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Swiss energy strategy 2050

Hydrogen production at run-of-river sites (7 PJ) Waste incineration with CCS (3.6 Mt CO, pa)

1.5 million heat pumps
(today 0.3 million)

Biomass for process heat
Wind and geothermal energy

with attractive generation profile -

Heavy vehicles using rall Expansion of heat grids in urban areas

bioenergy and hydrogen

Cement and chemical plants

3.6 million battery-powered cars with CCS (2.9 Mt CO2 pa)

Negative emission
technologles: storage in
Switzerland (3 Mt CO, pa)

38.6 TWh from hydropower
(renewable net production)

Well insulated buildings
with low heating demands

High levels of efficiency

- _ 34 TWh from PV systems, 40% of
in industrial processes

production (today 2 TWh)

Graphics: Dina Tschumi; Prognos AG Quelle Grafik links:



https://www.bfe.admin.ch/bfe/de/home/politik/energieperspektiven-2050-plus.html

. Can we extract safely deep geothermal heat and produce
SWISS energy Strategy 2050 at competitive costs 7% of the national baseload supply?

Can we use deep rock volumes as energy banks?

Stromerzeugung nach Technologien
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Deep Geothermal Energy (DGE)

DGE is a possible source of up to 7% of future electricity supply in Switzerland = how can we establish a productive heat-
exchanger at depth while controlling induced seismicity?
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Induced seismicity worldwide

Induced seismicity is
commonly observed in
anthropogenic activities
altering significantly the
underground conditions
of stress in the vicinity
of seismogenic faults.

\Veréffentlichte Daten von 1930 bis 2018

2016 Kanada, Fox Creek
Schiefergasforderung
Magnitude 4.4

1967 USA, Colorado
Abwasserinjektion
Magnitude 4.8

2016 USA, Oklahoma
Abwasserinjektion
Magnitude 5.8

2011 USA, Oklahoma
Abwasserinjektion
-.°  Magnitude 5.6

Induzierte Erdbeben weltweit

2010 UK, Blackpool

Schiefergasforderung
Magnitude 2.3
: 2012 Niederlanden, Groningen
M Gasgewinnung
Magnitude 3.6

2013 Spain, Golf von Valencia
Gasspeicherung

Magnitude 4.2

'ﬁtﬁd el 2013 Australien, New Castle
. e - 5 u
L. Magniuce 56

© Schweizerischer Erdbebendienst an der ETH Zarich, 2021, nach Grgoli et al. 2017, Review of Geophysics (aktualksien auf 2019)

Magnitude

15<Ms520
20<Ms3.0
30<M=40
40<M=s50
50<M=s6.0
M=6.0

Ursache
@ staudamme

@ O, Gas, Schiefergas

© Geothermie
(O Abwasser
() Bergbau

Anzahl Ereignisse

70

In

¢
3
¢
)
)

81




Underground laboratories in Switzerland

Bedretto

Lab
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The experimental approach

» Reach relevant depths, rock types and rock volumes
» Build an in-situ lab in these conditions

» Build experimental testbeds designed for specific scientific
targets (geothermal energy, earthquake physics), cementing
hundreds of sensors in deep boreholes to measure all physical
and chemical parameters, and transforming the target rock
volume in a large sensing environment

Laboratory Grimsel Test Site

e -

0.1-1m scale 10m scale
500m depth




The BedrettolLab

Y
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5.2km long, connecting the Furka
train tunnel to the Bedretto valley

1’000-1’500m overburden
3 large caverns, 6m wide and 50-

100m long, ideal to host laboratories

Remote area but excellent
accessibility

Two tunnel exits - safety!

