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1. Introduction 

 
The nuclear industry is undergoing rapid change with 

the advancement of high-burnup technologies and the 
emergence of advanced reactor concepts. Research 
achievements accumulated across diverse technical areas 
have continuously enhanced the overall maturity of 
nuclear technology. To connect this technical maturity to 
licensing and industrial deployment, regulatory 
perspectives must be incorporated. The Sodium-cooled 
Fast Reactor (SFR) assessment conducted by Sandia 
National Laboratories (SNL) revealed gaps between the 
maturity of knowledge for specific technical phenomena 
and regulatory expectations.  Even when advanced 
technologies are available, cases were identified in which 
additional regulatory requirements, such as validated 
experimental data, established quality assurance 
programs, and quantified uncertainty, were not fully 
satisfied [1]. This demonstrates that the technology 
evaluation frameworks in research and regulatory 
domains are fundamentally different. 

This study establishes a text analysis and data 
processing framework based on a Large Language 
Model (LLM) and Python to analyze technologies in 
both research and regulatory domains. Through this 
framework, cross-referenced technology datasets 
applicable to both domains were generated, and a list of 
enabling technologies required to connect the two 
perspectives was derived. Additionally, a technology 
map explaining the entire field was created based on the 
derived technology list.  

This framework was applied to the case of deploying 
TRU fuel in next-generation SMRs to identify priority 
differences and gap areas between research-oriented and 
regulation-oriented technologies. Based on this analysis, 
a list of gap-mitigating technologies and an overall 
technology map were generated. Through this case study, 
the applicability and performance of the framework were 
validated, demonstrating its ability to derive technology 
lists that connect advanced research outcomes with 
regulatory requirements based on large-scale data. 

 
 

 
 
 

2. Methods and Results 
 

2.1 Data Analysis Method 
 
In this study, a Python-based LLM framework was 

established for large-scale literature analysis. OpenAI 
GPT-series models were employed for text processing, 
and embedding-based clustering was adopted as the 
primary analytical approach. Embedding is a technique 
that quantifies semantic relationships between texts 
within a high-dimensional vector space. Clustering is a 
method that groups semantically similar items based on 
the relative position and directional similarity of their 
vectors [2]. In this study, the text-embedding-3-large 
model was employed to embed the literature data into a 
3,072-dimensional vector space, and topic-specific 
clusters were formed based on cosine similarity. 

The gpt-4o model was used to extract information 
from the text and organize it into a standardized format, 
while gpt-5.2 was applied to analyze relationships among 
the extracted data and to generate the final results. To 
ensure the reliability of the LLM-based analysis, a 
Retrieval-Augmented Generation (RAG) approach was 
applied to all decision-making processes. RAG generates 
responses based on results retrieved from external 
databases and was adopted to enhance the traceability 
and reproducibility of analytical judgments. 

Meanwhile, deriving technology lists independently 
each time can lead to redundancy issues. To address this 
issue, the Kneedle algorithm was applied to the cosine 
similarity distribution. The Kneedle algorithm detects a 
threshold point where the rate of change increases 
sharply [3]. In this study, both the inflection point and 
the rapid-rise region of the similarity curve were used to 
consolidate overlapping entries, thereby retaining only 
unique technologies. 

 
2.2 Selection of SMR Types for TRU Fuel Deployment 
Based on AHP 

 
Sodium-cooled Fast Reactors (SFRs), Molten Salt 

Reactors (MSRs), and Very High Temperature Reactors 
(VHTRs) were selected as candidate reactor types for 
TRU fuel deployment. The suitability of each TRU fuel–
reactor combination was evaluated using the Analytic 
Hierarchy Process (AHP). The Analytic Hierarchy 



 
 

Process (AHP) is a multi-criteria decision-making 
method that decomposes a problem into a hierarchical 
structure consisting of a goal, criteria, sub-criteria, and 
alternatives. Relative weights are then derived through 
pairwise comparisons among elements within the same 
hierarchical level. Pairwise comparisons were conducted 
based on Saaty’s 9-point scale. The weights were derived 
using the principal eigenvalue method, and only results 
with a Consistency Ratio (CR) of less than 0.1 were 
accepted for analysis [4]. 

