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Abstract / Executive Summary

Our team made substantial technical progress on various fronts during the course of the
program. Multiple milestones were geared towards demonstrating the feasibility of machine
learning based predictive maintenance digital twins towards reducing O&M costs, whereas
some other milestones actually focused on identifying technical gaps and developing
technologies such as humble Al to provide necessary robustness to the ML-based models.

We were able to demonstrate in many cases that Machine learning-based methods can be
successfully adapted for Nuclear plant environments especially for remote monitoring
applications. Detailed analyses were carried out with plant and full scope simulation data
along with capabilities of enhanced analytics to assess and set realistic expectations on cost
reductions in O&M. These assessments are paving the way for investments towards reactor
design improvements as well project planning for SMR projects as they develop and mature
in the next few years. Technology developed under this program got direct visibility to GE
Hitachi and their utility customers and resulted in positive intents to deploy some of the
elements from design phase. The project additionally resulted in several reports,
publications, software and data generation that will be useful in deployment and 0&M
services for BWRX300 fleets.

1 Summary of Project Outcomes
1.1 Background: Proposed Scope and Objectives

This research and development (R&D) project targeted development and demonstration of
Al-based technologies towards achieving a substantial reduction in Operations and
Maintenance (O&M) costs through Predictive Maintenance Digital Twins (PMDT) by moving
from time-based to condition-based maintenance. The goal of this R&D was the
establishment and demonstration of technologies that can contribute to enhanced 0&M
efficiencies through condition-aware maintenance and risk-informed operational decisions.
GEH’s BWRX-300 Advanced Reactor (AR) was used as the reference design for development
and demonstration activities. Three levels of PMDTs—Operational, Health, and Decision
digital twins—were considered for development for a subset of safety-critical components
in and near the reactor vessel that are identified as high-risk, high-reward targets in the
BWRX-300. PMDT technologies developed in the project were demonstrated through
simulation or hardware flow-loops in realistic scenarios and by using utility field data within
an established asset management environment. Scope of the development focused on a
subset of critical systems and their failure modes, digital twins and Al technologies
developed under this program were developed to be generalizable to other components,
subsystems, and potentially other reactor designs.

1.2 Summary of Status at Completion

During the course of this program our teams collaboratively worked on twenty technical
milestones (M2.1 - M6.1) distributed over 5 technical tasks (T2 - T6) in addition to the non-
technical project management task T1. In this report we summarize outcomes and
accomplishment from all these milestones and refer back to detailed discussions on each of

5
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these milestones in previous quarterly reports. Table 1 below summarizes references to
quarterly reports for each milestone reporting as minor updates as they were worked
followed by major update at completion and follow ups in some cases.

Table 1. References to Program’s Quarterly Reports for each Milestone’s Technical Details.

‘ FVZO‘ FY2021 FY2022 FY2023
Task| M# |Milestone Definiti Q4(Q1|Q2|Q3/Q4|Q1 Q2|03 |Q4|Q1|Q2)|Q3
M1.1 |GO/No-Go: Workplan Finalized

M1.2 [Software Development Plan Major Update

M1.3 [Draft Impact Sheet Minor Update

M1.4 |updated Impact Sheet Follow up

M2.1 [Target Component/subsystem Selection Report

M?2.2 [Reactor Components/Subsystems Operational twins developed

M?2.3 |Quantitative Performance Targets for all workstreams defined

M2.4 [Targets for maximally informative sensor placement for fault detection and diagnosis identified

M3.1 |GO/NOGO: Initial set of health DTs ir and proven to meet Level 1 targets

M3.2 |Full set of DTs implemented and proven to meet Level 2 targets

M3.3 |DBN integrated with health and decision twins

M3.4 |Humble Al integrated into surrogate twins

3 | M3.5 |Humble Al integrated into diagnostic/predictive health twin
M3.6 |Humble Al generalized and integrated into all types of health twins -:

M3.7 [Initial set of calibration drift detection algorithms developed

M3.8 |Improved performance for calibration drift detection and autocalibration algorithms achieved

M3.9 |Autocalibration integrated with flow loop Instrumentation and Control (1&C)

M4.1 [Baseline Maintenance schedules identified and demonstration scenarios for opportunistic maintenance