Longest tunnel of the Alps without
wall overage, with complete access
to bare rock face and faults

Excellent cooperation by the owner
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after Kelier und Scneider, 1982
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History of the BedrettoLab

197 3: built as a side-tunnel of the Furka base tunnel, as a
possible train connection between Tessin and Valais

1983: abandoned after completion of the Furka railroad, partly
blocked by rockfall

2000: first mapping and research

2012: partial reconditioning for Furka ventilation, enabling
access to the full tunnel

2018: the tunnel is selected by ETH to host the BedrettoLab,
after a discussion in the Consiglio Cantonale Ticino

May 2019: inauguration of the BedrettoLab

Two phases of construction







Mapping faults and stress orientation

Inferred from borehole image
and impression packers

300

We map the orientation of the stress on the tunnel
walls and in short boreholes

We map the orientation of all the faults crossing the tunnel and
determine their propensity to rupture
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-50
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Mapping geology and main faults

GM_GeolMap_Rast

- Granite

. Streifengneiss
Val Nalps

Paradis Gneiss

. Nelva Zone

Pontino Zone
Urseren-Garvera Zone
- Nufenen Zone

3D model of the deformation structures in the Rotondo
granite and around the Bedretto Tunnel

Integration of tunnel, field structural data and remote
sensing
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(Ceccato, in preparation)



Kilometers of cores

A new storage facility built in Forch/Zaajuten, in a former military bunker near Zurich
All cores are scanned and fully characterized for the identification of faults




Seismic background monitoring

A dense, real-time, multi-sensor seismic array
installed in the tunnel and on the surface...
which sometimes also need protection !

BTAP seismic station

Yellow Orange
(greater equal) (greater equal)
Mw Ml Mw Ml Mw Ml Mw Ml
>50 m -1 -2.75 -1 275 0 -1.25 1 0.25
>100 m -0.5 -2 -0.5 2 0.5 -0.5 1.5 1
>150 m -0.15 -1.5 -0.15 -1.5 0.85 0 2 1.75

Strict traffic light protocols.
And yes, magnitudes can be
negative !

Entrance Bedretto tunnel

e Bedretto tunnel

XXXX

Installed seismic station

Planned seismic station

0 200 400 600m

Scale 1: 25'000
Printed on 22.06.2023 15:23 MESZ
hitps://s.geo.admin.ch/a00ea0a58d




Experiment Automatization - Remote Control

5 Grafanalab
All experiment operations and data are visible directly through the Grafana Dashboard
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S a unique underground laboratory for Switzerland

Lab

Earthquake Physics: How do earthquakes start Earthquake Physics Testbed
and stop? How do faults interact with the rock e
volume during an earthquake? % FEAR

Fault Activation and Earthguake Rupture

_é Fundamental Research

Hydromechanics: How does injected water
changes rock conditions and brings it to failure?
How is energy distributed in a fractured medium?

Geobiology: Life forms that exist and can develop
in extreme environments; primordial life forms

®@® Areas of societal relevance

© v Geoenergy: Safe and sustainable use of deep
geothermal energy; heat storage in deep
crystalline rock reservoirs
Earthquake risk: Possible identification of
earthquake precursors and faults prone to fail

Geothermal Testbed
The BedrettoLab in numbers:

= Opened in 2019

= ~ 3200 m boreholes

Deep Life Observatory = ~ 2000 sensors installed

(Geobiology) » > 1 PBof data recorded so far

= 30 approved projects

= 50 MCHF overall budget (2021 - 2026)

Origin and prevalence of life

% Technology development |
o N _ _ » 0.8 MCHF annual operational budget
NP New instruments for underground exploration - 8 core team (4 9: 4 3). 4.1 FTE on core

and monitoring
300-m scale fully engineered reservoir

funding
» 41 scientists (14 £; 27 &)

First-ever on-fault observatory = 10PhDs (8%;24)
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Three primary testbeds

“MC* Fault J
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FEAR Tunnel

Bedretto
Tunnel
Ronco Furka
— s
Bedretto Tunnel metre [m] 2000 - 2100 " 23]80 ca. 2400 24I30 2750 _
# * mmmm FExtension Lab Space
Deep Life Observatory Geothermal Earthquake physics
(DELOS) testbed testbed
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Geothermal testbed

Bedretto
Tunnel

Ronco
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How it all began
SCCER550E

