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T7.2 State of the Art (S0TA), Reference package

Criteria

Single Skin

Wasteform grout

=31 wtiwt BFS: OPC blended mix, 0.35-0.5 w/s, no additives, sand,

formulation aggregate or superplasticisers
Magnox metal (or Mg). Large discrete pieces or small bits evenly
Waste type distnbuted throughout the grout matrix. Recommended use 62kg of

Magnox (or Mg).

Establishment of LCA and LCC protocol

Storage Environment

0-20 °C, RH < 50%, controlled air change and controlled chlonde
content (< 100 pgerem?)

g A

We4 WP5S WP6 WP7

| | | i

Establishment of LCA and LCC basis;
environmental and economic data generation

Criteria Single Skin

(Geometry Cylindncal

Size 200 L (60 cm @, 90 cm height)

Construction matenal Austenitic Stainless Steel (300 grade, 1.2 £ 0.2 mm thickness)
No. of skins One

l i l l

Closing system

Concrete layer between wasteform and lid. Stainless steel (300

grade) lids. Suggested this be vented. Closing system can be screw,

clamp or bolted.

Final LCA and LCC case studies

Reference cemented package

®egis

nil *: This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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T7.3 Integrity Testing and Monitoring Techniques

= |nvestigation of the relevant conventional and innovative NDE/monitoring techniques

= Adaptation for using under typical storage conditions, and implementation into
Individual waste packages, for wireless data transmission and wireless energy supply

= [ntegrity testing by means of relevant technologies using full-size package mock-ups is
the aim

= Provide guidance for technology selection, deployment and automation

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 4




PREDIS < BAM VTT
Waste Drum Embedded Sensors (BAM)

= SensorNode
A device that can measure relative humidity, temperature and pressure.
The membrane's pores allowwater and gas particles to pass through PVC case %
and let the enclosed air equilibrate with the external environment. ePTFE membrane

It's possible to connectmultiple units in orderto create a distributed
matrix of uniquely identifiable measurement points. Sensors

« Onboard sensors: Resin

Honeywell ABP2LNNT400KA2A3XX
* Absolute pressure range: 0-400kPa
Honeywell HIH8131-021

Relative Humidity range: 0%RH — 100%RH
*  Temperature range: -40 °C to 125 °C

 Power consumption:
The energy consumption of one measurement cycle for each node is about 0.4mAs (20mW x
60ms).

 Limitations

Max 64 nodes on the same bus (Unique ID limit)
Max 6m water depth (Membrane limit) DimensionS' @ 3cm X 1.5cm

Max 10m cable length (Communication protocol limit)

nil *: This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 5
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Istituto Nazionale di Fisica Nucleare

SciFi and SILIF detectors for external monitoring

80 cm

WiFi front-end 2%
and data 8cm\'
acquisition
electronics

SciFi (Scintillating Fiber)
gamma ray detector

SiLiF (Silicon Lithium Fluoride)
neutron detector

installed on installed on
stillage standalone drums

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 6
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Wireless Radiation Monitoring Network Architecture

UniPi Approach: technology implemented as distributed Wireless Sensor Radiation Monitoring Network (WSRMN) of
sensorised micropower end-nodes to be installed on waste drums and communicating through Long Range Radio technology

(LoRa)

LoRa
LoRa
Mechanical Cunlcatlon
Holder
\\\\\\ \\\\\\A
‘ e N J
Detectors J —
MQTT Y
Detectors Broker

|\ /

Signal Cloudservices: Azure, SQLite,

Chain InfluxDB etc.

!

Goal: develop a flexible and autonomous monitoring system for the identification
and monitoring of the structural integrity of RWDs, improving the safety and security, while
minimizing errors due to human intervention and maximizing the storage capability.

LoRa
Module

MUX

+5 dBi
antenna
connection

Coin Battery
Back-up

* ‘: This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Istituto Nazionale di Fisica Nucleare

Looking inside thick objects: Muon Tomography

Top view (sketch)

« Muonsare highly penetrating -
« Canbe deflected by high density materials — I I
0 average  Averagedeflectioninformsonthe density profile ' | -
deflection *+ Testwithsamples of various metals in cement O
.n [ - - 3
- L - x -' l.". s
' L " ." ‘ ' ) .i:-o o
_‘_3* q T.‘J.n ! N r 4
-~ " [} . . ot 3 : .' -
T i
CE 4

Side view (real data) Top view (real data)

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 8
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Background T7.4 Digital Twin

Decision
iqi ' ) ) : framework
D'g'te_“ twin : Predicted integrity

Input data User Interaction (choosing evolution (dashboard)

recipes, models, etc) outbut: , decisions

Input data: utput. _ for the user

- Composition - Gas production

(cement, aggregates, 'l - Volume expansion
waste,...) - Package corrosion

- Design, geometry
- Storage conditions
(Monitoring data)

Digital twin
(summary computer model of waste
package integrity evolution, surrogate
lele[S 1))

1 1 1l
.

Data from
characterization
of old cemented

validatip waste

packages,
old cement
samples,...

Numerical, geochemical and
chemo-mechanical models for:
moisture evolution, carbonation,
ASR, gas generation, metal
corrosion, swelling reactions etc.

Sensing and

monitoring

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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T7.5 Data handling, processing and fusion

Aim: building the condition monitoring system of predisposal storage.

— Ample data! Good data handling helps to
minimize potential errors and reduce the risks
related to data processing. A need for a
versatile data platform!

PREDIS WP7: develop and research tools for
monitoring cemented waste packages to
better understand and utilize the available
data, with the possibility to detect and even
predict important features from the measured
data:

(1) How long will the concrete last?

