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Enabling a Low-Carbon Economy via Hydrogen and 
CCS 

ELEGANCY

ACT ELEGANCY, Project No 
271498, has received funding 
from DETEC (CH), BMWi (DE), 
RVO (NL), Gassnova (NO), BEIS 
(UK), Gassco, Equinor and 
Total, and is cofunded by the 
European Commission under 
the Horizon 2020 programme, 
ACT Grant Agreement No 
691712.



ELEGANCY
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ELEGANCY

WP2: CO2 transport, injection and storage 
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ELEGANCY

WP5  National case studies on the implementation of 
H2-CCS chain
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[…]  continued development of the 
Swiss Geothermal/CCS Roadmap, 
and SCCER will be integrating the 
findings into the strategies for the 
future Swiss energy
system, in particular with regards to 
aspects of CO2 storage sites […]



ELEGANCY
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ELEGANCY
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Screening of underground sites for geothermal energy and CO2 storage:
1. Definition of criteria for CCS site selection across the Swiss Plateau 
2. Providing quantitative data (subsurface geological model and morphotectonic
analysis) concerning a possible CCS site. 

Risk management (year 2): series of workshops  in coord. with BGS , 1st on Sept 24
Aim: define the scientific objectives we want to test in the injection site (e.g. 
injectivity, leakage monitoring strategies, remediation strategies, reservoir modeling, 
etc.)

Societal perspective: Data of a first survey on social acceptance of CCS and 
geothermal energy have been collected by an online survey among the general 
population in the German and French speaking parts of Switzerland (N = 808). 
Coordination with the RUB team is on-going 

Vorführender
Präsentationsnotizen
Concerning the risk management of a hypothetical future CO2 storage pilot in Switzerland, several activities (planned for year 2) have started. In coordination with colleagues from BGS, UK, we are planning a series of workshops to define the risks elements involved in the Swiss site selection cases and to develop an ad hoc strategy to overcome them. The first workshop, scheduled September 24, 2018 will define the scientific objectives we want to test in the injection site (e.g. injectivity, leakage monitoring strategies, remediation strategies, reservoir modeling, etc.). At this meeting people involved in CO2 research activities in Switzerland will participate. During the second meeting, we will invite our colleagues from BGS and learn from their experiences: we will discuss how the UK experiences can be adapted to the Swiss case. The risks that are involved in a CO2 storage pilot in Switzerland are collected following methodologies that have been developed by BGS and applied to several projects in the UK (regulatory framework, liability, social acceptance etc.). This meeting is planned for the end of 2018. A third meeting, in autumn 2019, will verify the progress in the process of risk
assessment/management. The SCCER will transfer the induced seismicity risk governance framework developed for deep geothermal energy (DGE) sites (in SCCER) to CO2 sequestration sites. The method will be altered at different levels, in particular: (1) The induced seismicity model will be updated to take into account the difference between CO2 and water overpressure. (2) Instead of the energy-safety (CHF/kWh)/public-seismic-safety trade-off considered for DGE (e.g., Mignan et al., 2019), we will investigate a different trade-off: climate-change mitigation (CHF/Mton CO2 captured) versus public seismic safety. 

5.3.2. Societal perspective 
Data of a first survey on social acceptance of CCS and geothermal energy have been collected by an online survey among the general population in the German and French speaking parts of Switzerland (N = 808). A respective report has been written as part of a Master thesis at ETH Zurich. To plan a second and more refined survey including as well the potential use of hydrogen in road transport and DACCS a coordination with the RUB team is on-going on the study design and the respective questionnaires. In addition, contributions to an inclusive and comprehensive site selection process have been made by developing first conceptual ideas how to organize site selection and how to integrate as well non-geological, non-technical criteria. 



