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Al

In-Core fuel management

Fuoel management

Fuel loading pattern
Nuclear assembly design
Nuclear assembly design

“Thermal hydraulic simulation
computation acceleration
“Thermal hydraulic smulation
computation acceleraton
“Thermal hydraulic simulation
computation acceleration
“Thermal hydraulic smulation
computation acceleraton
“Thermal hydraulic simulation
computation acceleration

“Thermal hydrulic simulation
computation acceleration

Thermal hydraulic simulation
computation acceleration
“Thermal hydrulic smulatian
computation acceleration

Radiation shiclding design

Radiation shielding design

Mass attenuation cocffcient
predicticn for shielding
material

Radiation shiclding design

Radiation shielding design

Artificial bee coloay

HL-guided EA

Dieep nenral netwark

A physical simulation and deep
learning coupled Framewerk
Dieep nenral netwark

A neural network madel introducing
the FVM with onique architecrue
4 model combines modal
decompositions with DL
architecturas

A diep 30-convohstional nearal
metwork

Dl-based ROMS

Dil-based ROMs

HPNN

4 multitask-based temparal -
channelwise CNK

Lassa regression, SVM, RF, BFNN
ANN

ANN

ANN

FPIMLAF

ANN

HFNN amd GA

FS0

‘The propesed approach can reduce the computnional cost by

employing sgrificantly fewer contral parameters compared ta other

populatian based algerithms

A set of two basic parmeters: Power peaking factor and Reactivity

cocfficient, was obinined appropristely

Best axial variation distributions of enrichment were determined in

arder to reach the flattening neutrosde fux

KL shows better computational efficiency than traditicnal stochastic

aptimization algarithms in addressing high-dimensicmal problems

KL-guided EA outperforms standalone algarithms by a wide margin in
pabilities and 1 cffi

Developed moded can achiewe rapid and accurate prediction of key

thermal bydraulic parameters

Capable of accelerating the comvergence of RANS simulations

A surrogate model to predict turbulent eddy viscosity in BANS
simulation

significantly improved accuracy of multistep ime series prediction with
much fastes speed

‘The speed.up factor in the numerical simulations using this ROM is
remarkably high

A navel based on 30 I 1 Layers was propased,
showing gred performance in predicting furure velocity fields of a
complex Auid Aaw

A micthod to avedd the expensive training stage of the model was
propased, and tested on several examples, shawing the good geerality
Computational muntime of iterative solvers was reduced by nearly two
arders of magnitade with an acceptable emror threshold

Capable of acourately estimating supercritical water beat mansfar
cocfRcent

A novel DL based soft measure technique to predice the gas woid fraction

RF performs mere prominently than other ML paradigms on abular
data prediction tasks

The nerwork architecture is general and can be used for continuows
learning beyond the training data range

Highly ephanced the calculation speed di
A&b-time reduction

The effects of main parameters such as pressure, mass flow rate and
aquilibrium gquality cn CHF were analyzed

The propossd framework takes advantage domain knowledge and uses
‘machine Jearning (ML) to capture undiscovered information from the
‘mismatch, achieving superior predicrive capabilities.

The multi-chjective optimization design method can be usad to find a
better scheme more comprehensively.

Able 1 seek for the shielding design that minimizes the total weight by
«changing the thickness and the material of the shield with constraints
satisfied

A high determination coeficient of 1 and a root mean square emar of
0.0033

twa

=i ¥ reducing the comp

design optimization for marine reactors
An automatic optimization program was developed and proved
affective on marine reactars

] cost of shielding sracturs

4]

[e1]

[l

711

21

Controd rod position
monitoring

Trend prediction of operating
paramsters

oM

Trend prediction of operting
paramsters

Omline sequential condition
prediction

Water level prediction

Operating parameters
predicticn during LOCA

Frediction of neutron flux and
power distributions

Compensation for low.
precision mode] deviation

System-level I

System-level I

System-level FI
System-level FI
System-level FI

System-level FI

System-level FI

FD of the pressurizer

FIi of the RCP

FI of the rotating machinery

FI» of CEDM

FI1 of screen cleaners

FD of romting machines

Idenrification of an accidental
drop of control rods

FD) of sensars

FD) of sensars

FI» of sensars

FIi of a steam generator

FIi of o steam generator

Incipient SGTR diagnosis

FI) of a steam genertor
RUL prediction of [GET

HEFNMN, GMDH and 1M
MNeuro-furry technique
Probahilistic SWM

Inmamic BPNN

EOS-ELM

DRN-GA
DNN/ASTM

ROM-ML

K-means and ANN

PCA
HKEFNN
NN

nL

KFCA and similarity
clustering
Unsupervised clustering
AAKR

151

Digital twin technology
XGB

ne

REFNN

HNN
BCA

PCA
Neuro-fuzzy network
PCA

VM
ANFIS
ARN, ANFIS

applications: (LM and diagnosis in a high-temperature gas cooled nuclear reactor
and reeating machinery

