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WP 8 : SFC Spent Fuel Characterization

WHY SPENT FUEL CHARACTERIZATION?

It is NUCLEAR MATERIAL we want to handle and dispose of

All relevant properties of the fuel must be known in the different steps of 
the nuclear fuel back-end

A geological repository difficult to access location fuel
cannot easily be inspected ever again.

The requierment is that all nuclear material placed in a difficult to access 
location must be completely characterized before being put in such a
place.

No surprises in the future

Long-term safety e.g. fuel dissolution behavior (rate), fission gas release 
(FGR)



WHY SPENT FUEL CHARACTERIZATION?

Calculations by nuclear codes are used to a large extent in the back-end.

These must be validated experimentally.

Little statistics, deep understanding necessary.

Parameters to characterize
Decay heat to fulfil temperature requirement on canister, bentonite, rock and fuel

Criticality multiplicity: to assure that criticality does not occur

Radiation doses both gamma and neutrons: For safety

Nuclide inventory: For safety analysis

Safeguards verification

Identify correct fuel, missing pins

Contents of fuel amount of fissile material- Burn-up (BU), Initial enrichment (IE), Cooling time (CT), weight

Fuel integrity mechanacaal

Damaged fuel

Dissolution rate of fuel

Fission gas release (FGR)

All parameters coupled



UNCERTAINTIES

Uncertainty is a statistical term that is strictly defined.

No fuzzy concept

Used for technical DESIGN of systems such as casks, transport, repositories, etc.

Initial state for safety analysis

Little statistics, deep understanding necessary

Thermal modeling

Economical optimisation required by law in Sweden for example

Uncertainties - required
Decay heat: very high accuracy, order of few percent uncertainty in reality perhaps 
5-10 %

Criticality: very high accuracy, order of few percent uncertainty 

Radiation doses: high accuracy, order of 10 %

Nuclide inventory: for most nuclides fairly low accuracy need; <100 % (for some 
nuclides higher accuracy needed)

Contents of fuel amount of fissile material - Burn-up (BU), Initial enrichment 
(IE), Cooling time (CT): intermediate accuracy



Temperature

innovation programme under grant agreement n° 847593.

TASK 2
FUEL PROPERTIES CHARACTERISATION 
AND
RELATED UNCERTAINTY ANALYSIS

Status: 2020 - 2021



Task 2: Fuel properties characterisation and related uncertainty analysis

Status: 2020 - 2021

SUBTask 2.1 Theoretical study of SNF source terms

Status: 2020 - 2021

PhD Thesis: A. Shama



Status: 2020 - 2021
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Subtask 2.3: calculate and determine the inventory in cladding

Zircaloy-4 of UOx fuel rod segment
Zircaloy-4 plenum of UOX fuel rod segment
UOX fuel fragment

Status: 2020 - 2021

Pellet

Cladding

Fuel-cladding  interaction layer



Subtask 2.4: Define and verify procedures to determine source terms of SNF with 
realistic confidence limits

Status: 2020 - 2021

Planning was reviewed to account for delays due to COVID and signing of 
agreements

1. BWR SNF sample from task 2.2 (ENRESA/ENUSA)
PEL, CIEMAT
Report: September 2022 

2. REGAL Sample (SCK CEN, JSI, JRC)
Neutron output: calculations with ALEPH2, SCALE, SERPENT2 
Report: February 2023

3. SKB-50
Non-Disclosure agreements signed by partners 
Distribution of data planned for  January 2022 
Report: December 2023

innovation programme under grant agreement n° 847593.

TASK 3
BEHAVIOUR OF NUCLEAR FUEL AND 
CLADDING AFTER DISCHARGE

Status: 2020 - 2021



Task 3: Behaviour of nuclear fuel and cladding after discharge

Status: 2020 - 2021

Subtask 3.1:
Thermo-mechanical-chemical properties of the SNF rods and cladding

Status: 2020 - 2021

Conditions previous to accident
Optimization of hydrogen/hydrides visualization in irradiated cladding 
(PSI)
Creep tests on as-received, hydrogenated and heat-treated E110 
samples (MTA)
New experimental setup for hydride reorientation (UPM)
Accident conditions
RC tests on unirradiated cladding with reoriented hydrides (UPM)
Mechanical properties of SNF rods from bending and RC tests (JRC 
KA)

Conditions previous to accident
Assessment/enhancement of FRAPCON-xt for rod internal pressure 
(CIEMAT)
Preparation of BISON´s inputs, Implementation of dry storage creep 
model (VTT)
Accident conditions
Material characterization using Finite Element Analysis (BAM)
3D static ANSYS model representing a 3 point bending test (NAGRA)
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Impact of lanthanides and PGM elements on the chemical durability and surface modifications 
during leaching tests of UO2 pellets, mimicking interim repository conditions (CNRS-ICSM)