Although AHP is typically conducted through expert 
evaluation, this study utilized LLM to perform the entire 
process, from generating evaluation items to calculating 
weights. First, abstracts collected via the SCOPUS API 
using the keywords “TRU AND SFR”, “TRU AND 
MSR”, and “TRU AND VHTR” were embedded and 
clustered, and key variables were identified from the 
clustered results. The hierarchical relationships among 
the extracted variables were then analyzed to define sub-
criteria, which were further grouped into broader criteria, 
thereby constructing the AHP evaluation structure. 

The evaluation was conducted based on a total of 263 
publications collected from SCOPUS and OSTI using 
the same keyword combinations. To distinguish the 
degree to which each alternative satisfies the evaluation 
criteria, a 0–100 scoring rubric was established as a 
reference for the LLM [5]. The relative ratios of the 
derived scores were then used to perform pairwise 
comparisons within the AHP framework. The rubric was 
structured into five levels: “Incompatible (0–20),” 
“Major Constraint (21–40),” “Conditional (41–60),” 
“Minor Modification (61–80),” and “Drop-in Ready 
(81–100).” These levels were defined to evaluate 
applicability based on design compatibility and 
fundamental suitability. 

The derived evaluation structure consists of five main 
criteria: Neutronics, Thermal Behavior, Chemical 
Behavior, Fuel Cycle, and Source Term. These are 
further subdivided into a total of 19 sub-criteria. The 
highest weights were assigned to Neutronics (0.22) and 
Source Term (0.21), followed by Chemical Behavior 
(0.20), Fuel Cycle (0.19), and Thermal Behavior (0.18).  

The final AHP scores were 0.37 for SFRs, 0.32 for 
MSRs, and 0.31 for VHTRs. Based on these results, 
SFRs and MSRs were selected as the target reactor types 
for further analysis of TRU fuel applicability. This result 
indicates that the evaluation was driven primarily by the 
compatibility between TRU fuel characteristics, 
including neutronic behavior, reactivity response, and 
radionuclide retention and release, and the reactor type, 
rather than by overall reactor design features. 

 
2.3 Generation of Technology Lists and Maps 
 

A technology list required for the deployment of TRU 
fuel in the SFRs and MSRs was derived. The scope of 
analysis was limited to metallic fuel for TRU-SFR and 
chloride-salt-based fuel for TRU-MSR. The technology 
list was derived by generating technical evidence 
required to satisfy the evaluation criteria. For this 

purpose, a RAG database was constructed based on a 
total of 597 publications. The database consists of 263 
publications used in the AHP evaluation, 102 additional 
academic references, and 232 regulatory documents and 
related references, including NUREG-2246, 
NUREG/CR-7299, and NUREG/CR-7305. 

Based on the RAG database, existing technologies and 
additional technologies required for TRU fuel 
deployment were identified. Scores were assigned 
according to the rubric to determine the development 
stage of each technology. The same procedure was 
applied consistently to both analytical perspectives. The 
first perspective reflects trends in the research domain. 
Accordingly, the technology list required to satisfy the 
AHP evaluation criteria was derived. From the second 
perspective, regulatory trends were reflected by deriving 
the technologies required to satisfy the evaluation criteria 
presented in Appendix A, Table A-1 of NUREG-2246 
[6].  

Cosine similarity and the Kneedle algorithm were 
applied to similar technologies within the generated lists 
to retain only unique technologies. As a result, 257 
technologies were identified for TRU-SFR and 275 for 
TRU-MSR. Based on the selected technology lists, 
Bridge technologies were identified to address the gap 
between research and regulatory domains. 