ELEGANCY
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Modified after Benson & Cook, 2005
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Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY

Scientific objects
Understanding how exposure to CO2-
rich brine affects sealing integrity of 
caprock (hosting a fault system): 
permeability changes   - induced 
seismicity

Direct observations of fluid migration 
along a fault and of its interaction with 
the surrounding environment

Validate instrumentation and methods 
for monitoring and imaging fluid 
transport 

Validate Thermo-Hydro-Mechanical-
Chemical (THCM) simulations

Vorführender
Präsentationsnotizen
to test and understand the conditions for slip activation and stability of clay faults�- the evolution of the coupling between fault slip, pore pressure, and fluid migration.   �- to test and understand: 
the migration of CO2 through a damaged zone within faults;  �- the interaction of the CO2 with the neighboring intact rocks; - the impact of the injection/migration on the damaged zone and on the intact rocks.
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Modified after Benson, S.M. and Cook, P., 2005. Underground geological storage. In: B. Metz, O. Davidson, H. de Coninck, M. 
Loos & L. Meyer (Eds), IPCC special report on carbon dioxide capture and storage. Cambridge University Press, Cambridge: 195-
276. 

9/14/2018

Testing of a fault 
subjected to CO2

injection in 
Mont Terri

Caprock/fault sealing integrity: Mont Terri CS-D experiment



ELEGANCY
Caprock/fault sealing integrity: Mont Terri CS-D experiment

ELEGANCY

Concept

• Inject CO2 saturated brine and tracers in Mont Terri main fault: 
– Continuous/long term (8-10 month)

– Pulse/ pressure increase steps (at beginning and at end of the injection phase)

Scale: 1-10 m3 brine -> rock volume

• Monitor injection effects: 
– Strain = Extensometer(s)

– Vp, (Vs), fiber optics and traditional methods

– Microseismic…….

• Pre and post mechanical  & geophysical characterization at lab scale

• Pre and post numerical simulations
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Caprock/fault sealing integrity: Mont Terri experiment
ELEGANCY

Technical layout one year ago

• Injection borehole 
– 40-50 m long
– 120 mm diameter
– 2 separated injection sections

• Parallel borehole for extensometer

• 3-5 Monitoring  wells

• Sampling holes 

14/09/2018 Alba Zappone - ETHZ 1215/09/2017

Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY
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Field report: May 7th – May 20th 2018 (Phase 23)

Courtesy Christophe Nussbaum, Swisstopo

Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY

Technical layout
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Partners with CS-D

Borehole-
ID Main Purpose Inclina-

tion (°)
Diameter 
(mm) Depth (m)

BCS-D1 Injection 0 101 23
BCS-D2 Fluid Monitoring 0 101 20.3
BCS-D3 Active Geop. Mon 42.5 131 27.3
BCS-D4 Active Geop. Mon. 42.5 131 35.2
BCS-D5 Micro-earthq. mon 36.6 146 35.2
BCS-D6 Micro-earthq. mon. 0 131 35
BCS-D7 Slip monitoring 0 101 27.8 

Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY

Technical layout
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Borehole-
ID Main Purpose Inclina-

tion (°)
Diameter 
(mm) Depth (m)

BCS-D1 Injection 0 101 23
BCS-D2 Fluid Monitoring 0 101 20.3

• PT1000 temperature sensor;
• 4 intervals equipped with 3 

lines (2 for fluid circulation 
using sampling module, 1 for 
pressure measurement) in 
stainless steel 4

• 4 fold packer system;
• PT1000 temperature sensor;
• Three lines in interval 1 and 4 

in stainless steel 

• Packer system 
control unit 

• DTS FO sensor cable 
integrated within 
packer system

• 2 injection intervals
• 2 guard intervals 

above and below the 
injection intervals

• Packer length: 
3x0,5m, 1x1m;

Vorführender
Präsentationsnotizen
4 fold packer system;
PT1000 temperature sensor;
Three lines in interval 1 and 4 in stainless steel 4/2.3mm.
 
Surface equipment: Packer system control unit with manometers and pressure sensors on packer and interval ports;
DTS FO** sensor cable integrated within packer system
2 injection intervals
2 guard intervals above and below the injection intervals
Packer length: 3x0,5m, 1x1m;
Interval length to be decided  according to borehole logging
Minimum length of 0.40 m, flexible interval length between 0.4 m and 2m. At least 80% of interval length is equipped with a ss filter.




