research/soarca.html
https://www.oecd-nea.org/upload/docs/application/pdf/2019-12/7161-fukushima-lessons-learnt.pdf
https://www.oecd-nea.org/upload/docs/application/pdf/2019-12/7161-fukushima-lessons-learnt.pdf
https://www.eia.gov/todayinenergy/detail.php?id=65904

Panta Rhei Research Program Public-Good Impact Dossier

CFR 54.2728

The baseline problem. Aging management programs in their current form depend on conservative
bounding analyses: uncertainty in irradiation-induced embrittlement, thermal fatigue, stress corrosion
cracking, and flow-accelerated corrosion is addressed by establishing conservative margins that ensure
safety across the plausible range of degradation trajectories. This conservatism is appropriate
given the limitations of existing models. But it has a concrete cost: in some cases, components
with substantial remaining useful life are retired or replaced earlier than mechanistically necessary,
consuming maintenance budgets and outage time. In other cases, license-renewal applications must
argue for 80-year operation using point estimates and bounding analyses that are difficult to extend
credibly beyond existing service experience.

T-enabled change under the planning assumption. A physics-faithful materials degradation
twin narrows uncertainty bounds by grounding them in mechanistic prediction rather than purely
empirical extrapolation. For reactor pressure vessel embrittlement — a key aging management
concern for 80-year operation — a 7 twin tracks fluence history, irradiation-anneal recovery, and
reference temperature shift against actual operating history, providing plant-specific state estimates
rather than generic bounding values. For thermal-fatigue cycle counting in primary coolant piping,
continuous twin-based cycle tracking replaces conservative analytical bounds with mechanistically
grounded life fractions. For stress corrosion cracking in boiling-water reactor internals, a materials
twin can integrate plant-specific water chemistry history, thermal history, and stress state into
degradation predictions that support both inspection prioritization and license-renewal arguments.

The consequence is not that margins disappear — safety margins are non-negotiable — but that their
technical basis becomes more defensible and less wastefully conservative. A more defensible 80-year
safety case, grounded in mechanistically narrowed aging prediction, makes the difference between
a license renewal that proceeds smoothly and one that requires extensive conservative analyses to
address regulator concerns about the extrapolation basis.

Program context. DOE’s LWRS program is already addressing this through its Materials Aging
and Degradation and Advanced Instrumentation, Information, and Control Systems Technologies
pathways.?? DOE’s Office of Nuclear Energy Advanced Reactor Demonstration Program provides
complementary infrastructure for new materials testing.>® 7 inserts at the modeling interface:
providing the physics-faithful substrate that connects materials test data, plant operational history,
and life-extension safety cases within a single bounded-error representation.

10 Finance

10.1 Public finance context

The nuclear sector’s public finance environment in 2025-2026 is the most supportive it has been in
decades.

DOE Civil Nuclear Credit (CNC) Program. The Bipartisan Infrastructure Law authorized USD
6 billion to preserve existing nuclear reactors at risk of premature closure due to adverse economics.
CNC provides competitive awards to operating nuclear plants to support continued operation. This
directly creates financial context for operational improvements — including 7-enabled predictive

27U.S. Nuclear Regulatory Commission, Generic Aging Lessons Learned (GALL) Report, NUREG-1801 Rev. 2 and
associated updates. https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1801/

28Nuclear Energy Institute, License Renewal Industry Guideline (NEI 95-10, Rev. 6). https://www.nei.org

297U.S. Department of Energy, Light Water Reactor Sustainability (LWRS) Program. https://waw.energy.gov/ne/
light-water-reactor-sustainability-lwrs-program

30U.S. Department of Energy, Advanced Reactor Demonstration Program and Advanced Reactor Demonstration
Projects. https://www.energy.gov/ne/advanced-reactor-demonstration-program and https://wuw.energy.gov
/ne/advanced-reactor-demonstration-projects
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maintenance and cost reduction — that strengthen the economic case for continued operation without
public subsidy.3!