(2) Which measurements are truly relevant?
(3) What is the current condition?

sensor

f sensor

Sl
A
S

4

sensor

Gateway

Cloud platform

Data visualization

Data storage Data fusion

Data analysis

Computer monitoring

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Condition Monitoring System Overview

Condition monitoring
system

DATA TYPE
Time series
Images (2d, 3d)
Technical drawings

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Decision Platform

A decision platform can be considered a holistic solution for enabling centralized decision
management that incorporates data driven insights & analytics, along with human expertise.

 REPORT

=

—

I;“‘

O business intelligence (Bl) process (gather/organize data; query the data/visualize.
» use the information for decision making

O information for decision making & strategic planning
* Online Analytical Processing (OLAP)
o data is aggregated on metrics pH, temp., pressure, ...
o data is associated with multiple dimensions time, place, categories, ...
data can be “sliced” / "diced” / .... by filtering & segmenting !slow to write, fast to query!

O

— visualization using DASHBOARD (ALARMSs/STATUS ..))
— interactive ANALYSES
— generating REPORTS

= increase safety, reduce uncertainty, decision making for intervention
— = designing of a waste route modelling system utilizing LCA/LCC data

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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PREDIS Decision Platform

A PREDIS Decision Platform

WeTernat e dan e 1 b

Temecratune

bl

£ flle s [E]lle

: Predicted
7
|::‘.0 | |
Dashboards OLAP Analysis 3D Analysis Digital Twin - Prediction
Dashboards giving information about Ad hoc OLAP analysis of waste data Visualise and analyse packages in 3D. Predict future state of packages using a
temperature, pressure and humidity sensors digital twin model
n packages stored in storage facilities at
various sites.

FREUIS Ueaamdn 1est

[ ey v ~
Sensor id Last value
sergar1y Wz

Dose analysis Optimisation Sensor Deadman List Reports
VVRdose dose analysis Calculate optimal solution for packing and List of sensor that has not sent any data
ogistics problems within a time limit

Implemented as a website

o
"

n

"
W R L 25 02 R 0

Sensors

Presents state and time series of sensors
stored in waste packages

contact: reka.szoke@ife.no

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Evaluation & demonstration of technologies and systems

WP7 EU

needs >
SOTA

configuratio

WF /7 EU

Parameters to
control/monitor

storage

WP7 EU Ref. storage
configuration

\_

n
T

EU packages

Reference
packagel

Reference

package?2

Cracks
In/external corrosion of
the metallic container
Dose rate

Leakage of liquid
Gas emissions
Surface contaminatio

Specificationsfor
Demonstration
test(s)

Task 6

&

Technologies to

be tested

RFID embedded sensor
Sensorized identification b ox for
radiation monitoring

loT pressure sensor

Ultrasound
SiLif neutron detector
SciFi gamma monitor

Demonstration
test location

Implementation
and
™ demonstration

gikn

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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PREDIS

Mock-ups used for demo tests

Non active mock ups Active mock-up
NNL legacy inactive package Mock-up 1.2 Mock-up 2
Technology Air-coupled US RFID embedded sensor with lot pressure sensor SciFi + SciLiF & Sensorized RF identification box
Developper NNL BAM/VTT & Magics INFN & UniPi
Matrix BFS:OPC (>75 % BFS) + Magnox inactive waste Belgian formulation —reactive cement IAW BAM Concrete mixture based on OPC with sand filler (UJV recipe)
Dimensions Cylindrical; 500 L (D =800 mm, H = 1200 mm) 216 L drum (D =620 mm, H =876 mm) 216 L drum (D =620 mm, H =876 mm)
External container single skin single skin Single skin
Phenonema expected / Volumetric expansion, Cracks in the matrix Cracks (through wedges)
Parameter followed swelling, external corrosion, leakage Humidity, temperature, pressure Dose rate
Package producer NNL ulv uv
Test location NNL uJv UJv
Additionnal Non vented Hole in the matrix for insertion of *’Cs (180MBgq) source
h ’ Contactless powering \ N / Y
and communication
link through - J w
metallic walls - e
ke @
s 1 Enbedded

External Embedded
powering & powering &
communication |communication
unit unit

e

4
1
I
I
I
|
|
|
1
I
I
I
! cable
|
|
|
1
I
I
I
I
|
|
|
1
I

This project has received funding from the European Union’s Horizon 2020
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Mockup drum for tomography

material shape size [cm]

1 | stainless steel cube 3x3x3

2 | stainless steel cube 5x5x5

3 | stainless steel cube 10x10x10

4 | stainless steel cylinder diam=10; H=5

5 | stainless steel cylinder diam=15; H=10

6 | stainless steel bar diam=2; L=6

7 | stainless steel bar diam=3; L=25

8 | stainless steel sphere D=10

9 | stainless steel toroid D=10; d=5.5; h=1.5
10 | stainless steel triangle thickness 2; b=7; h=12
11 lead cube 1.5x1.5x1.5
12 lead cube 3x3x3
13 lead cube 5x5x5
14 | stainless steel cube 1.5x1.5x1.5
15 | stainless steel bar diam=1; L=30

Stainless steel 1.4301 Concrete C16/20

* *»* This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Demonstration test at NNL with Magnox package

3D pointcloud - stitched from a combination of 3D
scans collected using a Phoxi camera mounted onto a
kuka manipulator end effector

Sensor Fusion

To build a full
picture of the drum -
Multiple scanning
methods will be
required -
complementing
each other with the
missing information
from each type of
sensor.