M4.2 |Maintenance planning tool demo to achieve reduction in O&M costs over baseline schedule

M4.3 [Mechanized decision framework for risk-informed management of operations and maintenance at ARs

M4.4 |Large scale WO automation implemented

z M5.1 |assessment of current regulatory guidance applicable to PMx completed
IM5.2 |comprehensive assessment of regulatory impact to Al-based AR 0&M completed

6 | M6.1 [selected DTs for existing BWR fleets deployed in APM cloud

Task 2 was aimed at analyzing historical operational and maintenance burden data to
identify most critical target components for development of health twins. Specifically, in
Milestone M2.1 using a 4-Leg analysis we identified top ten systems that incur the highest
maintenance burden (Figure 1). The three legs included (1) NRC’s Licensee Event Reports
(LERS), (2) Analysis of cases and impacts of lost production available from INPO reports, and
(3) maintenance burden data from current fleet of multiple BWR plants over a period of
several years. These data sources helped us identify top 10 components and systems that led
to most cost burdens overall. As Leg 4, we also considered BWRX300 design to identify
systems new and unique to BWRX300 to include in our DT development. We further
analyzed most reported failures in these high ranked systems to focus our attention. This
allowed us to focus on key analytics (code and data) that will be useful during commissioning
and initial phases of operation.
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Figure 1. Four-Leg Analysis and Critical Component Selection for Health Digital Twin Development.

Milestone M2.2 focused on building two operational twins. Since actual reactor does not exist
yet, we needed simulators (digital twins) with enough fidelity to demonstrate a number of
concepts and build representative analytics. With ORNL expertise in modeling we built a
TRANSFORM modellica based simulation to mimic BOP of the BWRX300. This system was
later used to demonstrate Decision twin namely - short term reconfiguration using OPRA
towards avoiding a trip setpoint and keep the plant operational in M4.3. Additionally, the
plant BOP simulation was used to demonstrate the concept of soft reconfiguration in the
event of pump degradation.

Another operational twin developed under this milestone included that of servo motor
driven FMCRDs (Figure 2). In this first of a kind use of servo motors, fault detection, diagnosis
and severity estimation posed a unique challenge due to short intermittent operation of the
motors, giving a limited opportunity for detecting any deterioration, that too under transient
operation which is not much investigated in the open literature. Data generated from this
operation twin modeled a variety of relevant external and internal faults and was used to
develop a variety of health twins for several milestones under task 3. Later data were also
open sourced through publishing on PHM Society degradation data repository, with an intent
to open source the simulation as well for the wider research community.

Reactor Vessel | é
(Pressure Egunda'y) §
I

! ji
-

Motor —— 5
I

Ball Screw

Drain Line

Fine Motion CRD (FMCRD)

Motar Drive

Figure 2. FMCRD Operational Twin.
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Milestone M2.3 performed analysis using a cost impact calculator developed as part of the
project to quantify the performance targets to achieve maximum possible O&M cost
reductions based on benefits from health twins. Specifically, sensitivity analyses were
carried out under a range of health twin performance ranges (false positives, false negatives,
etc.) and their impact on frequency (and consequently cost) of corrective maintenance (CM).
All assumptions were analyzed in details and it was determined that use of Humble Al based
model competence can yield up to 38% savings on current fixed O&M baselines as shown in
Figure 3. These savings are estimated to result in $6.2/Mwh from current baseline of
$18/MWhr. This milestone also set health twins performance targets (see Table 2) that we
strived to achieve for all health twins developed under Task 3.

Table 2. Performance targets for health twins set in M2.3.

Levell Level2
Targets Targets
TPR | FPR | TPR | FPR

Base PMDT(>=82%| <= 5% [>=88%| <= 2%
Humble Al PMDT(>=92%| <=4% |>= 99% |<=0.5%

Fixed O&M Costs
MWh)

f—;\

Work
Management
(Maintenance and
Planning)

Operations

GEMINA target areas for
cost reduction

PMx Digital Twins + Humble Al WO Automation JOLM, Online-calibration

Expected savings on + + e
Fixed O&M costs

Figure 3: Estimated Reduction in Fixed O&M costs from GEMINA thrusts.