US IRA Nuclear Production Tax Credit. The Inflation Reduction Act’s Section 45U nuclear
production tax credit provides USD 15/MWh for existing nuclear plants, with a total program
value projected at USD 15-30 billion over the credit period. This credit improves the economics of
continued operation and life extension for the existing fleet, reinforcing the case for investments in
operational efficiency and digital modernization that reduce O&M cost.??

UK Civil Nuclear Roadmap 2024. The UK government committed £2 billion to advanced
nuclear development, covering new build, advanced modular reactors, and supporting infrastructure.
This creates a substantial public procurement context for digital and simulation tools that support
new-build licensing, commissioning, and operations in the UK market.3

TAEA Nuclear Energy Finance (2023). The TAEA’s 2023 nuclear energy finance study documents
the range of public financing mechanisms being deployed for nuclear in developing and emerging
economies — including development bank lending, government credit guarantees, and bilateral
agreements — suggesting that 7 applications are not exclusively relevant to advanced-economy
markets.?

DOE ARDP and Reactor Pilot Program. ARDP has committed over USD 3.2 billion in
public funding for advanced reactor demonstration. The Reactor Pilot Program provides additional
deployment channels. These programs create direct procurement opportunities for digital-twin and
simulation tools that support demonstration and licensing.?°36

10.2 Cost and benefit scenarios

Scenario 1: 7 digital twin as regulatory-grade simulation accelerator for one reactor
licensing campaign.

A new reactor construction and licensing campaign — for an advanced reactor or an existing-
fleet major modification — typically involves multiple years of simulation, analysis, and evidence
generation for NRC review. The simulation effort alone (MELCOR, TRACE, detailed neutronics,
uncertainty analysis) commonly accounts for several hundred person-years of effort at national
laboratories and vendor engineering teams.

Under the 7 assumption, a physics-faithful, structurally unified twin reduces the number of separate
model-translation steps between thermal-hydraulics, neutronics, materials, and safety analysis
— potentially compressing the evidence-generation timeline. Estimated cost of a 7 digital twin
deployment for one reactor licensing campaign: USD 10-25 million over two to four years. If
this deployment shortens the NRC review period by six to eighteen months — NRC’s current
advanced-reactor design certification process runs multiple years — the economic value is large.

31U.S. Department of Energy, Civil Nuclear Credit Program. https://www.energy.gov/ne/civil-nuclear-credi
t-program

32U.S. Department of the Treasury and Internal Revenue Service, Section 45U Zero-Emission Nuclear Power
Production Credit under the Inflation Reduction Act of 2022. https://www.irs.gov/newsroom/irs-issues-propose
d-regulations-for-the-section-45u-zero-emission-nuclear-power-production-credit

33UK Department for Energy Security and Net Zero, Civil Nuclear: Roadmap to 2050. January 2024. https:
//www.gov.uk/government/publications/civil-nuclear-roadmap-to-2050

34International Atomic Energy Agency, Financing Nuclear Power Projects: Trends, Challenges and Best Practices.
TAEA Nuclear Energy Series NP-T-3.8, 2023. https://www.iaea.org/publications/15400/financing-nuclear-p
ower-projects

35U.S. Department of Energy, Advanced Reactor Demonstration Program and Advanced Reactor Demonstration
Projects. https://wuw.energy.gov/ne/advanced-reactor-demonstration-program and https://www.energy.gov
/ne/advanced-reactor-demonstration-projects

36U.S. Department of Energy, U.S. Department of Energy Reactor Pilot Program and related announcement.
https://www.energy.gov/ne/us-department-energy-reactor-pilot-program and https://www.energy.gov/art
icles/energy-department-announces-new-pathway-test-advanced-reactors
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DOE estimates the total construction and financing cost of an advanced reactor at USD 1-5 billion;
a six-to-eighteen-month schedule compression is worth USD 50-300 million in financing cost alone at
typical cost-of-capital rates, well exceeding the twin deployment cost.