First, technologies from the research domain (FIELD) 
and the regulatory domain (NUREG) were reorganized 
by reactor category. For TRU-SFR, technologies were 
classified into Neutronics, Thermal Behavior, Fuel 
Integrity, and Fabrication/Cycle. For TRU-MSR, they 
were classified into Neutronics, Chemical Behavior, 
Materials, and Online Management and Safeguards. 
Each technology was further subdivided into Code, 
Experiment, and Methodology. Subsequently, clustering 
was performed within each sub-domain to group similar 
research topics and generate candidate sets for final 
classification. However, when technologies from only 
one domain were excessively concentrated within a 
specific cluster, this indicated an imbalance in 
knowledge accumulation rather than a true gap. In such 
cases, Bridge technologies derived from that cluster 
could lack meaningful cross-domain connectivity. To 
prevent this issue, a MIX index was defined to quantify 
the degree of balance between the two domains within 
each cluster. 
 

(1)        𝑀𝐼𝑋 = min (𝑛ி , 𝑛ே)/max (𝑛ி , 𝑛ே)  
 
nF and nN denote the numbers of FIELD and NUREG 

technologies within a given cluster, respectively. In this 
study, only clusters with MIX ≥ 0.4 were selected as 
candidates for gap technology identification. 

For each technology pair within the selected clusters, 
the extent to which regulatory requirements were not 
satisfied was defined as a “dissatisfaction level.” This 
was evaluated using six integrated indicators: validated 
code coupling, end-to-end validation, uncertainty 
propagation, traceable data lineage, acceptance criteria 
definition, and margin-to-limit demonstration. Each 



 
 

technology combination was scored on a 0–1 scale for 
these indicators. If the average score was 0.5 or higher, 
the pair was considered not to sufficiently satisfy 
regulatory requirements and was therefore selected as a 
candidate for Bridge technology derivation. 

In the TRU-SFR case analysis, 140 FIELD 
technologies, 117 NUREG technologies, and 96 Bridge 
technologies were identified. The FIELD and NUREG 
technologies showed average scores of 62.23 and 63.14, 
respectively, falling within the 41–80 range. This 
indicates that core research activities are primarily 
focused on strengthening design bases and advancing 
model verification and validation. Bridge technologies 
exhibited an average score of 75.16 and were 
predominantly distributed within the 81–100 range. This 
suggests that the fundamental gap does not lie in the 
understanding of individual phenomena, but rather in the 
lack of integrated validation and qualification 
frameworks. 

 

 
Fig. 1. Number of technologies identified in the FIELD, 
NUREG, and Bridge categories for the TRU-SFR case. The x-
axis represents the score ranges, and the y-axis corresponds to 
the technical domains.  

 
In the TRU-MSR analysis, 134 FIELD technologies, 

141 NUREG technologies, and 112 Bridge technologies 
were identified. The FIELD and NUREG technologies 
showed average scores of 56.54 and 57.94, respectively, 
concentrated within the 41–60 range. This indicates that 
current research is primarily focused on developing data 
and models capable of consistently describing the 
coupled behavior among salt composition, 
thermophysical properties, corrosion, and source term 
behavior. Bridge technologies exhibited an average score 
of 74.18 and were predominantly distributed in the 
higher score range. This indicates that establishing 
integrated validation and qualification packages is a 
necessary condition for meeting regulatory expectations 
and advancing toward design-level applicability. 

 
Fig. 2. Number of technologies identified in the FIELD, 
NUREG, and Bridge categories for the TRU-MSR case. The x-
axis represents the score ranges, and the y-axis corresponds to 
the technical domains. 

 
The technology lists derived through the above 

procedure were arranged according to score and 
technology types to construct a technology map. This 
map simultaneously visualizes the stages of research 
required to advance each domain and the additional 
elements necessary to transition to integrated validation 
and qualification levels. In particular, the score-based 
positioning of each technology enables intuitive 
identification of whether a given item remains at the 
research stage, has reached partial design integration, or 
is approaching integrated validation and qualification. 
The proposed technology map is expected to serve as a 
decision-support framework for designing development 
strategies in nuclear technology programs. 

 

  
Fig. 3. Example of the technology map for the Thermal 
Behavior domain in the TRU-SFR case. Blue, red, and purple 
items represent FIELD, NUREG, and Bridge technologies, 
respectively. 