Milestone M2.4 was intended to carry out a design analysis in identifying optimal sensor suite
to maximize health observability into BWRX300. Although we had to reschedule this
milestone to the last year in the program, we developed a generic tool that can leverage
simulation data to determine best sensor suite combination along with optimizing factors
such as sensor costs, sensor lifecycle and sustainment costs, fault coverage, ease of
installation, reliability, etc. This allows carrying out trade studies during the design phase
and make necessary design improvements at early stages. We also filed invention disclosure
on this concept followed by a peer reviewed conference paper and technical demonstration
at the PHM conference to solicit independent external feedback.
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Figure 5. Preliminary OSP tool.

Task 3 was focused on developing Machine learning-based health twins and algorithms for
uncertainty quantification and model prediction competence assessment. This formed the
core of the program and resulted in significant code base, demonstrations, and peer
reviewed publications, which we plan to leverage as we continue to work towards
implementing successful techniques for BWRX300.

Under milestone M3.1 the research team pursued development of a number of health twins
(see Table 3). Specifically, a fault detection and diagnosis model for FMCRD mechanism faults
(motor short circuit, step load increase), a detection and severity estimation model for
control rod binding faults, a model for feedwater pump anomaly detection, and a fouling
detection for heat exchanger/condenser system was developed. These health twins were

9
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built using data from existing BWR fleets, and operational twins (simulations). Validation
was carried out with in-depth review by domain experts, available maintenance history, or
plant personnel with knowledge of asset histories. While a completion of validation will
require implementing and testing of these models on actual data from BWRX-300, based on
results so far we conclude that machine learning-based models along with domain physics
information allow us to develop health digital twins to meet level 1 performance targets.
Incorporation of humble-Al will further allow improving these twins for runtime-robustness
and reducing maintenance costs.

Table 3. Summary of health twins developed for milestone 3.1.

System/component Fault/failure Health Twin Expected Outcome

FMCRD Servo Motor

FMCRD Servo Motor

FMCRD Servo Motor

Condenser Fouling

Feedwater pump

I1&C (covered under
M3.7)

Motor short circuit,
open circuit, mechanical
jam

Mechanical resistance to

movement

Fouling

High bearing vibration

Calibration drifts

Fault detection

Fault Diagnosis

Degradation
Prognostics

Fault detection

Fault detection
and early
warning

Drift detection

Physics-based
simulator

Physics-based
simulator

Physics-based
simulator

BWRX-300 SAE
simulator

BWR Plant data

Simulated data
from testbed +
Plant data

Investigation of full range
of health twins for
FMCRDs, sensitivity to
noise, and development of
humble Al for all health
twins

Fouling detection under
external and operational
variations

Demonstration of early
warning and reduction in
false alarms

Demonstration of online
drift detection

As part of milestone M3.2 we showed that health twins developed in this project were easily
able to meet level 2 performance target of true positive rates, however, in realistic situations
meeting a low false positive rate is more challenging. This observation is consistent with past
industry experience across several industrial domains. This justifies the need for runtime-
time robustness methods to assess individual prediction reliability. As part of the discussion
in this report we provided improvement in results from using humble Al.

10
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Figure 6. A schematic overview of the DBN developed for long term decision. A demonstration shown
on four different scenarios based on the selected hypothetical operational policy.

Under milestone M3.3 we accomplished a modular structure of DBN framework (Figure 6)
where individual health twins, potentially operating at different time resolutions can be
combined into a single risk roll up at the system level. As shown through various scenarios,
a system level maintenance trigger can be used to inform opportunistic maintenance tool (in
M4.2) to optimize outage planning. We worked synergistically with the MIT GEMINA
performer team and integrated the high-fidelity T-junction corrosion monitoring twin into
our framework of health twins.

Health twins reported under M3.1 were updated with humble-Al under Milestones M3.4 -
M3.6. Multiple approaches were developed and investigated to compute justification for
model competence and consequently expressing an evidence-based confidence at the
runtime that allows different actions based on predictions at runtime. Key premise here was
that predictions with evidence of strong competence can be dealt with automated processes,
whereas weak competence scenarios can be referred to domain experts. This reduces the
risk of false positives and false negatives, and at the same time offers to minimize monitoring
load on plant operational staff. These concepts were demonstrated with Condenser and
FMCRD health twins. Most notably three quantitative approaches were developed and
compared for robust model output uncertainty quantification of regression-based health
twins (see Figure 7).