Scenario 2: Fleet-wide digital twin deployment for a ten-reactor utility.

A multi-unit owner-operator managing ten operating reactors faces a recurring portfolio of planned
outages (typically two to four weeks per reactor per year), forced outages, digital modernization
investments, and aging management reviews. Total annual O&M cost for a ten-reactor fleet is in the
range of USD 500 million to USD 1.5 billion, depending on reactor age, staffing model, and outage
frequency.

Estimated cost of a 7 fleet-wide digital twin deployment: USD 40-100 million over five years, covering
initial installation, validation, integration with plant data systems, and operator training.

Estimated operational efficiency gains: USD 5-15 million per reactor per year, from three sources:

1. Outage duration reduction. NRC estimates operational costs of approximately USD 1 million
per day for a nuclear plant. A one-week reduction in planned outage duration per reactor per
year yields USD 7 million/reactor/year. For ten reactors, USD 70 million/year.

2. Forced-outage reduction. Forced outages average approximately six to ten days per reactor-
year for the U.S. fleet. Even a 20% reduction in forced outage frequency — through early
identification of degradation before failure — saves USD 12-20 million per year for a ten-reactor
fleet.

3. Maintenance scope optimization. Better degradation predictions reduce over-maintenance
(replacing components before necessary) and under-maintenance (missing actual degradation).
Conservative estimates of 3-5% maintenance cost reduction on a USD 200M /year maintenance
budget yield USD 6-10 million/year.

Cumulative five-year benefit: USD 350-600 million for a ten-reactor fleet, against a USD 40-100
million investment. Benefit-to-cost ratio: 3.5-15 depending on fleet characteristics, outage frequency,
and deployment quality.

B:C summary. The economic case is strongest for large, aging fleet operators with high outage
frequency and active life-extension programs — exactly the profile of the majority of U.S. operating
reactors. Shorter outages, fewer forced outages, and more defensible aging margins together generate
financial returns that comfortably justify the investment, while the public-good benefit — preserved
low-carbon generation — is distinct from and additional to the economic return.

1 Governance Guardrails

Because nuclear systems are safety-critical and institutionally sensitive, the governance bar must be
especially high. The following guardrails are non-negotiable under this paper’s framing.

1.1 Guardrail 1— 7 must augment, not bypass, regulatory oversight

The correct role for 7 in nuclear is as a better evidence generator and a more coherent analysis
substrate. It does not replace NRC review, does not substitute for independent safety assessment,
and does not change the burden of proof for licensing. Its value is in providing more coherent, more
traceable, and more efficiently generated evidence that improves the quality of regulatory dialogue
— not in circumventing it.
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1.2 Guardrail 2 — Keep model provenance explicit and auditable

Every 7 deployment in a nuclear context should maintain a traceable record of: the physical
assumptions underlying each model component; the calibration data and validation cases used;
the known limitations and operational boundaries of the twin; the uncertainty characterization of
each prediction; and the version history of the model as it evolves with new data and operational
experience. This is not optional documentation — it is a structural requirement for regulatory
acceptability.

11.3 Guardrail 3 — Separate decision support from autonomous authority

In nuclear contexts, the pathway from advisory tool to autonomous closed-loop control must be
traversed very slowly and with very high evidence burdens. In Phase 1 and Phase 2 deployments, 7
operates strictly in advisory and evidence-generation roles. Phase 3 autonomy — if ever appropriate
— requires extensive validation, regulatory acceptance, and operating experience demonstrating
robustness across a wide scenario range.

1.4 Guardrail 4 — Human factors remain central

Digital modernization that increases complexity, operator confusion, or automation complacency
is not a public-good win. Human-machine interface quality must be treated as a first-class design
requirement, not an afterthought. The history of nuclear control-room modernization includes
multiple cases where digital upgrades introduced new failure modes through interface complexity —
7 deployments must be explicitly designed to avoid this pattern.