 
 
 
 
 

CRITERION 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Corrosion and Mass Transfer at Fuel-System 
Boun daries

[F-SFR-003] Empirical 
sodium corrosion parameter 
s tudies  including flow  
dependence and impurity 
effects /particulates  
identification

[F-SFR-007] Sodium test-
loop corros ion and mass-
transfer investigat ions for 
candidate structural 
materials and sodium 
impurities (LMFBR/FFTF 
conditions)[F-SFR-016] Baseline 

metallic fuel element 
architecture relevant to 
thermo-mechanical 
response (cas t slug, 
sodium-filled gap, plenum)

[F-SFR-025] Sodium-bonded 
gap concept to maintain heat 
conduc tion despite fuel 
expans ion/contac t evolution

[F-SFR-019] Es tablished 
cladding temperature limits 
tied to U-Pu-Zr/HT9 
liquidus/eutec tic  and HT-9 
thermal c reep constraints

[F-SFR-017] Define safety-
criteria stress/s train limits  
and apply  fuel performance 
models to demons trate 
proposed SFR design 
sat isf ies them (design 
qualif ication w orkf low )
[F-SFR-020] 
Expand/complete mid-
temperature phase thermal-
expans ion dataset and 
correlations for U-Pu-Zr to 
avoid data gaps across 
phase regionsThermodynamic Reaction Driving Force at Fuel–

Structure Interfaces
[F-SFR-026] Demonstration 
of  inherent safety in metal-
fueled pool-type SFRs 
(sys tem context for 
interface temperature 
control)

Fuel-to-Boundary Heat-Transfer  Coupling and 
Temperature-Field Sensitivity

[F-SFR-044] HT9 cladding 
thermo-mechanics s tress -
prof ile evaluation for small 
initial gap and gap reopening 
behavior (SFR operating 
envelope identif ication)

[F-SFR-046] Identif icat ion of 
metallic fuel 
liquidus/eutectic-driven 
temperature limits for U-Pu-
Zr w ith HT9 cladding (peak 
clad temperature guidance)

[F-SFR-043] Conservative 
fuel temperature predic tion 
methodology  us ing effec tive 
thermal conductivity w ith 
s implif ied irradiation 
assumptions  (steady -state 
1D conduction for metal fuel)

[F-SFR-047] In-pile 
coolant/f low tube 
temperature instrumentat ion 
des igned for tight  thermal 
coupling to metal fuel in SFR 
safety tests

[F-SFR-050] Sodium bond 
quality  inspection 
(radiography + eddy 
current) to control fuel-to-
cladding thermal coupling in 
metallic SFR pins

[F-SFR-056] His torical 
development of transient 
models/codes for SFR 
metallic  fuel behavior (short 
of breach and severe 
accidents)

[F-SFR-057] Quantified 
solidus temperatures for U-
Pu-Z r and dependence on 
Zr content (compos ition-
driven melt ing limit)

[F-SFR-058] SFR metallic-
fuel melting temperature 
cons traint used in core 
design (fuel centerline 
temperature < 950°C based 
on ~950°C melting 
temperature)

[F-SFR-054] Des ign-bas is  
limit to prevent incipient bulk 
fuel melt ing w ith explic it 
considerat ion of alloying-
element redistribution

[F-SFR-053] Demonstrated 
metallic  fuel melting behavior 
in EBR-II and TREAT w ith 
minimal c ladding integrity 
impact (excluding eutectics)

[F-SFR-052] Capability to 
keep peak fuel temperature 
below  local composition-
dependent solidus  
temperatures

[F-SFR-059] Technical-
specif icat ion sty le quantif ied 
margins to solidus  and 
c ladding temperature limits  
(inc luding uncertainties) for 
U-Pu-Zr fuel

[F-SFR-060] Validated 
t rans ient fuel temperature 
modeling ac ross  radial 
zones to compare local 
temperatures to local solidus  
temperatures (including 
irradiation-driven Hig h-Temperature Fissio n Pro duct Rele ase 