: *3 This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Specifications for demo test at UJV

= Optimized storage configuration for the
demo test is:

« 27 cemented packages
» 8 stillages
* 2 mock-ups

1. Mock-up 1.2: Non-active mock-up
(RFID + loT)

2. Mock-up 2: Active mock-up (RF +
SciFi + ScilLif)

= Timeline: Q4 2023/Q1 2024

= Duration of UJV test: 3 months

OO0
OO0

oJeo)e
oJe)e
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oJelole
OO0 -
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O ¢

A \

H=1,12 m

1,7m

Hr m—28m
D
o
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o
g
)
246m
1S
i
~

Data
equipment

area

w's

| Steel door

6m

Wi-Fi access point

Scissors n
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door and
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T7.2 State of the art

T17.3
Testing and
monitoring

T17.4
Digital Twin

T7.1 Management
T7.7 Reporting

T7.5 Data and Decision
T7.6 Demonstration
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WP7 Innovations Iin cemented waste
handling and pre-disposal storage

Update of Task 7.3 — Embedded Monitoring

LEONE PASQUATO (BAM) & ESKO STROMMER (VTT)

WP7 Workshop, 25" of May 2023

i *: This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.




€ PREDIS 2 BAM VTT

Introduction

= The aim is to long-term monitor by embedded batteryless sensors the process of hardening and
the evolution of the concrete itself over time, to indirectly identify potential defects such as
corrosion or cracking of metallic waste drums.

= |t is necessary to develop a technology able to transmit power and communicate through the
metal layer of the sealed drum, as well as develop low-power sensors able to work embedded in
concrete.
These two main tasks have been carried out by BAM and VTT:

 BAM: development of a net of custom low-power measurement units (SensorNode) that allow the
onboard sensors to measure the state of the concrete without being in direct contact with it.

 VTT: development of a customized RFID solution to power sensors and transfer data through solid metal
structures.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 12/06/2023 21




€ PREDIS 2 BAM VTT

Sensor instrumentation in the waste drum (BAM)

= SensorNode PVC case

« The membrane's pores allow water and gas particles to ePTEE membrane

pass through and let the enclosed air equilibrate with the

external environment. Sensors \
* One measurement cycle for each node requires about _

0.4mAs (20mW x 60ms). Resin

* Onboard sensors:
* Absolute Pressure (0 to 400kPa)
» Relative Humidity (0%RH to 100%RH)
« Temperature (-40 °C to 125 °C)
* Limitations:
* Max 64 nodes on the same bus (Unique ID limit)
« Max 6m water depth (Membrane’s permeability limit) ]
* Max 10m cable length (Communication protocol limit) g
Dimensions: @ 3cm x 1.5¢cm

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 6/12/2023 22




€PREDIS 2 BAM VTT

Sensor data acquisition system (VTT)

* Red parts: PREDIS specific HW and SW
* Pink parts: Commercial HW, PREDIS specific SW

= Blue parts: Commercial devices ‘@
I\/Iain_s _@ Sensor
electric units of
POWEer BAM
\ \\\ Power _@
supply PREDIS
Sower] s-18V Reference
Sl J{ _@ Waste Drum

WIF Network

External RS422 | External |Embedded
12C microcontroller RFID RFID
gateway [5 unit DC Power”| reader unit

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 6/12/2023 23




PREDIS S BAM VTT
Customized RFID (VTT)

= The contactless powering and data uplink of the sensors in the drum
Is based on a couple of UR ferrite core antennas, symmetrically
placed on the inner and outer surface of the drum.

= The PREDIS mock-up is a 1.4 mm thick steel drum, with a total gap
between the antenna cores of about 2 mm. The maximum power
transfer (about 1%) is achieved by superlow frequency carrier (100
Hz). With a similar non-magnetic stainless steel drum, the power
efficiency would be much higher.

= The required time to transmit enough energy to control up to 5
SensorNodes is about 30sec.

View of a UR ferrite core with wrapped coil

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 12/06/2023 24
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< BAM VTT

First drum integration at BAM 9-12/05/2023

Drum Instrumentation

000 0 e ot RO A Y AR

>

02 00 02 04 06 08 1.0 12 14 16 1.8
s

Pico Technology vww.picotech.com

Measured data uplink signals of five sensors:

* Blue: Embedded RFID unit transmitted data

* Red: External RFID unit received data

* Green: Regenerated data in the External yC unit
* Yellow: Embedded RFID energy storage voltage

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.

6/12/2023 25



€PREDIS 2 BAM VTT
Further activities in PREDIS Task 7.3

= June 2023: Start experiment with Mockup 1.1 @BAM

= Autumn 2023: PREDIS demonstration of Mockup 1.2 @UJV (same setup as Mockup
1.1 with cloud database integration)

= Autumn 2023: Demonstrationby VIT @TVO

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 6/12/2023 26
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WP7.4. Step towards Digital Twins

RAINER DAHN, DAN MIRON (PSI)

25t of May 2023

i ‘: This project has received funding from the European Union’s Horizon 2020
* research and innovation programme under grant agreement No 945098.




Background T7.4 Digital Twin

Decision
iqi ' ) ) : framework
D'g't?' = : Predicted integrity

Input data User Interaction (choosing evolution (dashboard)

recipes, models, etc) outout: , decisions

Input data: utput: _ for the user

- Composition - Gas production

(cement, aggregates, tl - Volume expansion
waste,...) - Package corrosion

- Design, geometry
- Storage conditions
(Monitoring data)

Digital twin
(summary computer model of waste
package integrity evolution, surrogate

models) Data from

Numerical, geochemical and characterization
chemo-mechanical models for: of old cemented

moisture evolution, carbonation, waste
ASR, gas generation, metal packages,
old cement

corrosion, swelling reactions etc.