11
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Figure 7. Qualitative and Quantitative Comparison of UQ Approaches for model output
uncertainty in regression-based FMCRD health twins.
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As part of milestone M3.6 we summarized various HAI capabilities developed over the course
of our project. We report that a number of HAI methods were developed to infer model
competence in nominal (in relation to training set) and off-nominal scenarios (gradual or
abrupt drift in exogenous/controlled inputs or in input/output relationship) regardless of
system fault or no fault conditions for a variety of learning-based tasks. Methods to assess
competence using input-space out of experience detection, latent space anomaly-detection,
and model output-space conformal-prediction intervals were developed and applied to a
number of component health twin applications which involved classification, regression, as

12
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well as anomaly detection settings that covers a majority of health twin applications (Figure
9 and Table 4).

Table 4. Summary of various HAI methodologies as applied to relevant machine learning-based
health twins.

Types of ) Machine Learning Problems
# Su Guard against
pport Classification Regression Anomaly Detection
Density estimation: Density es"((\r.\'la('gomnl:w [TRACG Density estimation:
* Input drift + parametric (GMM) parametric + parametric (GMM)
1 Input anomaly ) ) Surrogate] . .
= Extrapolation |+ nonparametric (kernel i ) + nonparametric (kernel density)
. * nonparametric (kernel density) )
density) [Condenser Fouling]
[TRACG Surrogate]
Self ised | i ith

Reconstruction | * Input drift Self supervised learning with | Self supervised learning with SRR R T
2 ) . autoencoders [TEP Condenser

error * Extrapolation | autoencoders autoencoders [Condenser Fouling] Fouling]

. * Extrapolation + KNN regression from latent space

Geomnetric * Ambiguity with conformal Pl
3 neighborhood 8 ) Epistemic classification [TEP] . ) Farthest k-neighbor distance [TEP]

. . * Adversarial + Prediction error estimate from

in embeddings ) .

manipulations latent space [FMCRD]
Conformal outlier detection over size

outout « Inout drift of PI + Conformal outlier detection over
a unc:rtainty . Hiph rocess ) * Conformal PI, jackknife+ [FMCRD] size of P

anomal ungcer‘:aint + Bayesian LSTM [Sensor * Pl from: conformal PI, jackknife+,

v v calibration] GP or Bayesian LSTM
« GP

Residual error . * Physics-informed regression
5 « C t drift N/A N/A

drift onceptdr A [Condenser Fouling] /

KNN — k-nearest neighbors, Pl — prediction interval, GP — Gaussian process, GMM — Gaussian Mixture Models

2 4

s N -
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Figure 8. Summary of Humble Al methodologies developed.

Under milestone M3.7, an initial set of calibration drift detection algorithms were developed
for the purpose of detecting drift and correcting for it through an online automated
recalibration method. The methods described here were developed to target model
prediction and drift correction accuracy exceeding 80%. The reported results indicate that
the initial approaches to online recalibration were successfully able to achieve model
prediction and drift correction accuracies exceeding 80%.

Under Milestone M3.8 the calibration-drift detection and autocalibration algorithms
reported above were updated to quantify prediction and autocalibration uncertainty.
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Multiple approaches were examined for uncertainty quantification. Results from the
inclusion of a Bayesian uncertainty quantification approach indicate potential for
determining the confidence in the autocalibration result (Figure 9). Other approaches to
evaluating the confidence in the result that leverage internal state information of the LSTM
model were identified and are presently under evaluation. Additional studies conducted
hyperparameter optimization for the models, identifying a semi-optimal configuration that
appears sufficiently complex to represent the underlying complexity in the data while
maintaining the high prediction accuracy. Collectively, these approaches to improving the
performance in the calibration-drift detection and autocalibration approaches increase
confidence in online calibration monitoring, and address elements that are expected to be
necessary for regulatory approval of the technology.

Figure 9. Example of Drift Detection with Uncertainties.

Milestone M3.9 built on the previous work and presented initial results of integration of the
autocalibration algorithms with advanced reactor-relevant flow loops for demonstration
purposes and describes the integration of uncertainty quantification (UQ) approaches for
the autocalibration.