SWISS COMPETENCE CENTER for ENERGY RESEARCH
SUPPLY of ELECTRICITY

3rd Schatzalp Workshop on Induced Seismicity 2019

ETH:urich

Design of the seismic monitoring network for the stimulation
experiments in the Bedretto Deep Underground Rock Laboratory

Marian Hertrich, Linus Villiger, Joseph Doetsch, Anne Obermann, Xiaodong Ma, Nima Gholizadeh
ETH Zurich, SCCER-SoE, Switzerland, marian.hertrich@sccer-soe.ethz.ch
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Sensor section Buffer to tunnel
Figure 3: Conceptional instrumentation of a seismic monitoring borehole:
8 x high-sensitive acoustic emission sensors

A 8 x 3-component, calibrated accelerometers
% 3 x downhole sources per borehole for active tomography (piezo)

a) b) <)

Figure 4: Candidate sensors to be used for the seismic monitoring network:
a) IMS 25 kHz accelerometer, frequency range: 2Hz — 25kHz, sensitivity: 0.1V/g
b) IMS 14Hz geophone, natural frequency: 14Hz, sensitivity: 56.1V/m/s

c) GMuG piezo acoustic emission sensor, frequency range: 50Hz — 35kHz
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Tunnel

Tiltmeter
¥

Risse, reaktivierte
Strukturen

Stimulationsbohrung
Geophysik

Dehnungen & Temperatur
Porendruck & Temperatur
Bohrung fiir Zirkulation
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Brittle

After three boreholes drilled e e

Solid Earth, 13, 301-322, 2022 2

https://doi.org/10.5194/se-13-301-2022 -
© Author(s) 2022. This work is distributed under Solid Earth : EG U

Mylonite
Proto-Gneiss 4

Multi-disciplinary characterizations of the BedrettoLab —
a new underground geoscience research facility

Xiaodong Ma', Marian Hertrich!, Florian Amann?, Kai Broker', Nima Gholizadeh Doonechaly!, Valentin Gischig?,

Rebecca Hochreutener!, Philipp Kiistli', Hannes Krietsch?, Micheéle Marti!, Barbara Niigeli', Morteza Nejati', (b)
Anne Obermann', Katrin Plenkers', Antonio P. Rinaldi', Alexis Shakas', Linus Villiger!, Quinn Wenning',

Alba Zappone', Falko Bethmann*, Raymi Castilla*, Francisco Seberto*, Peter Meier*, Thomas Driesner',

Simon Loew!, Hansruedi Maurer', Martin O. Saar', Stefan Wiemer', and Domenico Giardini'
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Characterization by GPR

Geophysical Research Letters

RESEARCH LETTER
10.1029/2020GL088783

KeyPoints: Penetrating Radar
« First-time direct imaging of
stimulation-enhanced permeability A. Sh 1 H. Maur erl
. Shakas , H.

in fractured rock
» GPR difference imaging reveals the
DFN enhanced by the stimulation
+ Information gained about the
stimulation volume and radial

and P. Meier”

, P.-L. Giertzuch?', M. Hertrich', D. Giardini'

Permeability Enhancement From a Hydraulic
Stimulation Imaged With Ground

, F. Serbeto?,

'Department of Earth Sciences, ETH Zurich, Zurich, Switzerland, Geo-Energie Suisse AG, Zurich, Switzerland
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A first conceptual geological model

Conceptual Geological Model of the Bedretto

Underground Laboratory for Geoenergies CB1 CB2 CB3
r 0 0 7 .
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Publisher: European Association of Geoscientists & Engineers 40 40
Source; 82nd EAGE Annual Conference & Exhibition, Oct 2021, Volume 2021, p.1-5
DOI: https://doi.org/10.3997/2214-4609.202011912 60 — 60
= % | 7
& A
100 B 100
120 120 -
140 140 .
160 -2 160 ~ ; >
180 180 74
4
200 200 mMD \ 5
220 Open fracture breccia Fau |t Zones
- [=—-1 Open rugose fracures
240 | Rugose micaceous fractures Primary
22 —— Ultracataclasite (Mylonite?)
[ Fracture cleavage
260 x _ Secondary
_ A — ntense
T b - = [ "Intermediate" :> Foliation
g [T "Weak"
300 (%] [[Z77] Chaotic shear (closed) fractures
mMD Y J Shearfracture (cont. = core split; dashed = cohesive)
Scale 1:2000 [E=—— Gray, smoky vein
F—— Qz vein
[ Pegmatite?
Aplite
Intact granite