Sensing and

monitoring

samples,...

v

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 28
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T7.4 Digital Twin

Input (geometries, compositions, Critical processes
conditions,...) influencing integrity
Data for calibration

& validation Data for tralnlng

Geochemical evolution Machine learning
Waste package & +

characterization chemo-mechanical Toolkit
Integrity models «Digital twin»

Parameters Feed-back
needed

Subtasks :
* T7.4.1 Geochemical evolution and mechanical integrity monitoring
(Responsible: NRG, Hans Meeussen)

* T7.4.2 Experimental characterization of cemented waste packages for model
validation and calibration (Responsible: PSI, Rainer Ddahn)

* T7.4.3 Development of a toolkit “Digital twin” (Responsible: PSIl, Dan Miron)

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Background — Swiss Federal Interim Storage Facility (BZL)

Swiss Federal Interim Storage Facility on the PSI campus was built for the interim storage of all
radioactive waste from medicine, industry, and research and began its operation in 1992.. Capacity
for interim storage is expected to be needed up to 2065.

e_;r ‘@Gée G-&nﬁ e —

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 31
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Material inventory

Date kondi-
tioning

Pressed
waste

Raw
waste

Reinforcement

> II

kg kg kg kg kg kg kg kg kg kg Bqg
el 24.06.1994 25  159.9 4.5 101.1 38.5 329 101.1 38.5 2.21E+01
ey PA 18.07.1994 25 159.9 4.5 125.1 38.5 353 25 100.1 38.5 3.95E+01
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098. 12/06/2023 32




Activity inventory according to gamma spectrometry
measurements in January 2022 (initial nuclide Na-22)

Date conditioning UG Cs-137 n.
raw waste

kg Ba Ba/kg Ba Ba/kg Bag  Ba/kg
1000 100 1E+05 LL-Wert
1303 24.06.1994 101.1 7E+04 692
1312 18.07.1994 125.1 3E+04 240 S5E+04 400 5E+05 3997

Inventory data together with the sampling concept were
submitted to the Swiss Federal Nuclear Safety Inspectorate ENSI

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 33
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Some paperwork

PELSCRERRER INSTITRT

-

PaulSchemer sttt Dr. Latine Nedyalkova
U1 Gruppe
5232 Wiigen PS  AbtefungStrablenschu®z und Sicherheit
Schwelz  OSRA/105
0563102111 DirektTel 056310 20 73
wwwpich  Btnsnedyakova@pmich

Ihr Zeichen:
Urser Zekher: 20220405 PREDIS N9

Villigen 51,5 April 2022

05.04.2022

2H, Herm Dr. Olivier Beffort
Industriestrasse 19
52018rugg

Kassizienng keine

Konzept zur Untersuchung alter Abfallfisser aus dem BZL im
Rahmen des EU-Projekts PREDIS

Sehr geehrte Damen und Herren

Wie bereits im AERA-Iahresbericht 2021 (AN-96-21-724) beschrieben, ist es vorgesehen, alte
Abfallgebinde aus dem BZLim Rahmen des EU-Projekts PREDIS zu untersuchen. Das geplante
Vorgehen bei den Untersuchungen und der weiteren Behandlung der Gebinde ist in der bei-
gefilgten AN-96-22-823 «Konzept zur Untersuchung alter Abfallfisser aus dem Bundeszwi-
schenlager (BZL) im Rahmen des EU-Projekts PREDIS» vom 23.03.2022 dargestellt.

Das PSl bittet das ENSI um Zustimmung fiir die im beigefilgten Probenahmekonzept darge-
stellte Vorgehensweise und um eine zeitnahe Antwort.

Freundliche Grilsse

Paul Schemer Institut

Dr. Wemer Roser
Sicherheitsdelegierter

Beilage:

g

Dr. Latina Nedyalkova
Gruppe Dokumentation und Gene hmigungen

AN-96-22-823 Xonzept zur Untersuchung alter Abfallf 3sser aus dem Bundeszwischentager (821) im

Rahmen des EU-Projekts PREDIS» vom 23.03 2022

e 20.06.2022 oo oo

Paul Scherrer Institut

Herr Dr. Werner Raser ;
OVGA/ 315 %2
Forschungsstrasse 111 P.Mrwfmﬁ
5232 Viligen-PS| 1 Frx..l?u
. Walio
Hark
L. #shuar
0 Deppelu
I Zeichen: 20220613_PREDIS_NLS K Hirdeed
Unser Zeichen: EMA/NEP - 22KF5 L Pecic P
Sachbearbelter: Brunell Magrnus: +41 55 480 8 89 g
Brugg, 3. Juni 2022 i
R Pihn

Stellungnahme zur Antwort des PSI betrefiend Auflage 1 beim Projekt PREDIS

Sehr geehrte Damen und Herren

Mit Schreiben vom 13 Juni 2022 /1/ geht das PS| auf die vom ENSI im Brief vom 3. Juni 2022 /2/ for-
mulierte Auflage 1 fir das Projekt PREDIS ein. Die Auflage 1 lautet:

Die perstnliche Schutzausristung beim Durchire des F tels und beim Durchsdgen der

Abfalipresskinge hat sowohl radiologische Risiken als auch die konventionelle Gefahr durch gesund-
heitsgefdhrdenden Staub vorzubeugen. Die konkrete Schutzausrdstung ist 10 Tage vor Beginn der
Arbeiten dem ENSI mitzuteien.