Task 4 focused on decision making in the plant 0&M based on component and system health
as determined by health twins developed in task 3. As shown in Figure 10, Milestones were
designed to investigate and develop methods for both long term planning for maintenance
outage and short-term risk-informed planning to avoid trip set point through hard- and soft-
reconfiguration.

Predictive
Maintenance Twins

Long Time M4.2 Maintenance
Horizon .
XM Planning

Operational Health Decision
Twins E> Twins E> Twins

[ Soft Reconfiguration |

M4.3 Plant

short Reconfiguration

Time Horizon

[ Hard Reconfiguration |

Figure 10. Digital twin-based hierarchical decision-making concept.

Under milestone M4.1, we collaborated with another group at Constellation Energy and an
operations research team at University of Tennessee Knoxville to identify an approach to
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optimizing maintenance and outage planning. A baseline schedule was obtained, and
benchmark cases were identified, that were used to evaluate effectiveness of opportunistic
maintenance approach developed and demonstrated under M4.2. Since this task required a
detailed knowledge of various tasks, activities, and associated resource requirements that
were not available for BWRX300 yet, our team utilized an existing model for a high pressure
injection system (with over 130 activities) as a generic yet representative nuclear plant
subsystem and focused on developing maintenance schedule/plan optimization method
which was the core focus for the milestone. All developments were done as generic modules
such that they can be adapted with relative ease when information from actual system
becomes available.
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Figure 11. Baseline Maintenance Schedule for Train A Maintenance Activities for a generic High
Pressure Injection System.

Milestone M4.2 demonstrated potential for significant cost savings in terms of labor even
when applied to a limited set of component scenarios. This demonstration did not consider
other costs that may be avoided by safely deferring maintenance. We also did not consider
any potential impacts on outage duration or personnel requirements. With minimal
adaptations, the proposed PIMO scheduling system could be used to determine the minimum
maintenance staff needs to complete tasks within the allocated outage duration.

Milestone 4.3, as shown in Figure 10, focused on shorter term plant reconfiguration to avoid
plant trip setpoint. As summarized in Figure 12 below there is a continuum of
reconfigurability that together achieves plant uptime and reliability. For our demonstration
we focused on strategic and physical reconfigurations. BOP operational twin developed
under M2.2 was utilized to incorporate effects of transients initiated due to fault modes and
reconfigurations were shown as a means to avoid trip setpoint.

Operational Envelope
Reconfiguration

Strategic Reconfiguration Physical Reconfi

Reconfiguration Options

Switch among Distribute
Controller Redundant Demand among Limit stress Constrain
Adaptation Flowpath/Equipment Redundancies on asset Operation

Figure 12. Reconfigurability continuum.

At the higher supervisory level, OPRA-based risk assessment was utilized to identify
alternative success paths similar to what experienced plant operators apply. This can be seen
as documenting experiential operational knowledge along with dynamic assessment of risk
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from component health in real-time in determining the best course of action. We envision a
methodology like this to work as operator assistance tool in helping them in a more risk
informed decision making supported by data as nuclear plants move towards more plant
automation.
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Figure 13. OPRA and its Interfaces.

Milestone M4.4 was by far the most challenging in this program due to the inability to get
access to the originally planned dataset from Constellation. Our team, together with the
innovation team from Constellation (then Exelon) had initially identified and prioritized a
number of tasks that would potentially benefit from automation and help improve cost
efficiency. One such task was to develop a system for action recommendations. Since we
were not successful in getting the required data from Constellation, we pivoted to work with
unstructured text data from gas and steam power plants, which was made available to us by
the GE Digital team. With these data we developed a recommendation system pipeline.
However, given the inconsistent quality of the unstructured data and the lack of curated
ground truth, our model generation, evaluation and iterative improvement has been
challenging and time consuming. To alleviate this issue, we followed a systematic approach
to normalize the effects of experts’ bias while collating SME opinions to prepare benchmark
data.
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Figure 14. Case Knowledge Curation Engine Pipeline for Keyterms-based Recommender System.

Since our development using natural language processing methods including language
models such as BERT, success of large language models (LLMs) has taken a center stage that
will potentially outperform most NLP tasks. However, we believe that a generic LLM may not
fully address industrial domains such as a maintenance recommended action set as is and
will need finetuning with curated historical data. Therefore, we strongly believe that
recommendation ordering method developed in this program will still be useful in
automatically processing historical data and curate training data to be used for updating
LLMs. This has become a topic for current and ongoing research, and we hope to leverage
the pipeline developed here in those endeavors.