Behavior
[F-SFR-070] Accurate 
thermodynamic database 
and species vapor-
pressure/partial-pressure 
modeling for anticipated 
radionuclide chemical forms  
in SFR high-temperature 

In-Vessel Source Term under Accident Conditions [F-SFR-086] Trial 
mechanis tic  source term 
(MST) calculation w orkf low  
applied to a metal-fueled 
pool-type SFR w ith 
representative transient 
scenariosIr radiation and Thermal-Induced Fuel Medium 

Stability
[F-SFR-101] Established 
qualitative basis that metal 
fuel maintains low  
temperature during 
irradiation via high thermal 
conduc tivity and sodium fuel 
gap des ign

Back-End Heat Load and Radiotoxic Inventory at 
Dis charge

[F-SFR-107] In-vessel/in-
pool spent  fuel storage 
concept us ing sodium pool 
cooling to reduce decay  
heat  before removal

[N-SFR-016] RCS-to-
MELCOR integrated 
consequence analys is 
w orkflow  for metal-fueled 
pool-type SFRs (fuel 
release/transport  to 
containment and of fsite 
[N-SFR-018] Use of SAS4A 
to model early severe-
accident progression in SFR 
inc luding fuel 
melting/ transport and timing 
of radionuclide gap release 
(applied in consequence The extent to w hich the fuel is manufactu red in 

accordance with a specification, in cluding  specified 
key constitu ents with de fined impurity allow ances

[N-SFR-030] Existing metallic 
SFR fuel and materials 
performance know ledge 
base suf f ic ient for licens ing 
w ithin a def ined database 
envelope

The extent to w hich the abili ty to achieve and 
maintain s afe shutdow n is assure d with available 
evaluation models to demonstrate co olable 
geometry

[N-SFR-057] Availability  of  
limited low -linear-pow er 
performance data for HT9-
clad U-19Pu-10Zr to inform 
high-temperature operation 
discussions

[N-SFR-063] Use of  MELCOR 
for SFR containment 
thermal-hydraulics and 
aerosol transport/deposit ion 
analysis

[N-SFR-059] EBR-II transient 
test ing demonstrating 
substantial shutdow n 
capability of metal-fueled 
pool-type SFRs under 
ATWS-relevant scenarios

[N-SFR-062] Sodium-Bonded 
Metallic Fuel w ith Sw elling 
Accommodat ion for Coolable 
Geometry Assurance

The extent to w hich the abili ty to achieve and 
maintain s afe shutdow n is assure d with spe cified 
criter ia to ensure coolable geometry

[N-SFR-071] Validated 
(medium-to-high) modeling 
capability for transition to 
natural convection cooling 
and assoc iated 
temperatures/react ivity 
changes in SFR loss -of-The extent to w hich margin to radionuclide release 

limits under accident conditions  can be 
demons trated based o n a defined fuel 
per formance envelope

[N-SFR-079] Reference 
metallic  fuel performance 
envelope def init ion for SFR 
metal fuel based on EBR-
II/FFTF experience (including 
burnup-based operating 
limit)

The extent to w hich margin to radionuclide release 
limits under accident conditions  can be 
demons trated with conservatively mod eled 
radio nuclide  retention and release from the fuel 
matr ix

[N-SFR-081] Conceptual 
MST methodology that 
c redits retention/transport 
phenomena (including fuel 
matrix retention) w ith 
bounding release f ractions 
w hen needed

[N-SFR-085] Use of  SAS4A 
to model initial-stage severe 
accident behavior and 
prov ide fuel temperature 
history  and timing of  gap 
radionuclide release for SFR 
metal-fuel analysisThe extent to w hich margin to radionuclide release 

limits under accident conditions  can be 
demons trated with conservatively mod eled 
radio nuclide  retention and release from the fuel 
matr ix supported by appropriate experimental data

[N-SFR-096] Use of pas t 
SFR metal-fuel 
inc idents /experiments  to 
infer high radionuc lide 
retention and low  release 
f ractions  (except  noble 
gases) as MST input