Progress made last year: Synthesis and leaching tests of lanthanide bearing UO2 ceramics and 
PGM (Platinum Group Metals) bearing UO2 ceramics

Investigation of the effect of lanthanides on the behaviour of He and defects in doped uranium 

oxides using Nuclear Reaction Analysis and Positron Annihilation Spectroscopy (CNRS-CEMHTI)

Progress made last year: Sample reception from CNRS-ICSM, Sample characterisation 

(Raman, PAS, microscopy) & annealing, He release as function of the annealing temperature

Study of the effect of the grain size on the oxidation behaviour of UO2-based SIMFUEL

doped with fission products (HZDR)

Synthesis of UO2

Characterization of the temporal evolution of SNF by improving the understanding of the 

ageing/degrading mechanisms in dry storage (CIEMAT)

Static 
conditio

ns Pellet

Leachat
e

BaZrO3

ZrO2

Subtask 3.3: Pellet-cladding interaction under conditions of extended storage, 
transport and handling of SNF rods

Chemical effects of activation and fission products on the cladding integrity under 
dry storage and subsequent transportation conditions (KIT INE)

Experiments completed in July 2020
Ongoing investigation of precipitates found at the fuel-cladding interface

Investigation of intrusion of uranium into the Zr barrier (CIEMAT)

Samples prepared, Oxidation of UO2-ZrO2 pellets done

Delays in Postdoc recruitment campaign, 6 month delay due to the 

pandemic

Mandrel ductility tests (MTA-EK)

All mandrel tests using E110 Zr1%Nb cladding completed

Influence of the pellet on cladding stresses and the resulting hydride distribution 

(PSI)

Delays concerning the commissioning of the hot lab FIB and Postdoc 

recruitment campaign
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January, 2022EURAD Review Meeting 

WP8 : SPENT FUEL CHARACTERISATION AND
EVOLUTION UNTIL DISPOSAL (SFC)

TASK4 Accident scenario and consequence analysis

Luis E. Herranz /CIEMAT 

January, 2022EURAD Review Meeting 

STRUCTURE AND PARTNERS

Task 4: Accident scenario and consequence
analysis

ST.4.1: Accident scenario for
fuel under dry interim storage
conditions

ST.4.2:Consequence  analysis of 
accident scenarios



January, 2022EURAD Review Meeting 

MAJOR ACHIEVEMENT

Articulation of a consistent programme of work with strong links among 
partners and with others tasks (Task 3).

Sub-Task 4.1: Fuel thermomechanics.

Sub-Task 4.2: SNF accident management & consequences

Sub-Task domains

Deliverables: D8.11: Identification and analysis of potential accident scenarios in an interim 
storage and/or packaging facility. Assessment of fuel performance (NAGRA -
M48) 
D8.12: Analysis of the conditions of radioactive wastes packages contained 
SNF, FCM or HLW/LLW generated due to ChNPP accident (ChI M36)

On Source Term analysis from a vault system (CIEMAT M42).
On Criticality analysis of potential accidents (CIEMAT M42).

Technical Reports: Loading in SFA during Dry Cask Drop Accidents (IDOM- M36)

January, 2022EURAD Review Meeting 

SUB-TASK 4.1: FUEL THERMOMECHANICS



January, 2022EURAD Review Meeting 

SUB-TASK 4.2: SNF ACCIDENT MANAGEMENT & CONS.

Deliverable 8.12 drafted and under review.

Source Term studies in vault systems initiated

Centralized 
Temporary Storage 

(CTS):

FUTURE OF THE WP

Expected added value

Reduced uncertainty on decay heat ==> large economical savings using repository optimisation.

Reduced uncertainties on safety related parameters.

To contribute and further develop guidance on the operational safety of both interim storage and fuel 
packaging facilities.

Both fuel and cladding experience in time several degrading mechanisms that will inevitably affect their 
chemistries and hence alter their thermo-mechanical properties. The WP will provide new and meaningful 
insight on these mechanisms that are still not explained.

This WP will increase knowledge specific to the European case.

The combination of both numerical calculations and experimental methods will also provide a complete 
and thorough understanding of the mechanisms driving the behaviour of the SNF rods during its extended 
storage in both normal and accidental conditions.

Results from this WP will have a valuable impact from performance assessment and 
regulatory requirements point of view.



FUTURE OF THE WP (CONT.)

Work planned for the next year

Finalise work of subtask 2.1.

