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Topic: Machine-Learning-Based BEPU Analysis Framework for Control Rod Ejection 
Accidents in Small Modular Reactors  

 

Motivation 

Small Modular Reactors (SMRs) require reliable safety analysis under transient conditions, particularly for re-
activity-initiated accidents such as Control Rod Ejection Accidents (REA). The Best Estimate Plus Uncertainty 
(BEPU) methodology is widely used to quantify uncertainties from physical inputs and models. 

Machine learning (ML) models have already been introduced into BEPU workflows, typically as surrogate mod-
els. However, the uncertainty associated with these ML models is often not consistently treated within the BEPU 
framework. From a safety analysis perspective, this omission can affect the reliability of the results. Therefore, 
incorporating ML model uncertainty as an explicit component of BEPU is necessary. 

Research Content 

This project aims to develop a BEPU framework in which machine learning models are treated as uncertainty-
bearing components. The focus is on quantifying and propagating ML-induced uncertainty in REA analysis for 
SMRs. 

Transient datasets will be generated using the PARCS/SCF coupled code with a set of selected uncertain inputs 
(e.g., reactivity worth, coolant conditions). Time-series surrogate models (e.g., LSTM or similar architectures) 
will be trained to reproduce system responses such as power and temperature. 

Uncertainty-aware techniques, such as Monte Carlo Dropout or ensemble methods, will be applied to obtain 
predictive distributions. These uncertainties will be integrated into the BEPU workflow to construct time-depend-
ent confidence intervals, optionally calibrated using Conformal Prediction. 

Model performance will be evaluated using both accuracy and reliability metrics (e.g., PICP, PINAW, NLL). In 
addition, sensitivity analysis (Morris, Sobol) and variance decomposition will be used to distinguish between 
input uncertainty and ML model uncertainty. 

Work Plan (6 months, flexible) 

1) Learn PARCS/SCF and reproduce baseline REA simulations. 

2) Define uncertain inputs and generate simulation data. 

3) Develop and train time-series surrogate models. 

4) Implement uncertainty-aware ML methods and integrate into BEPU. 

5) Evaluate model performance and analyze uncertainty contributions. 

Skill Requirements 

• Background in nuclear engineering and reactor safety analysis. 

• Basic knowledge of uncertainty quantification and statistics. 

• Familiarity with machine learning, especially time-series models. 

• Programming skills in Python (e.g., PyTorch or TensorFlow). 
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• Ability to use simulation tools such as PARCS and SCF. 

Contact 

Dr. Kanglong Zhang (kanglong.zhang2@kit.edu) 

Institute for Neutron Physics and Reactor Technology (INR), Karlsruhe Institute of Technology (KIT), Germany 
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