Das PSI teilt mit, dass die PREDIS-Arbeiten im Abfallabor (OALA) und in einem Zonentyp |l mit der
entsprechenden perséinlichen Schutzausriistung mit Vollschutzmasken und Filtern der Klasse FFP3
durchgefihrt werden sollen. Diese Schutzausriistung deckt auch konventionelle Gefahren (Staub) ab.
Zusétzlich und bei Bedarf werden Schutzbrile, schwerentflammbare Kleidung und Arbeitsschiirzen
getragen. Soliten Arbeiten in einem Zonentyp IV notwendig sein, kammen fremdbeliftete Schutzan-
zlige zur Anwendung.

Die Durchfiihrung der Arbeiten ist vom 20. Junibis 24. Juni 2022 bzw. vom 27. Juni bis 1. Juli 2022
geplant.

Zum Thema Oberflichendosisleistungen (Kontakt) an den drei zu bepmbenden Abfallfsser zeigten
am 2. Juni 2022 vom AERA-Personal durchgefiihrte Messungen lediglich Werte kleiner als

1 mikroSwih.

Das ENSI nimmt diese termingerecht mitgeteite Information zur Kenntnis und betrachtet die Auflage 1
aus /2 als erfllt.

Industriesrasse 19, 201 Brugg
Tel. +4156 460 8400, F 2x +4156 450 8499
Www.ensich
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Sampling of two cement drums created in 1994

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Sampling of cement drums created in 1994

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 36
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Material Date of the clearance

measurement
Stell 200-I-drums 57 26.08.2022
Steel of the waste drums 42 25.10.2022
Inaktive mortar 406.5 16.11.2022
Steel of the waste drums 48.5 24.11.2022
Rubber, paper/wood, plastic, 62.1 Condinioned as burnable
PVC waste
Aluminium, paper/wood, 54.5
plastic, PVC

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 37




Compression strength

MDA IDe

Compression strength: 74.9 MPa

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 38
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Young Modul

Nominal-Festigkeit: 74.9 MPa

Name d  h m p femo Eco Sb Sa ep ea ea Fo foc
~ [mm] [mm] [g] [kg/m’|[MPa] [GPa] [MPa] [MPa] [%] [%] [%] [kN] [MPa]
1 40.2 81.7 206.8 1990.6749 24715051 17.49 0.001 0.070 0.00
Mittelwert B 1990.6 | 24.715 | - 00
1 3 1 2 Std. Abw., L 0.00 - 0.00 ) ) 0.00
d = Durchmesser Eco = stabilisierter E-Modul ed = Dehnungsdifferenz
h = Hbhe sv = untere Spannung (stab.) For = Bruchlast
m = Masse. Sa = obere Spannung (stab.) fc = Festigkeit
p = Rohdichte ev = untere Dehnung (stab.)
feno = Nominal-Festigkeit ea = obere Dehnung (stab.)
Nominal-Festigkeit: 74.9 MPa
Name d h m p feno Eco Sb Sa b :9a ed F or fec
[mm] [mm] [g] [kg/m’][MPa] [GPa] [MPa] [MPa] [%] [%] [%] [kN] [MPa]
P1303 UL 402 820 2153 20646749 29549050 17.47 0.001 0.058 0.00
Mittelwert 2064.6 29.549 o0
1 3 O 3 Std. Abw. 0.00 000 0.00
d = Durchmesser Ecp = stabilisierter E-Modul eq = Dehnungsdifferenz
h = Hohe sy = untere Spannung (stab.) Fe = Bruchlast
m = Masse Sa = obere Spannung (stab.) fc = Festigkeit
P = Rohdichte €» = untere Dehnung (stab.)
fene = Nominal-Festigkeit ea = obere Dehnung (stab.)

€PREDIS

E-modulus 24.7 GPa

E-modulus 29.5 GPa

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Mercury porosimetry

P O ro S ity : o Pressure [MPa] : ™
41.7 mm3/g for 1303 o
49.6 mm?>/g for 1312 o o

Pore volume [mm¥g]

Pore volume [mm?3/g]

Pressure [MPa] 1000t

Pore radius [nm]

This project has received funding from the European Union’s Horizon 2020 40
research and innovation programme under grant agreement No 945098. 12/06/2023
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XRF

Parameter

Si02 MA-%
Al203 MA-%
Fe203 MA-%
Cr203 MA-%
MnO MA-%
TiO2 MA-%
P205 MA-%
CaO MA-%
MgO MA-%
K20 MA-%
Na20 MA-%
SO3 MA-%
LOI MA-%
Summe MA-%
TC MA-%

1303

65.9
1.56
0.75
<0.003
0.016
0.069
0.029
17.96
0.27
0.35
<0.06
0.41
12.59
99.9
0.63

1312

62.17
1.76
0.83
<0.003
0.019
0.074
0.032
19.87
0.31
0.39
<0.06
0.36
14.06
99.88
0.69

€PREDIS
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XRD

intensity / cts

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

0

AFm(ss) = AFm solid solution
CSH = C-S-H phases

E = ettringite

Hg = siliceous hydrogarnet
Ht = hydrotalcite

P = portlandite

Q = quartz

1312

1303

1012 14 16

18 20 22 24 26 28 30 32 34 36 38 40

@PREDls:

20 CoKa /°

This project has received funding from the European Union’s Horizon 2020
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Digital TWIN 1.0 a toolkit of models

* A collection of models (simplified) that predict the evolution.

* Ability to run processes on different compositions / input
waste package properties.

» Asses different waste package compositions for possible problems
in chemical evolution.

* Predict the normal evolution and identify exceptional cases using
monitoring.