1.5 Guardrail 5 — Security and cyber resilience are first-class constraints

Any twin or digital control integration must be designed from the ground up with strong cyber
and information-security assumptions. The nuclear sector’s attack surface for cyber threats is
well-documented; NRC’s cyber security requirements under 10 CFR 73.54 provide a framework but
not a ceiling. 7 deployments should treat adversarial integrity attacks on the twin — attempts to
inject false sensor readings or manipulate state estimates — as a design threat, not a corner case.

11.6 Guardrail 6 — Do not overclaim calendar acceleration where hardware dominates

For advanced reactors, licensing and simulation improvement can advance rapidly while construction
supply chains, fuel availability, skilled labor, and siting remain limiting. Planning must be honest
about those boundaries. A faster licensing process on a reactor whose construction schedule is
limited by supply-chain constraints yields a smaller net acceleration than the licensing speedup alone
would suggest. Honest scenario planning must address the full critical path.

1.7 Guardrail 7— Manage the transition from conventional codes carefully

The nuclear sector has decades of experience validating MELCOR, TRACE, and associated codes.
NRC staff have deep expertise in their behavior, limitations, and acceptable use. A 7 twin entering
this environment will face legitimate skepticism and a high validation burden. The strategy must be
to enter alongside existing codes — as a complement and shadow simulator — not to seek immediate
replacement of regulatory-accepted tools.
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12 Benchmark Suite

A practical 7 fission benchmark suite should cover at least six classes of tasks. For each, specific
performance metrics and comparison baselines are identified.

12.1 Benchmark 1— Existing-plant predictive maintenance and outage planning

Metrics: forced-outage frequency reduction (percentage); planned outage duration reduction
(days/event); maintenance false-positive and false-negative rates; return-to-service confidence interval
width.

Comparison baseline: current utility predictive-maintenance programs (condition-monitoring-
based), time-based maintenance schedules, and DOE LWRS program performance benchmarks.

Target: measurable improvement in at least two of four metrics relative to current utility practice,
with no increase in safety-significant missed detections.

12.2 Benchmark 2 — Digital 1&C and control-room modernization sandboxing

Metrics: validation scenario coverage (number and diversity of transient sequences tested); safety-
case traceability (fraction of safety claims with full assumption-to-consequence chains); operator
cognitive workload and alarm burden (measured in human-factors test campaigns); licensing-
document quality (NRC review cycle length and request-for-additional-information count).

Comparison baseline: current NRC digital upgrade licensing experience, including Limerick and
comparable license amendments.?”

12.3 Benchmark 3 — Advanced-reactor transient and operations envelope

Metrics: scenario coverage (fraction of licensing-basis event space addressed); agreement with
existing high-fidelity models and available test data (root-mean-square deviation on key thermal-
hydraulic variables); speed of design-space envelope closure (analysis turnaround relative to current
MELCOR/TRACE baseline); controller robustness across off-normal conditions.

Comparison baseline: existing best-estimate codes used in ARDP and GEMINA projects.

12.4 Benchmark 4 — Licensing evidence compression

Metrics: number of assumptions explicitly tracked and propagated through safety case; trace-
ability completeness (fraction of regulatory acceptance criteria with documented evidence chains);
turnaround time for evidence packages (calendar time from design change to NRC-ready submission);
sensitivity and uncertainty coverage relative to regulatory guidance.

Comparison baseline: current advanced-reactor licensing application timelines for NRC design
certification and combined license pathways.