Stress State in the BedrettoLab

A p_d | [ A0VANCING
AT D, o sciences

158.4 oy O g

ATV - Amplitude ATV - Travel Time

100

E——
13000 45 us 65

N E B e tN

OTV Image

Caliper diameter (mm)

90 100 110 120

E 159.0 : :j ﬁ min max]
JGR Solid Earth 0 'i %
- . . . LRl § 159.5
RESEARCH ARTICLE  Fault Zone Spatial Stress Variations in a Granitic Rock Mass:
10.1029/20231B026477 LR I ]
Revealed by Breakouts Within an Array of Boreholes § }
Special Section: Shihuai Zhang! '*, Xiaodong Ma' \*', Kai Briker? "', Rutger van Limborgh?, Quinn Wenning? ), 1000 a b d
Heterogeneity, anisotropy and Marian Hertrich? *', and Domenico Giardini’ —>
Scalc_dcpcndcncy: Keys to | — T T LI I LI T T T T 1
understand Earth cqmposition, 1School of Earth and Space Sciences, University of Science and Technology of China, Hefei, China, 2Department of Earth
structure and behavior Sciences, ETH Ziirich, Ziirich, Switzerland
50 p----— I~ 7 7 [ N B n B n E=====] B ]
100 + 4 E====o : 77777 - L i L i - . [T T 4 F-—-——- -
T 7 F=r=|=x L T _ % %
e o B BRI
a 6°E 7°E 8'E 9°E 10 I I N S N I ) =T T 17 ¢
48N f i ise BLE [Hera2 e &1 [~ =] [Ez:::t ¢ E O[T
e [ by [P B LY 0L
S e M|+ -1 [ e Iy B bl B IR N |
£ : PRk =% E-:=:=:- Feme| [T0F
Sl = Ege] T === N
ey (- IR oy B i (R = B N ()
§ Ezz=zs| pozz=y L 0 D BT
E -
47N 250 —t. - - 4 |ee== - L 4 L | | i E-—--=-=}
300 -1 | 4 F 4 L 4 F 4 F—— 4 L 4 L 4
R SR
imax TOM WSM -
46°N (Quality A-C) 350 4 = 4k 4 F 4 L 4 E----- L 4 - 4
T
NF_SS _TF U - *
ST2 CcB1 CB2 MB8 CB3 STH1 MB5 MB4
400 I | | | I I | S | I | I |
ESWN ESWN E SWN ESWN ESWN ESWN E SWN ESWN

Breakout Azimuth



Valter Instrumentation

ﬂ sensors

Article

Multi-Disciplinary Monitoring Networks for Mesoscale
Underground Experiments: Advances in the Bedretto
Reservoir Project

Katrin Plenkers '**({0, Andreas Reinicke 2%, Anne Obermann 3, Nima Gholizadeh Doonechaly !,

Hannes Krietsch 1S, Thomas Fechner ¢, Marian Hertrich 1©, Karam Kontar °, Hansruedi Maurer !,

Joachim Philipp °, Beat Rinderknecht 7, Manuel Volksdorf 8, Domenico Giardini 1" and Stefan Wiemer 3
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Geothermal testbed

We identified the target volume 100 - 400 m below the tunnel and drilled
8 monitoring boreholes and 2 injection boreholes, to install the full
monitoring system and engineer the reservoir for injection experiments
and long-term seasonal energy exchange and storage

- | |
. VALTER kLDESTRE?SS»




Monitoring borehole: Holds the
various instruments we need to
observe the processes in the rock.
After instrumentation, we fill the
boreholes completely with cement so
that the measuring instruments sit still
in the rock.