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 44
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Mixing tank approach + kinetics

Homogenized waste package materials (waste, backfill, container etc.) with reactions in the liquid, gaseous
and solid phases and in between the phases via estimated reactive surface areas and specific kinetic rate.

Grid «— |

Solidification grout

with dispersible waste

Steel reinforcement

Corrugated sheet
inner container

Schematic diagram of a cemented waste package: Cement solidified dispersive and bulky waste in a
200 L steel drum. (Wallisch, A. 2020. Paul Scherrer_Institut, Villigen, Switzerland. Pers. Comm.)

<

<

A

A

Vin

r_'_’___,._y Empty space

—  Concrete lid

» Drum shell
» Grout
69.9-
714 | 877
cm cm

» Bulky waste

Simplified reaction stoichiometry

y ———» Concrete bottom|

Dissolution of sand SiO4(8) + 2 H,0 = H,SiO4(aq)

Corrosion of metals xMe +y HO =Me,O, +y H,

Degradation of organics 2 {CHz0} = CHa +CO2

Carbonation of concrete ca(oH), + CO,=CaCO;+H,0O

Schematic presentation of degradation processes in the waste package (Wieland 2019)

Ryis (1) :‘Z—T:A(kl(l —Q)+kay’(1-2))  (mol s')

A: Reactive surface area (m?)

k: Rate constants in neutral (k;) and alkaline (k2) conditions (mol s~
m Jlog k; = —13.99; log ka = —16.29

ajy: Activity of protons

Q: Saturation index

1

€PREDIS

This project has received funding from the European Union’s Horizon 2020
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Technical implementation / user interaction

« Use of Jupyter notebook development environment to run
the models based on user input

« Can call GEMS/Orchestra/other codes/ for doing geochemical
calculations

* Different models can be added, input/output can be developed

« Can be run on an online platform (e.g., GeoML.eu, google
colab, binder, setup on Azure) or installed and run on a local
machine (use of sensitive data)

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 46
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nydratio

nttps://c

n/carb.

For users:
User interface, process modeling

Shrinkage upon hydration

Navigation digitaltwin
Geochemical Processes
Cement Hydration - Cement

hydration

OPC cement paste hydration process using Parrot and Killh hydration medel, GEMS and CEMDATA18,

Cement Hydration

h PROCESS
Cement Carbonation

S Metal Corrosion

Organics Degradation

GVREDIS
eu

European Joint Programme
an Radioactive Waste Management

4

INPUT PROCESS RESULTS

volume fraction

“

Volume Fraction

Phases
Gypsum
Portlandite
CaasH14
C3AH6

Ferrite

Volume fraction [m~3/m~3 of initial volume]

Time [days]

download the results.csv file

Volume Fraction

index

Search ...

Alite

Aluminate
Belite

CSHQ
C3(AF)S0_B4H
ag_gen

Unnamed:
o aq_gen

C3(AF)S0_84H csHa

0.6358938665 0 0
0.6272044815 0 0.0078906283
0.587693899 0.0444421189

N o= o

Belite Aluminate

0.0351957376
0.0347842524
0.0329166689

0.0307537029
0.030154507
0.0274505746

Alite
0.2606037038

0.2547896934
0.2278081601

Tabs  Settin

¢

Last Modif
3 months &
3 months &
2 months &
3 months &
3 months 2
3 months &
3 months &
3 months 2

amonth &
3 months 2

an hour &

an hour &
3 months 2
3 months ¢

an hour 2

Navigation

Geochemical Pracesses

Cement Carbonation -

Mechanical Processes

Surrogate modeling

€PrREDIS
eu

European Joint Programme
on Radicactive Waste Management

igitaltwin.geoml.eu/ - demo

For developers:
Scripting, running models

digitaitwin - |ntegrity evolution as afunction of time

Cement Carbonation
Cement carbonation by CO2 difusion model using ORCHESTRA

PROCESS INPUT PROCESS RESULTS

If pH<12, Overall Integrity = 1-[(12-pH)/7)]

integrity

Cement

Material
time_years =3.99600457

0.0 121347032  2.42636986  3.63926941  4.85216895

download the orchestra_2d_cement_diffusion/integrity_old dat file

Integrity Output

Search ...

Material time_years integrity

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 945098.
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Ongoing work

* Implement additional models
* Refine the input and output — user interaction

* Would need access to a database of waste composition (to provide
relevant input for users)

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 48
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Digital TWIN 2.0 - real time

Real package ] (meta)data Database data Digital twin
and
decision
. framework _—
\_1 decision prediction
- simulated & \_'——/
experimental
data (ASR)

e Data cycle between package — sensors and database
e Data cycle between the Digital Twin and the database
» data formats / interfaces to connect and queries to retrieve data

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023
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Work on ASR example

* Laboratory experiments — accelerated alkali-silica-reaction
* Analytical model for expansion and strain evolution

* Monitoring at the waste package level — used to actively optimize a
model that then can make predictions

 Simple geochemical / kinetic model for aggregate dissolution and
ASR product formation could also be tested

* In principle the model can also be used in DT 1.0

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 50
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Github (actions) and metadata

 https://github.com/predis-h2020 (public) - everybody is welcomed
— can be also transferred to other solutions

* Develop a consistent solution from the minimal example — works /
tested / can be referred by everyone

 github actions a “free” solution that can be used in the
demonstrator to trigger the DT workflow.

e Can run on Azure or locally (private data)

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 51
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https://github.com/predis-h2020

Spare slides

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 52
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Characterization at PSI of bottom/top part

* Optical microscopy
e Pore water press — tried but no water was coming out
* Total digestion