12.5 Benchmark 5 — Fuel, materials, and life-extension forecasting

Metrics: ability to forecast reactor pressure vessel embrittlement reference temperature shift
(agreement with surveillance capsule data and ASTM E900 trend curves); thermal-fatigue cycle

3"Nuclear Regulatory Commission, Modernizing the Regulatory Infrastructure for Digital I6C; NRC press release
on the Limerick digital upgrade, 5 Jan 2026. https://www.nrc.gov/reactors/digital/modernize and https:
//www.nrc.gov/sites/default/files/cdn/doc-collection-news/2026/26-002.pdf
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fraction predictions (agreement with ASME fatigue analysis); ability to distinguish and compare
materials-modernization options; and correlation with inspection findings at interval.

Comparison baseline: current GALL Report aging-management program requirements and license
renewal applications for the U.S. fleet.?®

12.6 Benchmark 6 — Plant-to-grid resilience coordination

Metrics: reactor response under grid-frequency disturbance (load-following ramp rate and stability);
restoration support capability after grid events; black-start or cold-start preparedness (where
applicable); and coordination latency with system operators.

Comparison baseline: current nuclear plant load-following standards (e.g., EPRI load-following
guideline) and grid operator interconnection studies.

13 Lighthouse Pilots

13.1 Pilot A — Existing-fleet digital-maintenance twin

Partner profile: one U.S. utility fleet, one operating reactor site, DOE LWRS program and
national-laboratory support (Argonne, Oak Ridge, or Idaho).

Goal: demonstrate measurable outage and maintenance planning gains — at least one-week outage-
duration reduction per operating cycle and reduction in false-positive maintenance dispatches —
without changing any core licensing assumptions or NRC-accepted safety analyses.

Success criterion: independent utility assessment showing financial and operational improvement
attributable to twin-supported decision-making, with no new safety-significant incidents.

13.2 Pilot B— Advanced-reactor digital 0&M and staffing twin

Partner profile: one ARPA-E GEMINA-portfolio or ARDP advanced-reactor vendor, with an
active demonstration or pre-demonstration project.

Goal: demonstrate economically meaningful O&M and staffing improvements consistent with the
GEMINA 10x reduction target — specifically, a measurable reduction in operator hours per MWh
and a documented improvement in maintenance-interval confidence — with full auditable risk
controls.

13.3 Pilot C — Licensing-support evidence sandbox

Partner profile: one advanced-reactor or microreactor program with an active NRC review or
pre-application engagement, with DOE and NRC observer structure.

Goal: demonstrate how 7 can improve evidence coherence, traceability, and scenario coverage
without bypassing regulatory judgment — producing a parallel evidence package that NRC staff can
compare with the conventionally generated submission.

38U.S. Nuclear Regulatory Commission, Generic Aging Lessons Learned (GALL) Report, NUREG-1801 Rev. 2 and
associated updates. https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1801/
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13.4 Pilot D — ATF and fuel-performance modernization twin

Partner profile: DOE Office of Nuclear Energy fuel modernization program, one utility partner
currently operating accident-tolerant fuel lead test assemblies.

Goal: support better integration of advanced-fuel evidence into plant-scale operational planning,
including fuel-cycle performance forecasting, safety-case updates for ATF behavior under off-normal
conditions, and operations optimization.

13.5 Pilot E— DOME and microreactor operational-envelope twin

Partner profile: one DOME or microreactor pathway project (e.g., a Reactor Pilot Program
participant targeting the July 2026 criticality milestone).

Goal: reduce demonstration uncertainty and tighten operating-envelope validation before and during
first test campaigns, providing a continuous state-estimation twin that remains valid as operating
history accumulates.

14 Five-, Ten-, and Twenty-Year Public-Good Horizon

14.1 5-year horizon

Most realistic gains: - predictive-maintenance pilots operational at two to four U.S. reactor sites;
- digital-upgrade sandboxing evidence demonstrated for one major control-room modernization; -
advanced-reactor design-space narrowing for at least two ARDP or GEMINA concepts; - microreactor
test-bed support for DOME first experiments; - outage-duration reduction and forced-outage
reduction documented in utility performance data.