All methods can be utilized separately to unfold the contral rod position: from the
in-core neutron fux measurements

Prasible to detect the failure of the squipment or the corresponding measurement
sensor when the prediction resules deviace from the actual measurement results
A single-step interval prediction was performed to show the feasibility of the
maodel

Developed model has ackdeved more accurate and stable predicticon resalts.
However, since the anline BFNN still relies on ime-consuming gradient descent
iterative rairdng. in order to ensure the computtion speed, the number of

training steps is greatly limited.
East leaming speeding without abrious overfitting problems

DN model has better performance thian cascaded fuzzy newral petwork
Froposed methods are 100,000 times faster than the original simulation tool with
satisfying accuracy

Able to predict high-dimensional outputs with phrysics-informed digital twins
framework

A digiml twin model consisting of offfine and online stages is proposed, and its
calibration results are shown to have good agreement with the ground tnath

B operating conditions can be sccurately dingnosed and classified

A dynamic architecture was propased, in which the first netwark is used to judge
whether the gystem is in an abmormal sate, and the second nerwork is used for
classification of abnormal conditions

FioA enables St compression of multiple dimensions for tansient identification
Able to recognize the three accidents, even with a noise level up to 109
Developed model outperforms cther classification models in terms of acouracy
robustness, and relisbility

Identification of NPP accidents with 99 82% accuracy and unknown situa ons
with 100%

Able to detect boeh the type and the degree of fules

Efficient fault classification on unlabeded datnsees

A strategy that can balance false and missed alarms

A novel weakly supervised training method was proposed to detect, identify, and
lecalize anomalies from time-series data automati

Feasibility of using digital owin technology for CEDM health monitoring and FD is
demonstrated

Eobustmess of ensemble leaming methods to undnformative festares is maore
adwantageous than other ML methods

CENN shows better small sample learning capability and ant-noise robustoess
compared to other models

Impact of the lack of experimental data on the model performance is highligheed

A robuast system based on ENN that can tolemte sensor failures is developed
Impraving the ability of data reconstruction and detection of multiple sensor
faillures

Maoving average filtering method is adopted to reduce false alarms

Methodalogy is applied successfally for FID and isolation

Different fault directions are cbinined using singular value decompesition of the
prediction emrors, and used for fault isclation from new projections

Able to estimate uncertain parameters that are sensitive to centain faults

Highly capahble of diagnosing SGTR mansient

Capable of predicting RUL of the IGET device under varying loads

Table 1 Table 2
Summary of previous application of Al in nuclear reactor design optimizarion. Summary of previow application of Al in nuclear reactar D&M,
Applicasion Methed PFindings Heferences Application Merthad Findings Heferences
In-Core fuel management GA A shows the advaninge of global search and is more suitable for [=5] Transient detection, Ihynamic neural network A twoclevel classifier architecture was adopted, to obtain the type, severity, and 7]
parallel comipunng in campanizen with simulated annsaling algonthm classification, and aggregation model location of transients individually
Fuel lading patten GA A program based on (iAs and a code-independent interface was 8] prediction
developed 1o optimize nuclear reactar laading patterrs ©lM and verificaticn ANNN The inpuat and output of AANN are the same set of nuclear power plant operating  [20]
¥uel Inading pateern GA (constrained optimization with A program based oo the propased methods was developed for EWR fuel  [37] parmeters with eertain interrelationships, thus it can be used for nuclear reactor
penalty function) assembly axial aptmization paline sensor verifienion
Gore design Ml Clhgwetbve: G chremsinges vl e proyes] nppronch v the siglvcbjuiive Ghslna  [34] 01M and verification AANN Developed model can be used for simaltaneows fadlures of multiple measuring [=21
muld- criteria and multi: constraint optimization problem were found instruments
:M I::pm::m :ﬂ'ﬂr:lzbé;:u" o i:ulﬁ‘f:ammm of e ot :;:d'" ':;1 m] o PMML Omline semsor calibration and AANN Developed model can be used to distinguish fault components and intersity, and e [83]
“ore - 5 Zins in hoth computat clency fault classification reconsrct unmessured signals
optimization cutcome - . .
P lnttice design Ant calomy Ant colany algorithm was proven to be an effective toal for EWR fuel  [41] :U““’n’m‘t”m"‘ ﬁ";‘:m =] AW wemeer: ey wesifienton of the 175G a4
lnftice arrangement . .
Fuel loading pattern At calomy An sutomatic PWR core reload design tool was developed OLM s P2 FHK Eigh prefommencs af the drereloped wodel we shovn by wesm of tw diforest  [8F)

