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The Complexity Domain
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FICTION REALITY SEVERE 
ACCIDENTS

Understanding border
f (t)

Practical application g(t)

Can we go farther?

How far CAN we go with the current R&D approach?

How far do we NEED to go?

Simplicity Complexity
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Contents

1. The Title
2. Background
3. Methodology
4. Present Challenges
5. Main Takeaways
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Terms & Acronyms
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• BEPU Best Estimate Plus Uncertainties
• UaSA Uncertainties and Sensitivity Analysis

• FoM Figure of Merit

• PDF Probability Density Function



5

The Source
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Application of BE to ECCS licencing (USNRC: 1974-1986)

• BEPU was born  within the domain of Thermal-hydraulics!

(NEA/CSNI/R(1994)20; NEA/CSNI/R(97)35; NEA/CSNI R(97)4; …)

- BEMUSE (2004-2010); 
- PREMIUM (2012-2015); 
- SAPIUM (2017-2019); 
- ATRIUM (2021-2024)

• In early 90’s, OECD/CSNI WGs took over. 

WGAMA: 
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The Severe Accident Radiography
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• Phenomenological domain

• Boundary conditions

- Integration over long periods (fast & slow phenomena).
- Full NPP scope (micro & macro scale; safeguards; human action).

• Timing & Extension

- Broad ranges (T, P, D, …).
- Extreme values.

- A huge number of phenomena.
- Multidisciplinary (thrm-fluid, mechanical, phys., chem, …).
- Strong feedback.
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The Time Perspective
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“hand” estimates/corr.

“Coupling Codes”

“Integral Codes”

“BEPU & +”

1975 1990 2010
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The Challenge
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The Opportunity
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• “Maturity” of severe accident codes (integration;phenomena;”validation”;numerics)

Major advantages: - Avoidance of conservative assumptions. 
- Better identification of safety margins.
- Quantification of likelihood of reaching specific values.
- Insights into dominating uncertainties

• Computational resources presently available.

How accurate SA simulations are?
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Severe Accident Codes
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Capitalization of knowledge on severe accidents

• Input build: Major hypo’s & approximations

• Nature of models: “from empirical to pseudo-mechanistic”. 

• Variability of BC nodalization

• Models integration xi, xj, xk,… (+ Δi, Δj, Δk, …) transfer 

• Accident mgmt timing?; efficiency?; equip. perform.

Uncertainty
Quantification

(UQ)
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BEPU in SA Analysis (I)
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• A pioneer work based on STCP (Khatib-Rahbar et al., 1989)

Source Term
uncertainties

• Meltdown parameters
• FP release coefficients
• Chemical activities (MCCI)
• Containment performance

• Similar methodology based on MELCOR 1.8.5 (Gauntt R.O., 2005)

- Identification of input param.
- Determination of pdf’s
- Random combination samp.
- Calculation running

H2 production
SBO – ICond NPP

Airborne Cs 
MBLOCA – AP1000
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BEPU in SA Analysis (II)
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State of the Art Reactor Consequence Analyses (2017)

A comprehensive list of uncertain parameters is practically unapproachable!

• Battery duration; SRV failure rate; MSL creep rupture area; …
• Zry breakout T; molten clad drainage drain; debris radial 

relocation; …

BWR - SBO
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BEPU in SA Analysis (III)
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• 2010-2019.
• 3 “full-scope” UaSAs: PBottom; Surry; Sequoyah.
• Unmitigated LTSBO (PB), STSBOs (S&S).
• MELCOR-MAACS; MC (865, 567, 1147); LHS.
• Assumptions on SVs, breach (SGTR), time (48 h; 72 h), ...
• Expert judgement!!! (input parameters, 15-20).

“Summary of the Uncertainty Analyses for the State-of-the-Art
Reactor Consequence Analyses Project” 

(NUREG-2254; 2022)
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BEPU in SA Analysis (IV)
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The EU-MUSA Project
(2019-2023)

https://sh1.sendinblue.com/3izxfv2tldxpfe.html?t=1685539873
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Fundamental Steps
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• Characterization of Input parameters

• Propagation of samples. 

• Sensitivity Analysis

• Evaluation of uncertainties

• Generation of samples (input deck building)
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Characterization of Uncertain Parameters
(The MUSA Project)
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• 400 (+150) UP identified & characterized.
• Substantiated “expert judgement”.
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Characterization of Uncertain Parameters
(The MUSA Project)
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• Reasonable
• Justifiable
• Defensible

Characterization of Uncertain Parameters
(The MUSA Project)
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• Monte Carlo (n~103)
• Wilks (n~102) Order statistics

Generation of Samples
(The MUSA Project)

• Sampling SRS (random)
LH (Latin Hypercube)
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Propagation of Samples
(The MUSA Project)

Automatization!



21

M
et

ho
do

lo
gy

Evaluation of Uncertainties
(The MUSA Project)

• Dispersion plots • Scatter plots

• CDF; PDF • Descriptive statistics
0 0.5 1 1.5 2 2.5 3

Time (s) 104

0

50

100

150

…
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Sensitivity Analysis
(The MUSA Project)

• Correlation coefficients (Pearson; Spearman)

• More advanced techniques (stepwise reg.; Lasso reg.)

• Simple regressions
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Present Challenges

• The UP database optimization (filling; extension; restrc.).

• A consolidation of UaSA application in SA (#UP; nodding; FOMs; …)

– Innovation.

• A “balanced” use of expert judgement.

• Further attention to accident management (forward/reverse effect).

• Show-cases for innovative technologies (ST-ATFs; LW-SMR)
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• Uncertainties quantification of SA analysis is timely and necessary.

• A systematic application of UASA in SA is far from straightforward.

• Innovation needed to make UQ in SA a reality.

• Cooperation of UQ application is the way (MUSA; IAEA/CRP).

• New knowledge (statistics) brought and mastering needed.

• Input deck characterization is fundamental.

• Post-processing: Engineering judgement more necessary than ever.
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Thank You!
Any questions?
Luis E. Herranz

+34913466219

luisen.herranz@ciemat.es
Follow us on Linkedln!
@seaknot‐eu
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Porter, 2019. Wilks’ formula applied to computational tools: A practical discussion and verification. 
Annals of Nuclear Energy.

𝛽 1 𝛼Wilks One‐Sided

𝛽 1 𝛼 𝑁 1 1 𝛼 𝛼Wilks Two‐Side (Interval)