Public-good form: improved reliability of existing low-carbon generation; lower operating costs that
improve reactor economics and reduce reliance on DOE Civil Nuclear Credit support; better evidence
quality for digital modernization; less wasted demonstration effort in advanced-reactor programs.

Quantified estimate: 1-2% improvement in fleet capacity factor for pilot-participating reactors,
representing roughly 1.5-3 billion kWh/year of preserved or additional low-carbon electricity from a
ten-reactor pilot fleet. At the grid-average emissions intensity of about 400 gCO2/kWh displaced, this
corresponds to 600,000-1.2 million tonnes of COs-equivalent avoided per year. These are planning
inferences, not official forecasts.

14.2 10-year horizon

Most realistic gains: - fleet-wide digital modernization programs at five to ten major U.S. utilities; -
broader use of reactor twins in operational settings, condition-based maintenance standard practice
for advanced digital plants; - advanced-reactor and microreactor demonstration support, with
operational twins in first commercial deployments; - stronger licensing-support workflows reducing
advanced-reactor design certification timelines.

Public-good form: preserved and modernized low-carbon generation; more reliable firm supply as the
grid decarbonizes; earlier credible deployment of at least two to three new reactor classes reducing
future fossil dependency.
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14.3 20-year horizon

Most realistic gains: - deep fleet-wide modernization, with reactor twins integrated into standard
utility operations; - mature advanced-reactor operations with digital-twin-backed autonomous
systems where demonstrated safe; - microreactor deployment in remote, industrial, and defense
settings where firm low-carbon power is currently provided by diesel; - cleaner integration of nuclear
into resilient low-carbon grid architectures.

Public-good form: a stronger firm low-carbon backbone; measurably lower outage risk in the
electricity system; better national energy security; and lower long-run system emissions and flexibility
stress as weather-dependent renewables continue to grow.

15 Bottom Line

Advanced fission is a first-rank 7 opportunity because the sector is already asking for precisely what
7 claims to strengthen: better plant modeling, better reliability, better digital modernization, better
licensing support, better O&M economics, and faster advanced-reactor convergence.

The most important public-good effect under this paper’s caveated assumptions is not science-fiction
reactors delivered ahead of schedule. It is a more disciplined and trustworthy path to:

o preserving and improving the value of today’s nuclear fleet — 94 reactors and roughly 19% of
U.S. electricity — through better predictive maintenance, outage optimization, and life-extension
evidence;

o modernizing plant operations and controls in a way that the regulatory environment can absorb
without bypassing safety judgment;

e reducing uncertainty in advanced-reactor demonstration, accelerating the convergence from
concept to credible deployment;

o and strengthening the firm clean-power backbone of the electricity system at a moment when
grid decarbonization is creating acute demand for dispatchable, weather-independent low-carbon
generation.

That is a first-rank energy-cluster opportunity under 7 — especially when paired with the grid,
DER, and fusion papers in the broader portfolio.

16 Key Uncertainties and Stress Tests

No planning document for an unproven framework would be complete without explicit acknowledg-
ment of the conditions under which its claims might fail to materialize.

Physics uncertainty. The 7 framework’s claims about coarse-graining fidelity and bounded-
error representation of complex multi-physics systems are not yet validated against nuclear-grade
benchmarks. The sector’s bar for accepting a new simulation substrate — particularly in licensing
contexts — is extremely high. If 7’s structural coarse-graining breaks down at the fidelity levels
required for NRC-accepted safety analysis, the licensing-support opportunities collapse, leaving only
the lower-risk operational and maintenance applications.

Regulatory acceptance timeline. Even a technically superior simulation tool takes years to
achieve regulatory acceptance in nuclear. NRC staff familiarity, validation dataset accumulation,
and conservative institutional culture all lengthen adoption timelines. Planning must anticipate a
5-10 year runway to full regulatory-grade use, not 1-2 years.