[=6]
=71

[s]

[=4]

Qingyu Huang et. al., “A Review of the Application of Artificial Intelligence to Nuclear Reactors: Where We are and
What’s Next”, Heliyon, 9, 2023.
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Table 1 Table 2
Summary of previous application of Al in nuclear reactor design optimizarion. Summary of previow application of Al in nuclear reactar D&M,
Applicadon Method Findings Heferences Applicaricn Merthod Findings References
In-Coge fuel mansgement A 1GA shows the advantage of global search and is mare suitable for [35] “Transient detection, Irynamic neural network A two-level classifier architeciune was adopted, to obtain the type, severity, and ~ [75]
parallel compating in compansen with amulaced annzaling algonths classification, and aggregation medel location of transients individually
Fuel lading patten GA A program based on GiAs and a codeindependent interface was 6] prediction
developed to optimize nuclear reactar loading patterns GLM and verification AANN are the same s=t of nuclear power plant operating  [20]
Fuel loading pattern L}mﬁmm:i]npummdmmﬁ mernum::ewmubm“deudm far EWE fuel  [37] claticnships, thus {t can be used for nucear reacior
oy il al zation
Core design Multi Objective GA ;::m;@uar:pmpmwmu—m singlecbjective GAsina  [38] OLM and verificarion AANN simultaneous failures of multiple measaring (a21
- criteria and multi- constraint optimization problem were found
"_"mt‘“""""’“‘“""“ Ml U"L’.’:"“"'" A ]’;““‘3" P::m:::l:w “l;;‘::]""“‘ F“‘P"'L '[‘:;’i Online sensor calibration and  AANN nguish fault components and intensity, anden  [43]
optimition ontrmm mh:ﬂmdmuk:;:m and [84]
Fuel lattice design Ant colcary Ant colony algorithm was proven to be an effective tool for BWE fuel [+1]
Intties arrangament fault classification
Fuuel loading pattem Ant calemy An automatic PWR core reload design tool vas developed 142) M ] P e rren Loy v of v it (4]
In-Core fuel management Artificial bee coloay The propesed approach enn reduce the computational eost by 1431 s cocled nmclens pemctor
fewer control parameters comy, ‘to other
w},ﬂp ati uimhcggusc“&m‘ e pared the control rod position from the  [50]
Fuel management HANN & set of two basic pammeters: Fower peaking factor and Heactivity [44]
coefficient, was obinined appropriately (=71
Fuel loading pattern HANN ‘Best axial variation distributions of enrichment were determined in [+5]
arder to reach the flattening neutronic fiux [=2]
Nuclear assembly design (TR KL shows better computational efficiency than tradificmal stochastic
apeimization algarithms in addressing high-dimensional stable prediction resalts. [=3]
Kuclear assembly design HL-guided EA KL-guided EA outperforms standalone algorithms by Hlies an time-ronsuming gradient descent
hilities and 1 efficis .
“Thermal hydraulic simulation e nearal netwark Developed moded can achieve rapid and a Suieed.
computation acceleraion thermal bydraulic parameters Sirg withaut abvious overfitting problems [t
Thermal-hydraulic simulation 4 piysical simulation and deep o
computation acceleration  learning coupled Framework [
Thermal-hydraulic simulation Dieep nearal nefwark 2 methads are 100,000 times faster than the original simulation tool with  [92]
computation acceleration satisfying accuracy
omguinton acleion b YR with g et e o i igh dimessionsl cuspats wih pysic nformed digial om0
framework
Theamaltydemutic d“:mn A digitl twin madel consisting of offfine and online stages is proposed, and its [95]
nernbuation calibration results are shown to have gnod agreement with the ground math
8 operating conditions can be sccurately dingnosed and classified [og]
w“““‘"“““"'ﬂ“"‘d‘"“‘ A dynamic architecture wos proposad, in which the first network is used to judge  [95]
emnpuintion sexeietion whether the grstem i in an abaarmal sate, and the second network is used for
classification of abnormal conditions
“"‘“""“”d"““n‘ “m”"'“m“ System.level FIY FUA enables fast compression of multiple dimensions for transient identificasion [100]
“Thermal hydraulic simulation System-level FD Able to recogrize the three accidents, even with a poise level up to 10% [l
computation acceleration System-level FD (=1 Developed model outperforms cther classification models in terms of acouracy [0z}
Umen-driven -based key robusmness, and reliahi
parameters prediction System-level FD nL Identification of NFF accidents with 949 82% accurncy and unknown situas ons [os]
Data-driven-based key with 1005
parameters prediction System-level KD KPCA and similarity Able to detact boeh the type and the degres of faules [104)
Data-driven-based key clustering
parameters prediction FI» of the pressurizer Unsuperrised clustering Efficiene fault classification on unlabeded datnsses [l
CHF prediction FIi of the RCP AAKR A sirategy that can balance false and missed alarms iz
FI of the rotating machinery  15TM A novel weakly supervised training method was propesed to detect, identify, and  [113]
Wall temperature prediction st~ ANN ding toa =] localize anomalies from time-series data automatically
CHF FD of CEDM Digital twin technology Feasibility of using digital twin technology for CEIM health moaitoring and FD is [114)
CHF prediction ANN [e4] demonstraced
FI) of screen ceaners XGB Eobustmess of ensemble leaming methods to undnformative festares is maore (1151
CHF prediction PIMLAF The proposed akes adv domain knowledge and uses  [01] advantageous than other ML methods
mﬂﬂmmwm\mﬂwuﬂ:fwmdmﬁmd! FD of rotating machines L CRNN shows better small sample bearning capability and ant-noise robustness [1161
mismatch, achieving superior predictive capahilities. compared to other models
Radiation shielding design GA 1b=wm°biﬂmmmmm‘?:wmdmb¢m“ﬁﬂ“ [ro] Identification of an accideneal  RBSNN Impsact of the lack of experimental datn on the model performance is highlighted — [117]
better scheme more comprehensively. drop of control rods
Radiation shielding design BMACNOS Able to seek for the chielding design that minimizes the total weight by [r11 Fi of sensors BN A robuast based on BNN that P — Enily
system. an can eansar failures i developed [1s]
changlag the:thickness and the matedal of e sileld with consraiaes FD of sensars PeA Improving the ahility of data reconstruction and detsction of multipls sensor (120
. Failures
mm..dn:mﬂsum ANN :::idmmméﬁm;mmanmmsqmmd (] FD of semsors PR Miaving vemgs Altering method is adopted to reduce false alarms bl
prediction for shielding " ¥D 0f a steam generator MNeuro-fuzzy neswork Methodilogy is applied successflly for FD) and isolation [zz]
on shiciding design 4 and G ucing the ) cost of shichding - FIi of a steam generator oA Different fault directions are cbinined using singular value decompesition of the  [123]
dadgnyu;umnﬁxwinum prediction emrors, and used for fault isclation from new
g on shielding design B0 An aui o weas devel and 1 74l Incipient 5GTH diagnoss VM Able 1o estimate uncertain parameters that are sensitive to certin faults [1z4]
effective on marine renchars FI) of a steam genemtor ANFIS Highly capable of diagnosing SGTR mansient [zs]
RUL prediction of IGET ANN, ANFIS Capable of predicting FUL of the IGET device under varying loads a2l