Subtasks 2.2-2.4 continues as planned.

Task 3 to continue with experimental programs large delayed by the pandemic.

Subtask 4.1: Synthesis of the results which will contribute towards the deliverable(s).

Subtask 4.2: Finalisation of deliverable and reporting on performed accident vault 
analyses.

PROGRESS OF THE WP

Actions taken from the previous review

Previous review had no comments on the WP.

Analysis of the KPIs

The number of publications in scientific peer-reviewed journals. Counting all types of publications:

Month 1-12:

Journal papers: 2
Conference contributions: 4

Month 13-24:

Journal papers: 5
Conference contributions: 2
Reports: 1

MSc theses: 1

Month 25-30 (half year):

Journal papers: 9

Conference contributions: 4
Reports: 1
Book chapters: 1

PhD theses: 2



Task 2: Education &Training

Bachelor
William Lindberg (Uppsala Univ.) (JRC Geel)

Subtask 2.2 Uncertainty evaluation of decay heat measurements at CLAB

Letnar (Univ. Ljubljana) (JSI)
Subtask 2.1 and 2.2 Analysis of CLAB 2006 PWR and BWR cases

MSc
Sonia Panizo Prieto (Univ. Compl. Madrid) (CIEMAT)

Subtask 2.1 and 2.4 Compare results for the Takahama-3 reactor obtained with EVOLCODE and MCNP/CINDER

Aitor Bengoechea (Univ. Pol. Madrid) (SCK CEN)
Subtask 2.1 SANDY application for the analysis of nuclear data covariance

Daan Houben (Univ. Hasselt) (SCK CEN)
Subtask 2.1 and 2.2 Spent nuclear fuel sensitivity to model parameters

Johannes Ekman (Uppsala Univ.) (JRC Geel)
Subtask 2.2 Performance assessment of CLAB  calorimeter

Manuel Cabezas Navarro (Univ. Pol. Madrid) (SCK CEN)
Subtask 2.2 Production of some important nuclides in spent UO2 fuel

Status: 2020 - 2021

Task 2: Education &Training

PhD

Shama Ahmed (Ecole Polytechnique Féderale de Lausanne) (PSI, NAGRA) (29 October 2021)
Subtask 2.1 Data-driven predictive models: calculational bias in characterisation of spent nuclear fuel

Sonia Panizo Prieto (Univ. Compl. Madrid) (CIEMAT)
Subtask 2.1 Impact of sensitivity and uncertainty in nuclear data in reactors and fuel cycles 

Julio Plaza del Olmo (Univ. Compl. Madrid) (CIEMAT)
Subtask 2.2 Development of neutron monitoring systems for fundamental science and nuclear technologies

Virginie Solans (Uppsala University) (UU, SKB, JRC)
Subtask 2.2 and 2.4 Improved data analysis and uncertainty quantification to better estimate source terms of SNF

Tobias Koenig (KIT) 
Subtask 2.3 Examination of the radionuclide inventory and chemical interactions on the interface between 

nuclear fuel and Zircaloy-4 cladding in irradiated LWR-fuel samples

Status: 2020 - 2021



Task 2: journal papers

Fiorito et al., Ann. Nucl. Energy 161 (2021) 108415

Malec et al., EPJ Web Conf. 247 (2021) 12004

Shama et al. , Nucl. Eng. and Techn. 53 (2021) 2816

Rochman et al., Ann. Nucl. Energy 160 (2021) 108359

Rochman et al., Eur. Phys. J. N 7 (2021) 14

Rochman et al., Eur. Phys. J. N 7 (2021) 5

Ma et el., J. Anal. At. Spectrom. 35 (2020) 478
-

Seidl et al., ATW - Int. J. Nucl. Power, 65 (2020) 353

Status: 2020 - 2021

Task 2: Conferences and workshops

Ahmed et al., Workshop on Machine Learning in Nuclear Science and Technology, Madrid, May 2021 (online)

Malec et al., PHYSOR 2020: Transition to a scalable nuclear future, Cambridge, April 2020

Hernandez-Solis et al., PHYSOR 2020: Transition to a scalable nuclear future, Cambridge, April 2020

Schillebeeckx et al., ESARDA Final Disposal Working Group Meeting, SCK CEN, Mol, February 2020
Fuel properties characterisation and related uncertainty analysis

Fiorito et al., Spent fuel workshop 2019, SCK CEN, Ghent, November 2019

Schillebeeckx et al., Spent fuel workshop 2019, SCK CEN, Ghent, November 2019

Kromar and  , 28th Int. Conf. Nuclear Energy for New Europe, September 2019

-

Status: 2020 - 2021



Task 2: others

Reports
Schillebeeckx et al., JRC Technical Reports, EUR (EN) (2020)