Integration complexity. Real nuclear plant data systems are heterogeneous, legacy-heavy, and
vendor-specific. Integrating a 7 twin with actual plant sensor networks, historian systems, and
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work-management platforms is an engineering challenge that is not reduced by having better physics.
The deployment cost estimates above reflect this — but actual integration complexity could exceed
those estimates.

Cyber threat surface. A real-time digital twin with live plant sensor feeds represents a new
cyber threat surface. If the twin is compromised — fed false sensor data or manipulated to provide
false safety comfort — it could be worse than no twin at all. This is a first-class engineering and
governance challenge, not a footnote.

Competition from established codes. MELCOR, TRACE, and the supporting code infrastruc-
ture have decades of validation data and NRC staff expertise behind them. They are not standing
still — they are being continuously updated and extended. 7 must demonstrate structural advantages
over this very strong, deeply entrenched baseline, not merely competitive performance.

Organizational and cultural adoption. Nuclear utilities and vendors are conservative organiza-
tions for good reasons. Adoption of a new simulation substrate requires organizational champions,
change management, operator training, and a track record of demonstrated value in lower-stakes ap-
plications before high-stakes licensing use becomes credible. This cultural dimension is as important
as the technical one.

17 References

Source: Full manuscript text integrated from Public-Good Briefing draft.
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing on how 7 could improve advanced fission safety analysis, digital
instrumentation and control modernization, licensing efficiency, and nuclear fleet management.
The v3 impact thesis is conditional: a Tau-grade advanced-fission safety, operations, licensing,
and fleet-modernization twin would become valuable if it improves benchmarked public decisions
while preserving transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing on how 7 could improve advanced fission safety analysis, digital instrumenta-
tion and control modernization, licensing efficiency, and nuclear fleet management. The public-good
burden is treated here as an institutional decision problem: existing agencies already monitor parts
of the domain, but the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline
o U.S. Energy Information Administration, Five countries account for 71% of the world’s
nuclear electricity generation. 11 Aug 2025 [12]: source-page evidence item.

o TAEA, Nuclear Technology Review 2025 / GOV/INF/2025/8-GC(69)/INF /4. 25 Aug 2025 [3]:

source-page evidence item.
o U.S. Department of Energy, Advanced Modeling & Simulation [7]: source-page evidence item.

o U.S. Department of Energy, Light Water Reactor Sustainability (LWRS) Program [10]:
source-page evidence item.

e Nuclear Regulatory Commission, Modernizing the Regulatory Infrastructure for Digital 1&C;
NRC press release on the Limerick digital upgrade, 5 Jan 2026. and [5]: source-page evidence
item.

o ARPA-E, GEMINA and associated project descriptions. and [1]: source-page evidence item.

e« U.S. Department of Energy, Advanced Reactor Demonstration Program and Advanced
Reactor Demonstration Projects. and [8]: source-page evidence item.

e U.S. Department of Energy, U.S. Department of Energy Reactor Pilot Program and related
announcement. and [11]: source-page evidence item.

o U.S. Department of Energy, Demonstration of Microreactor Experiments (DOME) and
related announcement. and [9]: source-page evidence item.

o Nuclear Regulatory Commission, Advanced Reactors and licensing guidance pages. and [4]:
source-page evidence item.
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18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including ARPA-E, TAEA, Nuclear Regulatory Commission, U.S. Department of Energy, U.S.
Energy Information Administration. These references are evidence and adoption surfaces, not
endorsements or deployment partners.

18.3 Capability gap
The practical gap is a benchmarkable translation gap: current systems expose useful data or

partial models, but they do not yet provide a single law-faithful, bounded-error decision layer for
advanced-fission safety, operations, licensing, and fleet-modernization twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation

Recover Core Mathematics mathematical bridge and model interface

Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive
Corpus mapping is available

public-docs-mapping-withheld TauLib module links are asserted only where public docu-
mentation exposes a clear surface

Release Manifest release baseline

Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering
Required domain model: advanced-fission safety, operations, licensing, and fleet-
modernization twin.