Qingyu Huang et. al., “A Review of the Application of Artificial Intelligence to Nuclear Reactors: Where We are and
What’s Next”, Heliyon, 9, 2023.
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3.0 4 \’
3-batch reference LP 25 -
2.0 -
Limitation on k-eff >1.136
AllLPs(195,776)
Limitation on Fr <1.50 15 - " TeabiclEA107)
+  Optimum LPs(6)
Total possible LPs 195,776
1.0 T T T " T T T v T T T v T T T )
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T2 YKt £|CHR X} 3% X1} 1% X1}

Fr 0.43% 3.91% 0.06% 6.40%

Z7|4ol* 0.96% 3.41% 0.70% 41.30%

2D-CNN

XI| BA s 0.61% 5.98% 0.02% 14.20%

MTC 0.52% 4.33% 0.04% 10.05%

3D-CNN Fg* 1.73% 10.92% 1.34% 28.4%

* TRAIN : 10,0007l / TEST : 1,0007H
I A4 2

oy HFMXHo) | +20 X3t H|E | -20 0|8t H|E

2.54% 2.34%
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© 2022 - NIRAS (Intelligent Retrieval and Analysis System)
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A containment failure m
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File Name Similarity v
ML13220B007.txt 0.637

L2PH PF-VF NO-CBV=N Level 2 phenomena. Pit overpressure failure (not CBV case)
failure because the leak off system lines are open and fail to close due to loss of outboard containment isclation valves (fuel building) following the flooding initiator

P JMM23 01/02 OP-P Probability that Leak Off System Line -no pit overpressure failure in case
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for Clean Nuclear Energy
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FNC is a growing engineering company on a fast track with
Korean nuclear society and beyond.

In 2000, FNC was established with classmates and close fri

Over the years, FNC has achieved the professionalism and
company to provide engineering solutions of high quality.

FNC members strive to lead the advancement and innovat
uses of nuclear energy.
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