GEMINA
Knowledge
Curation engine

GEMINA
- Knowledge
F!eld Curation engine
engineers

Health Field
engineers

Case DB

Engineer

Figure 15. Proposed Concept for Leveraging Knowledge Curation Engine to be used with LLMs.

Under Task 5 the objective was to identify the potential regulatory pathways and associated
requirements for incorporation of preventative maintenance of digital twin (PMDT)
technology for operations and maintenance (O&M) of an advanced reactor (AR). This
analysis task was completed in two parts (M5.1 and M5.2).

Milestone M5.1 provided a review of the current regulatory guidance relevant to application
of PMx, artificial intelligence (Al), and automation. The outcomes of this review included
determination of constraints on the application of such technology, identification of any
regulatory gaps or uncertainties, and clarification of anticipated technical basis information
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likely to be important for regulatory acceptance of PMx, Al, and automation. Detailed insights
into a number of DT related aspects were discussed where current regulatory framework
will likely have an impact on development and deployment of DTs in AR applications.

Milestone 5.2 supplemented he report from M5.1 and described the research results to date
to identify regulatory implications of Al technologies and their uses. Specifically, this report
reviewed current regulatory guidance relevant to the application of predictive maintenance
twins, artificial intelligence (AI), and automation. The focus of this review included
determination of constraints on the application of Al technology, identification of any
regulatory gaps or uncertainties, and clarification of anticipated technical basis information
likely to be important for regulatory acceptance of these technologies. The research included
review of topical reports and other submissions to the US Nuclear Regulatory Commission
(NRC) on technologies relevant to using Als for predictive maintenance, NRC safety
evaluation (SE) reports, and other relevant literature to identify specific regulatory
concerns. Outcomes are briefly summarized below for quick reference.

e Use of DTs span a large number of potential applications throughout ARs lifecycle, and
depending on DTs role (in design, operations, and maintenance) one or more regulatory
documents may be applicable

e Further determination will be based on the level of automation DTs will achieve/enable, e.g.
non-control function, control function, and/or communications function.

e DT complexity will also determine the level of regulatory considerations. Simple monitoring, the
lowest complexity level, minimal consequences of failure, etc. would not require guidance on
software tools or type of digital device. Atthe other end of the graded approach, existing
guidance will apply to control those DTs that perform a control function while more scrutiny
would result if the component performs a safety function.

The capability to classify the DT by safety significance, functionality, complexity and other
characteristics can provide the basis for a graded approach to implementing or licensing
such technologies. Further investigations are underway to establish the basis to enable such
determinations. In the meantime, the following are clear conclusions about when more
rigorous review will likely arise.

e If the DT is used for a safety application, it must meet the requirements of a safety-related 1&C
system. More specifically the DT would need to meet 10 CFR 50, Appendix B; IEEE 1012
(endorsed by Regulatory Guide 1.168); IEEE 603 etc.

e Ifthe DT is used to support analysis that is used in a safety analysis/calculation then you are
governed by 10 CFR 50.46; 10 CFR 50, Appendix K; and some form of software V&V most likely
ASME NQA-1. If the DT is to be used for determining TSs, surveillance intervals, etc., 10 CFR
50.46; 10 CFR 50, Appendix K; and ASME NQA-1, and maybe some additional V&V are the
governing requirements.

Task 6 and corresponding Milestone M6.1 intended to show proof of concept DTs for existing
BWR fleets demonstrated on a fielded cloud platform, such as GE’s Asset performance
Management (APM). Various algorithms and analysis tools developed in prior milestones
generated a substantial code base, however it was important to structure this codebase in
compliance with digital delivery platforms offered by GE. Intent behind this milestone was,
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therefore, to get the code ready for integration with tools planned to be used for monitoring
of BWRX300.

As was reported for several quarters, there was a persistent risk that the GE project team
couldn’t not access APM environment for Constellation BWR fleet due to inaccessibility to
their on-prem APM environment. Therefore, while we completed various subtasks needed
to accomplish the milestone an integrated demonstration on a deployed system couldn’t be
feasible as originally planned. Therefore, we estimate this milestone was completed at
around 85%.
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2 T2M Activities and Outcomes

The U.S. Commercialization plan lays the groundwork of business strategy across GE
Research, GE-Hitachi, and Constellation—three entities with key interests in PMDT work.