 Thermogravimetry

Mercury porosimetry

XRD/XRF (lab or synchrotron based)
ICP-OES/MS

REM/EDX

Raman spectroscopy

Soft X-ray absorption spectroscopy, Ca-edge (synchrotron
based, 1300 — 4040 eV)

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 53
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Characterization at PSI/EMPA of bottom part

Pore water press — tried but no water was coming out

Compression strength and young modul

Thermogravimetry

Mercury porosimetry
e XRD
* XRF

e Concrete of the lid: Soft X-ray absorption spectroscopy, Ca-
edge (synchrotron based, 1300 — 4040 eV)

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 54
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Limited/Unlimited water

8000 I Brass

B Zinc

[ Aluminium
Copper

* Only free water entrapped in 1., ol

N\ LvMw

the waste package was 4 gt uary
available for reaction

0 500 1000 1500
Time (a)

* The reactivity ceased already  «]o | s

at ~1500 years for silicious o ) e
g 3000 = fif:glrigta;cite
and 8000 for calcareous |

Si-Hydrogarnet

aggregate

Mass (kg)

Waste materials

zoom in on Fig. 2a
8500

8250 1

8000
0

50 100
Time (a)

4 Nsmee  Cement materials / minerals

research and innovation programme under grant agreement No 945098.

L Calcite
O =t Sl e e e e e
0 500 1000 1500
Time (a) Time (a)
This project has received funding from the European Union’s Horizon 2020
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Silicious

$8/06/2023
4000 ; . . . . 13
- N U S S P
3500 %% y i
[ ] [ ] [ ] [ ] _.- II
Silicious/Limestone aggregates =}
I
2500 - | —
A 1 : ! H2 3
E 2000 pH z
T 1 i 11
1500 i
] 1
T
000 N
u U N | M |ted Wate 8 05| — — Siliceous aggregate 500 - T - 10
) — Calcareous aggregate : p
] o T T T T
1. .-
. 00 F\ 0 2000 4000 6000 8000 10000
| Time (a
= pH, Ca/Si of CSH o ossl &
e 1 b . 4000 . T : T 13
@ 0.90- -~ — e
8 : \ 35004 b .
0.85 - \ ] p
1 \ 3000 M
s - 12
0.5 NI _ Calcareous ,
] 2500 . ]
g ik 2
0.75 - é ,
| §, 2000 - S —— pH IQ_
0.70 e T /,’ - 11
0 200 400 600 800 1000 1200 1400 1500 + o
Time (a) 1000 4 i
& 4
5004 - 5 - 10
o 4 ¥ T T T T
0 20000 40000 60000 80000 100000
Time (a)
This project has received funding from the European Union’s Horizon 2020
12/06/2023 56
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Demonstrator

* Mockup demonstration of the Digital Twin workflow
e Sensors — database — models -> predictions — database

* Working on a reproducible workflow that can be iteratively
extended and improved (tests for corresponding features)

* Minimum working example (simple model, no frontend, etc.) of the
data flow.

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 57
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Automated DT workflow

e Automated script (in a virtual machine)

e Connectsto the database -> data for package xyz for a given time period
(dataframe, json)

* Metadata and schemas are used to process the data as input for DT model

* Model is reparametrized and used to make future predictions — saved in
database (with metadata and model) -> data lake

This project has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 945098. 12/06/2023 58
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Monitoring experiments on ASR
affected barrels

TRI PHUNG, SURESH SEETHARAM, LANDER FREDERICKX (SCK-CEN)
GERTDEKKERS, DYLAN GYBELS, JENS VERBEECK (MAGICS TECHNOLOGIES)
CARLOT VALGAEREN, THOMAS HUYS, GERT VANLOMMEL, GIEL WILMS
(BELGOPROCESS)

PREDIS ANNUAL WORKSHOP, 24 MAY 2023

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098.
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Cemented waste drum 0 Q
In a pre-disposal o

storage facility

What's happening inside?

Efficient/safe inspection, early warning, ...

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 60
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Sensing Digital twin

0

—__©° ‘

~
DR
(&
—

What's happening inside?

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 61
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’ Validation & \

Calibration

Sensing Digital twin

0

What's happening inside?

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 62
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sck cen BESiiss @

ESV EURIDICE GIE

’ Validation & \

Calibration

Sensing Digital twin

o ——
- @)
AA MAGICS sckcen

What's happening inside?

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 63
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Why do we want
to monitor?

= Cement-based materials for
Immobilization of LILW.

= However, long term deterioration of
waste packages cannot be ruled
out.

= Alkali-Silica Reaction (ASR)
IS a potential deterioration process
that can cause de-stablilization of
the waste matrix.

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 64
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What do we
want to monitor?

* ASR produces an expansive gel
which leads to internal pressure
and cracking of the concrete

Reference

= Strain

= Stress releases by
means of Acoustic
Emission

= Humidity

I

I

I

I

I

I

I

|

= Temperature |
I

I

I

|

= Pressure |
I

)

validation

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 65
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What do we
want to monitor?