Uncemented borehole with water
pressure sensors: In this borehole pore
pressure sensors are installed at
certain intervals to monitor the pore
pressure of the surrounding rock.

200 __|

250 |

Depth in meters

Dlsta
Nce fro,
m
Cters

Here we press water into the
rock, with the aim that it reaches the extraction
borehole after passing through the rock volume.
In geothermal power plants, the water would
heat up due to the great depth. This is not the
case at Bedretto Lab: here we research the
interaction of water and rock.

Extraction borehole: Here the water leaves the
rock again.

The extraction well for example is about
250 meters deep and has a lateral offset of
250 meters from the tunnel wall.

250



Extended hydromechanical characterization
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Hydromechanical characterization of a fractured crystalline rock volume
during multi-stage hydraulic stimulations at the BedrettoLab

Kai Broker !, Xiaodong Ma ", Nima Gholizadeh Doonechaly ?, Martina Rosskopf ?,
Anne Obermann ¢, Antonio Pio Rinaldi ¢, Marian Hertrich?, Francisco Serbeto 9,

Hansruedi Maurer?, Stefan Wiemer ¢, Domenico Giardini ®

, Bedretto Lab Team?
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Analysis of seismicity during stimulation
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Seismic response of hectometer-scale fracture systems to hydraulic stimulation in

the Bedretto Underground laboratory, Switzerland Unde,. r
e.,/e

Anne Obermann!?, Martina Rosskopf?, Virginie Durand?, Katrin Plenkers?, Kai
Bréker?, Nima Gholizadeh Doonechaly?, Valentin Gischig?#, Marian Hertrich?, Philipp
Kastli, Xiaodong Ma?, Hansruedi Maurer?, Antonio Pio Rinaldi!, Linus Villiger!?, Stefan

Wiemer?, Alba Zappone!, Domenico Giardini?
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Valter Ill: Hydromechanics
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Rock Mechanics and Rock Engineering

Insights from Subsurface Monitoring for Engineering of the Stimulation Pattern in

Fractured Reservoirs
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Mzero experiments

Two experiments:
MzeroA: with extended
preconditioning, i.e. injection just

below jacking pressure of 15 MPa
followed by 20 MPa injection.

April/May 2024

MzeroB: without preconditioning,
directly injecting at 20 MPa.

End of August 2024
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Pressure change
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BEACH (Bedretto Energy Storage and Circulation of Geothermal Energy)

Hourly Average Breakdown of Renewable

Resources
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Bedretto Circulation and Heat Storage - BEACH
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Earthquake Physics testbed

“MC” Fault
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FEAR Project

Pizzo Rotondo
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FEAR Experiment 4:
Rupture on actively
conditioned fault.
FEAR Experiment 3:
Rupture on fault conditioned
by previous rupture.
1500 —

FEAR Experiment 2:
Induced rupture on previously
unperturbed fault.

FEAR Experiment 1:
Characterisation of fault
response to stimulaiton.

Data flow
to ETH Zlrich
b

Stimulation boreholes
Injection points

Area of induced
aseismic slip

Dominant slip

Hypocentre of induced
seismic rupture

Rupture evolution on
“MC* fault

Fault conditioning e.g.
through cooling/heating

Data flow to ETH Zarich
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Fault mapping

Red planes: surfaces from 3D
geometry

Colored planes: fractures from
tunnel wall mapping
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Tunnel wall fault mapping on virtual tunnel surfaces

3D Fault zone geometry from tunnel
mapping and borehole logs
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Fault zone model

Fault zone model
integrating tunnel, borehole
and field observations

O F#+48.1

® BFE AO05 (37-45 m, n=33)
BFE A06 (21-29 m, n=6)
BFE AO7 (70-75 m, n=8)
Tunnel wall / 3D model
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®
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https:/{doi.org/10.5194/se-15-1087-2024
© Aurhor(s) 2024. This work is distributed under
the Creative Commens Atribution 4.0 License.
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Article Peer review