The extent to w hich margin to design  limits un der 
normal operation and AOOs can be demonstrated 
using an available  evaluation mo del

[N-SFR-108] Existing SFR 
severe 
accident/consequence 
codes  that address aspects 
of  SFR severe acc ident 
behav ior

[N-SFR-107] Deterministic  + 
risk acceptance (TNF) 
f ramew ork use in SFR 
safety evaluation for LBEs 
(consequence analys is  
methodology concept)

[N-SFR-110] Licens ing-
grade pedigree and 
know ledge management for 
data supporting SFR safety 
modeling (including 
AOOs/DBAs) to enable 
credible margin 

[N-SFR-109] Integrated High-
Fidelity Evaluat ion and 
Qualif icat ion Framew ork for 
Metal-Fueled Sodium-Cooled 
Fast Reactors

The extent to w hich margin to design  limits un der 
normal operation and AOOs can be demonstrated, 
based on a defined fue l performance envelope

[N-SFR-117] Normal and of f -
normal (antic ipated 
transient) fuel des ign-bas is  
evaluations  us ing prior 
metal-fuel experience, 
tes ting, and analyses  to 
derive operating limits

[N-SFR-112] Definition of 
TRU-bearing metal alloy fuel 
designs  for SFR concepts  
(20–30 w t.% TRU in U-Zr 
matrix)

[F-SFR-056 → N-SFR-016] 
Validation of  RCS-MELCOR 
Coupling for SFR 
Radionuclide Release

[F-SFR-056 → N-SFR-018] 
Comprehens ive Validation of 
SAS4A for Early Severe 
Accident Progress ion in 
SFRs

【Neutronics  and Transmutation Studies in TRU-Bearing Metallic Fuels for Sodium-Cooled Fast Reactors: Technologies focused on the analysis of fuel cycle management, reactivity, and safety under accident conditions in sodium-cooled fast reactors .】 (31F + 25N)

【Thermal Behavior and Temperature Margin in TRU Meta llic Fuel Systems for SFRs: This cluster focuses on the thermal behavior and radionuclide release/retention in sodium-cooled fast reactors, addressing both design and accident conditions.】 (25F + 18N + 2TL)

Thermal Margin to Limiting Tran sformations 
(Melting, Decomposition,  or 
Solidification/Precip itation)

Thermal Exp ansion and Thermally Ind uced Stress 
Potential

Transition  Link (Ga p)

The extent to w hich margin to radionuclide release 
limits under accident conditions  can be 
demons trated with suitably conservative criter ia 
for  barr ier  degradation  and failure supported by 
appropriate experimental data



 
 

3. Conclusions 
 

In this study, an LLM-based methodology was 
proposed to generate a technology list that connects 
research and regulatory domains, along with a 
comprehensive technology map that integrates these 
elements. Based on 597 publications, 257 and 275 
technologies were identified for the TRU-SFR and TRU-
MSR cases. In addition, 96 and 112 Bridge technologies 
were derived for each case. The concentration of Bridge 
technologies within the 81–100 score range indicates that 
future research should prioritize the advancement of 
integrated validation and qualification frameworks. This 
implies a shift from improving individual performance 
metrics toward package-based technology development 
that links testing, modeling, analysis, and quality 
assurance within a coherent framework. 

However, the present analysis is based solely on 
publicly available literature and reports, which limits its 
ability to reflect real-time research and industrial 
developments. In addition, LLM-based assessments are 
subject to structural constraints, as the outcomes depend 
on the scope and quality of the input data, the selection 
criteria applied, and the design of the scoring rubric. 
Future work should incorporate industrial demonstration 
data and structured feedback from both research and 
regulatory domains to refine the analysis model.  
By incorporating demonstration data and improving 
performance through cross-validation, the proposed 
Bridge technology identification and technology map 
generation framework is expected to be broadly 
applicable to the formulation of development strategies 
for advanced reactors and fuel cycle technologies. 
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