-destructive method to determine the neutron production rate of a sample of 

Contribution to training courses

KIT, Karlsruhe December 2019

Meetings
Shama, 1st EURAD Annual Event, March 2021

Validation and Uncertainty Analyses of SNF Characterization based on SCALE Code System
Schillebeeckx, 1st EURAD Annual Event, March 2021

Schillebeeckx, 1st EURAD Annual Event, March 2021

Rochman, Technical meeting on Spent Fuel Characterisation, IAEA, Vienna, November 2019

Schillebeeckx, Technical meeting on Spent Fuel Characterisation, IAEA, Vienna, November 2019

Status: 2020 - 2021

Task 3: Education AND Training

PhD

Efstathios Vlassopoulos (NAGRA) (École polytechnique fédérale de Lausanne, Thèse No 7619, 12 July 2021)
Subtask 3.1 Structural performance and mechanical properties investigation of spent nuclear fuel rods under 

static
and dynamic bending loads

Miguel Cristóbal-Beneyto (UPM)
Subtask 3.1 Effect of hydrides on the mechanical behavior of nuclear fuel cladding

Okan Yetik (PSI)
Subtask 3.1 NEU-HERA: NEUtron radiography investigation of HydridEs Redistribution in Active zirconium 

claddings

Status: 2020 - 2021



Task 3: journal papers and reports

Duarte et al., J. of Nucl. Mat. 557 (2021) 153284
Effect of the inner liner on the hydrogen distribution of Zircaloy-2 nuclear fuel claddings

Ruiz-Hervias et al., J. of Nucl. Mat. 544 (2021) 152668
Failure mechanisms in unirradiated ZIRLO® cladding with radial hydrides

Papaioannou et al., JRC Technical Reports, JRC122564, European Commission (2020)
-A: Mechanical properties of spent nuclear fuel rods

Status: 2020 - 2021

Task 3: Conferences and workshops

Aguado et al., TopFuel Conference, Santander, Oct 2021

Duarte et al., TopFuel Conference, Santander, Oct 202
unirradiated and irradiated fuel

Yetik et al., TopFuel Conference, Santander, Oct 2021

Ruiz-Hervias et al., TopFuel Conference, Santander, Oct 2021
-hydrided

Cristobal-Beneyto et al., Spanish Nuclear Society Annual Meeting, Granada, Oct 2021

Vlassopoulos et al., Safety of Nuclear Waste Disposal, Berlin, Nov 2021
modeling

Zencker et al., IAEA CM on the CRP on Spent Fuel Characterization, virtual, Jun 2021

Zencker et al., IAEA First Research Coordination Meeting on Spent Fuel Characterization, virtual, Dec 2021

Status: 2020 - 2021







Experimental set-ups



Uranium concentration in aqueous solution vs time for undoped and doped UO2 in experiments with 
hydrogen in the gas phase. Some air contamination is noted for Ciemat data.

Effects of alpha doping seen clearly in the SCK CEN data, but no clear effect of the Cr in the long run.
Of the different dopants, a clear beneficial effect of Gd is seen, the combination of Cr and Al may also be 
inhibiting U oxidation, while the effect of Cr appears to be insignificant in that respect.



Similar matrix dissolution behaviour for MOX, 
doped fuels (with Cr and Al as dopants), and 
standard fuel types. 
Confirms they can be included in the plans and 

safety assessments for spent nuclear fuel 
repositories.

Reducing environment (hydrogen overpressure) & 
presence of corroding iron in the repository can 
keep the dissolution rate of spent nuclear fuel low. 

Improved understanding of 
1) mineral chemistry and microstructure of the 
uranium dioxide matrix 
2) repository systems, from thermodynamics of the 
spent fuel to the effect of a redox front on the 
radionuclide transport in the repository. 

Examples of remaining knowledge gaps : 
Hydrogen Some remaining questions on how 
hydrogen acts on the system; 
Uranium (IV) - Impact of recrystallization of the fuel 
surface when at the solubility level of U(IV) 
Iron - Effect of Fe (II)-concentrations over time and 
different repository settings 
Chromium:  valence of Cr in the uranium oxide 
needs to clarified. Expected valence +3 but some 
results indicate +2 or even +1.

Outlook: 
- Other additives: New fuel types under the 

ATF umbrella need investigation (UO2 with 
oxide/metallic/ceramic additives)
- Doping effect from four-valent elements: How do 

eg Th, Pu influence the oxidative dissolution?
- Grain boundaries & IRF : How do the grain 

boundaries participate in the dissolution process? 