* ASR produces an expansive gel
which leads to internal pressure
and cracking of the concrete

Reference

= Strain

= Stress releases by
means of Acoustic
Emission

‘ validation

= Humidity

I

I

I

I

I

I

I

|

= Temperature |
I

I

I

|

= Pressure |
I

= Digital twin model

)

validation

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 66
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* ASR produces an expansive gel
which leads to internal pressure
What do we and cracking of the concrete

want to monitor? —

A\  * strain
* I = Temperature
—

= Humidity

= Stress releases by
means of Acoustic
Emission

‘ validation

= Pressure

= Digital twin model

validation

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 67
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Data collection setup

* ‘2 This project has received funding from the Euratom research and training
programme 2019-2020 under grapicageeement No 945098.
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Lab scale Drum scale

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 69
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Lab scale Drum scale

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 70
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Sensors and
placement

= Inside concrete \
* Vibrating strain gauge (8) %
« Temperature (8)

= | |d of the barrel
. Pressure &P
-

= Ambient
e Temperature

« Humidity
= Acoustic Emission 4‘

(top of concrete, circumference of the barrel)

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098.
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Vibrating strain wire
Temperature sensor

sclkcen

Placement based on a
digital twin model



Temperature,
Humidity,
Pressure




CHARG

ve
PS100E 12v ¢
WATH

£33N

I
-
-
_l
|
i
|
V




Logging architecture @PRENS

Data
analysis

Acoustic Emission Magics local
ADC server

Datalogger

(strain, T, ...) Dashboard /

Alerting

MS Teams

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 75
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Logging dashboard

= https://34.140.215.210/dashboards

= User: guest

= Password: magicstech

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 76
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€DPREDIS

Experiments

* %
*
*

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098.
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Material

= Mortar samples
= w/c ratio = 0.47

= Sand/cement = 2

Mix | Cement, Water, M32 sand, | RCA, kg/m? | LINOs, kg/m? | Note

kg/m? kag/m? kg/m?

SIB | 6355 2987 1270.9 - - MNon-reactive
((lab + drum
tests)

RCA | 6046 2842 604.6 604 6 - Reactive (lab
+ drum tests)

LI 604.6 2842 604.6 604 6 5.3 Mitigation (lab
tests only)

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 78
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Lab-scale experiment

—_— ""'
/ /‘\‘ ‘ 1

Mortar bar test instrumentation

Emplacementin a typical
industrial ASR chamber
at 38 °C

Mortar bar emplacement in high T chamber — at 80 °C Duration: 1 year

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 79
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Key data for digital twin — expansion curves

0.2

~——Sib
0.15
Li

&
[

Highly reactive

0.05

Expansion (%)

Days

This project has received funding from the Euratom research and training
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Drum-scale experiment - design

Portland Portland +
- Cement Aggregate
= 2 mixes
* RCA —recycled aggregate
* SIB — Sibelco sand Ambient

Conditions
>95% humid

= 2 temperatures

= Duration: | 2years

Accelerated

Conditions
38 degrees, >95%humid

This project has received funding from the Euratom research and training
programme 2019-2020 under grant agreement No 945098. 12/06/2023 81
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Drum-scale experiment - temperature

Temperature for barrel 2 (>3 days)

23

©PREDIS

Temperature for barrel 4 (>3 days)

— 19 = — 1
22 : 1:2{3 22 _ I:iJB
e o 21 — TAC — T.AC
— — g —m = —Tn
k3 5
— — £ £ 1 o
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— — “ Temperature for barrel 1 (>3 days) " Temperature for barrel 3 (>3 days)
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Drum-scale experiment - strains

w0 Strain for barrel 2 (>3 days) w0 Strain for barrel 4 (>3 days)
— 5
—— SR
o4 —— S AB 04
—— < — S AC
—_ — SRL -
i3 T - —EE
o o
T S
= —— S RK =
£ £
— — £ 100 | £ 100 —
@ o —
= =z
SIB_2 20 RCA 20 = 2 —
i — e —150 o —1504 —
e < — 2007 —2009 7
W™ o ™ e @ e
- - Strain for barrel 1 (>3 days) Strain for barrel 3 (>3 days)
50 4 50 4 — 5
SIB_2 38 RCA_38 — SR
25 25 —— S AB
— S AC
—_ 04 —_ E —_
Temperature chamber ¢ & ° _ :i,t
B 2 S 25 —— 5.CK
s = —— S RK
& 50 g 50
. . ° PR - o
Laboratory expansion is at 38°C, but £ 77— — |2
o £ _100{ — SAC £ 100
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scale is higher. This will have some |
impact on our predictions O e S P R, S O S Y
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Digital twin

* *: This project has received funding from the Euratom research and training
programme 2019-2020 under grapicageeement No 945098.
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Digital twin

» Predict 2-year evolution of
ASR process at the drum

scale.

| 0.8

| 0.6

= A simplified chemo-
mechanical model to
enable prediction.

- 02
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Preliminary results — Blind prediction of strain evolution
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Stress tensor, Gauss point evaluation, (MPa)

Height of the drum (m)

CK1
— AK1
m— RK1
-4 L 1 1 Il
0 100 200 300 400
Time (d)
0.8 T T T
0.6
0.4r
----- close to boundary 150 d
o] == close to boundary 390 d
. = at the center 0 d
=== at the center 150 d
== at the center 390 d
0 1
-4 -2

Stress tensor, r-component (MPa)

Evaluation of stresses @PREDIS
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With preliminary parameter values, the model
shows that cracking potential is low. However, it is
too premature to make conclusions because only
300 days of data available and ASR can continue
long after.
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Future work
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Future work

» Integrating dataset(s) with Predis’'s dataset standard
= Correlation of Acoustic Emission w/ strain?
= Quality assurance of drum scale experimental data.

= Deploy new experiments to support drum scale simulations,
depending on available budget.
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SCK CEN

Drum scale
simulations and

Collaborative steps

surrogate model

PSI

Digital twin
deployment

(azure, github,
NRG- any)

AMPHOS21 BAM

Geochemical Gaussian process on
model of ASR to lab scale ASR data,

[ d potentially
quantify an
volumetric independent

verification of FEM

expansion
: model
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