2.1 Collaborations with Constellation, GEH and GEH customers, MIT

Our research team was very closely involved with AR OEM and utility partners. This quarter,
we worked closely with GE Hitachi team on BWRX300 simulator data generation as well
soliciting feedback on optimal sensor placement tool. We also participated in a number of
customer meetings with a nuclear operator in formulating a plan for pilot demonstration
project that utilizes GEMINA technologies. GE Hitachi has filed a provisional patent
disclosure on the OSP tool. Moreover, there is interest in utilizing this tool with other AR
developments.

2.2 Project Technical Outputs

Various workstreams under our project resulted in impressive 50+ public documents,
reports, and presentations and our team continues to engage in similar workshops and
conferences.

GEMINA Technical Output
60

50
40
30
20

10

Peer Reviewed Pipeline Workshop Reports Patent
Publications Presentations

Figure 16. Summary of Technical Outputs from this Program.
These outcomes are enlisted below for quick reference.

Patents/Disclosures

SYSTEM AND METHOD FOR OPTIMAL SENSOR PLACEMENT - Docket No. 8564-000451-US-01 - Tang, Evans,
Saxena, Goldfarb

Technical Reports (OSTI)

1. M. D. Muhlheim, P. Ramubhalli, A. Huning, A. Guler, R. Wood, and A. Saxena, “Status Report on Regulatory
Criteria Applicable to the Use of Digital Twins,” ORNL/SPR-2022/2493, June 2022

2. M. D. Muhlheim, A. Huning, P. Ramuhalli, A. Guler, R. Wood, Narvaez, |, and A. Saxena “Risk-Informed
Decision-Making and Reconfiguration using OPRA”, ORNL/SPR-2023/3078, September 2023 [submitted]

3. M. D. Muhlheim, P. Ramuhalli, A. Huning, A. Guler, and A. Saxena, “Status Report on Regulatory Criteria
Applicable to the Use of Artificial Intelligence (Al) and Machine Learning (ML)”, ORNL/SPR-2023/3072,
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Iyer, N., Virani, N., Yang, Z., & Saxena, A. (2022). Mixed Initiative Approach for Reliable Tagging of
Maintenance Records with Machine Learning. Annual Conference of the PHM Society, 14(1).
https://doi.org/10.36001 /phmconf.2022.v14i1.3159.

Pradeep, R., Muhlheim, M., Guler Yigitoglu, A., Huning, A., & Saxena, A. (2022). A Methodology for Online
Sensor Recalibration. Annual Conference of the PHM Society, 14(1).
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presented at The IJCAI-21 Workshop on Applied Semantics Extraction and Analytics (ASEA)
https://arxiv.org/abs/2108.05454

Huang, H., Subramanian, A., Saxena, A, Virani, N.,Iyer, N. (2023). Deep Regression Network with Prediction
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Conclusions

The PMDT team made substantial progress on a number of technical fronts. We utilized the
BWRX-300 simulator extensively to build twins for other key components as well as for
simulating more complex scenarios (e.g. simultaneous degradations in multiple plant
components). We were able to demonstrate in many cases that Machine learning-based
methods can be successfully adapted for Nuclear plant environments especially for remote
monitoring applications. Detailed analyses were carried out with plant and full scope
simulation data along with capabilities of enhanced analytics to assess and set realistic
expectations on cost reductions in O&M. These assessments are paving the way for
investments towards reactor design improvements as well project planning for SMR projects
as they develop and mature in the next few years. Technology developed under this program
got direct visibility to GE Hitachi and their utility customers and resulted in positive intents
to deploy some of the elements from design phase. The project additionally resulted in
several reports, publications, software and data generation that will be useful in deployment
and O&M services for BWRX300 fleets.

The GEMINA PMDT project team thanks the ARPA-e team for their support and interest in
this work. We strongly believe this paves the path for a more efficient 0&M and extends the
state-of-the-art in deploying ML-based solutions in nuclear contexts towards realizing the
goal of a more economic nuclear power generation.
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