Selection and characterization of the target fault for
fluid-induced activation and earthquake rupture
experiments
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Tunneling activities

Pizzo Rotondo

* Nisches and first 10m are done | Ws
» Continuation of Drill & Blast in January 2025
« To be finalized by Q3 2025

FEAR

Fault Activation and Earthquake Rupture

European Research Council

Established by the European Commission

11.09.24, 14:22
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FEAR Experiment 1

Understand how the MC fault zone (MCFZ) responds to injection into different fault zones segments and strands

* Induce aseismic slip & small magnitude seismicity (no dynamic ‘main shock’)
* Hydraulics: to what extent can we increase pressure across the entire MCFZ or on individual strands?

* Microseismicity: how easily is it the MCFZ seismically activated, and where in fault zone does seismicity
predominantly occur?

* Aseismic slip/deformation: can we use strain observations to infer the aseismic slip distribution, beyond what
can be measured at the injection point with a SIMFIP?

Nucleation Arrest

Preseismic \ Coseismic

Post-seismic

iy

20to50m 20to 50 m 20to 50 m

Figure from P. Seladurai



Geochemical analysis of water from the MC fault

MiniRUEDI (mass spectrometer) measures gas concentrations in groundwater
including: He, Ar, Kr, H,, CH,, CO,, O,, NJ.
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Stress Profiling in Enhanced Geothermal Systems (SPINE)
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measurements at the BedrettoLab
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Deep Life Observatory

“MC” Fault
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Deep Life Observatory

Investigating the “Energy Limit” of Life

 PHATES: Microbial responses to rapid physical-chemical
changes in the continental subsurface

* C-FIX: Carbon fixation in deep crystalline rock

* ILLUME: Investigations into the diversity of cell-cell
associations and non-standard life using metagenomics and
cryogenic electron microscopy

.CENTRE FOR

FSwiSS National E'"ZUfICh gEIEGUELé&NCE OF

Science Foundation LIFE




llluminating “microbial dark matter” and non-standard life

Analysis of cell-cell associations in
deep subsurface microbial communities

Pizzo Rotondo

3124 m a.s.l.

Sampling deep in Swiss rocks

_Bedretto lab

14C-labeled Cells

Unlabeled Cells

Side view

Sample-free

Analysis
region

Optical tweezers and
Raman measurement

e
\Sample flow T

'- Glass coverslip
;

- PDMS
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BedrettoLab Projects

SCCER-SoE

[ BedrettoLab
[ Geothermal testbed
[ Earthquake Physics testbed
- DELOS (Geobiology)
- Data management
[ Technology development

* Submitted

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
Grimsel ISC
~ Bedretto Lab construction ~ extension

‘Data Stewardship Network
-~ PHATES
- Failure & Runout of Rock Slopes
[Unfreezingthe landscape
S 1 L
. BEACH
~ ILLuMe
DAMOCLES
.~ BEDEX
~ GeoPerm
~ GeoHEAT
.~ EPOSON
~ PRINCESS




Access to the BedrettolLab

The BedrettoLab and it testbeds are available to host experiments

and data vaUISItlon' Earthquake Physics Testbed

How to’s: FEAR il

- Contact the Lab management
- Provide a project plan for larger experiments

Yes! WE'RE

OPEN

Geothermal Testbed

Deep Life Observatory
(Geobiology)

Transnational access to the BedrettoLab
=> 3rd call to open in November 2024

httns:// L

Geo-iNQUIRE


https://www.geo-inquire.eu/

LBy ETHzirich

Lab

Dr. Marian Hertrich
BedrettoLab Manager
marian.hertrich@eaps.ethz.ch

Rebecca Hochreutener
Programm Administrator
rebecca.hochreutener@eaps.ethz.ch

ETH ZUrich
Bedretto Underground Laboratory for Geosciences and Geoenergies

Sonneggstrasse 5
8092 Zurich, Switzerland

www.bedrettolab.ethz.ch
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