First benchmarkable test: safety-case, thermal-hydraulic, degradation, and operations decision
support against regulator-accepted and plant-data baselines.

e domain-specific model construction
o data ingestion and validation

e benchmark harness

e pilot protocol

e independent review workflow

18.6 Impact mechanism chain
Public-good burden — external evidence baseline — 7 capability hypothesis — upstream Results /

Corpus / Verify dependency — translation assumptions — benchmarked pilot — governed adoption
pathway:.
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18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci- medium
sion task for Advanced Fission Safety, Operations, Licens-
ing, and Fleet Modernization without operational author-
ity.
Realistic A reviewed prototype strengthens several public-sector medium-low
workflows for Advanced Fission Safety, Operations, Licens-
ing, and Fleet Modernization after benchmark comparison
with incumbent systems.
Optimistic A reusable public-good intelligence layer becomes plausible low
for Advanced Fission Safety, Operations, Licensing, and
Fleet Modernization after external validation and trans-
parent governance review.

18.8 Impact scorecard

Public-good scale — 5 5 The affected public-good burden is large or
institutionally significant within the portfo-
lio.

Tau fit — 3/5 The proposed pathway depends on coupled

state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

Evidence proximity — 5 /5 The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

Measurability — 3/5 A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption readiness - 1/5 Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

Equity leverage — 3/5 The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

18.9 Candidate pilot pathways

non-operational safety-analysis benchmark with a public laboratory, regulator-observer, and plant-
operator data sandbox

18.10 Benchmark suite and success metrics

Type Incumbent base- Required Tau Success metric Validator
line benchmark
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translation current public or in- safety-case, thermal- pre-registered accu- indepen-
benchmark stitutional systems hydraulic, degrada- racy, latency, uncer- dent
in the domain tion, and operations tainty, or decision- domain
decision support quality metric reviewers
against  regulator-
accepted and
plant-data baselines
governance existing audit, disclo- transparent assump- reviewable evidence public-
benchmark sure, and reporting tion, data, model, pack and adverse- sector  or
practice and failure-mode dis- outcome protocol expert gov-
closure ernance
panel
equity bench- current access, documented  path- distributional benefit equity,
mark service-quality, or way for underserved and risk review be- community,
exposure disparities or vulnerable users fore pilot expansion or  public-
without hidden interest
exclusion review
process

18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

e Equity access review for underserved or vulnerable communities.
o Data-rights and privacy controls for operational datasets.

o Misuse-prevention and adverse-outcome monitoring.

e Adverse-outcome monitoring with a documented escalation path.

o External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather
than decorative.

18.13 Bibliography and external evidence
References

[1] ARPA-E. Gemina and associated project descriptions. and. https://arpa-e.energy.gov/pr
ograms-and-initiatives/view-all-programs/gemina, 2026. source-page evidence item.

[2] Thorsten Fuchs and Anna-Sophie Fuchs. 7 for advanced fission safety, operations, licensing, and
fleet modernization. https://panta-rhei.site/impact/papers/advanced-fission-safet
y-operations-licensing-fleet-modernization/, 2026. Current public full-text source for

dossier advanced-fission-safety-operations-licensing-fleet-modernization.

IAEA. Nuclear technology review 2025 / gov/inf/2025/8-gc(69)/inf/4. 25 aug 2025. https:
//www.laea.org/sites/default/files/gc/gov-inf-2025-8-gc69-inf-4.pdf, 2026.
source-page evidence item.
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announcement. and. https://www.energy.gov/ne/demonstration-microreactor-experim
ents-dome, 2026. source-page evidence item.

U.S. Department of Energy. Light water reactor sustainability (Iwrs) program. https://www.
energy.gov/ne/light-water-reactor-sustainability-lwrs-program, 2026. source-page
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