Borehole-
ID Main Purpose Inclina-

tion (°)
Diameter 
(mm) Depth (m)

BCS-D3 Active Geop. Mon 42.5 131 27.3
BCS-D4 Active Geop. Mon. 42.5 131 35.2
BCS-D5 Micro-earthq. mon 36.6 146 35.2
BCS-D6 Micro-earthq. mon. 0 131 35

Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY

Technical layout
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• 32 channel GmuG aq. system
• 1MHz sampling rate
• 1-100kHz high sensitivity

• Wilcoxon 736T calibrated 
accelerometer

• 24 3C geophones
• 100 Hz sensitivity
• 0.5 m spacing

• P- and S-wave sparker source

Vorführender
Präsentationsnotizen
For the geophysical monitoring, four boreholes BCS-D3, BCS-D4, BCS-D5, and BCS-D6 will be drilled. CS-D6 will be drilled as first and in vertical orientation, it will be logged and cored, and will pro-vide fundamental information on the depth and thickness of the fault. D3-3 will be inclined by 25° to 45° in order to be parallel to the symmetry axis of the anisotropy of the electrical and elastic rock prop-erties (normal to the bedding plane). The minimum distance between these boreholes and the CO2- brine injection intervals are between 1.5 and 2.5 meters and the separations between the geophysical monitoring boreholes will be less than 7 meters. They will be instrumented with permanently installed (electrodes and geophones) and mobile (piezo streamers and sparker sources) equipment for active and passive geophysical monitoring. 
The electrical resistivity will be monitored between boreholes D3 and D4 using a similar electrode ar-ray as for example employed at the Ketzin pilot site in Germany (e.g. Schmidt-Hattenberger et al. 2014), consisting of ring-shaped stainless-steel electrodes. They will be grouted behind the borehole casing with a bentonite-cement mixture, in order to ensure a good electrical coupling with the sur-rounding geology. Each electrode array consists of 50 electrodes, separated by 0.5 m. 
For the active seismic monitoring, borehole D3 will contains a cemented 3-component geophone array inside the casing. This geophone array is similar to the one used in the GM-A experiment in the Mt. Terri URL (e.g. Manukyan, 2011) and consists of 24 geophones, with sensitivities up to the kHz range and an interspacing of 0.5 m. Inside the casing of borehole D4, a P- and S-wave sparker source will be deployed, which will be pneumatically pressed to the casing. Optionally, these sparker sources can also be operated from the boreholes D5 or D6 at times these boreholes are not used for passive seis-mic monitoring. In addition, small spots of the gallery wall are kept free of shotcrete, such that the seis-mic array can be complemented with geophones placed inside the gallery, and two 3-component geo-phones are placed at the bottom of each of the source-boreholes D4, D5, and D6. 



Borehole-
ID Main Purpose Inclina-

tion (°)
Diameter 
(mm) Depth (m)

BCS-D7 Slip monitoring 0 101 27.8 

Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY

Technical layout
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Borehole coupled pore pressure and strain monitoring:
3‐components Displacement sensors (2 SIMFIP sensors)

• Measurement range:
Uaxial = 0,7mm
Uradial = 3,5mm

• Resolution of 3μm
• 500 Hz sampling frequency

FS-B Partner 
with CS-D



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY
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Preliminary modelling 
TOUGH-FLAC

Sensitivity analysis to assess 
the max reach of the pressure 
front and injection brine
• Assumptions: 

– Pure brine, no CO2

– Fixed permeability
– No stress dependency

• injection strategy similar 
to the previous FS-
experiment

Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY
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By varying the permeability 
in the range 10-21 to 10-19

m2: 

• pressure can propagate, 
in all simulated cases

• with value well above in 
short time

• the injected brine is 
reaching above 2 m 
distance only in the 
case with higher 
permeability

Preliminary modelling 
TOUGH-FLAC

Vorführender
Präsentationsnotizen
However, in the sensitivity analysis above we have assumed that the permeability does not change with the elastic opening, which may well occur for injection pressures above the leakage threshold (3 MPa). However, no experiments have been performed to predict the variation of permeability with increased pressure (or decreased effective stress).



Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY
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Elastic OpeningPreliminary modelling 
TOUGH-FLAC

Two possible cases:
• a constant increase of 

permeability with 
decreasing normal effective 
stress (elastic behaviour) 

• fracture jack opens after 
reaching small value in 
effective normal stress 
(opening).

Conclusion:
• In case 2 no pressure 

changes should be recorded 
in the first months, and 
after jacking the pressure 
should reach a similar value 
in the entire opened region.

Vorführender
Präsentationsnotizen
Hence we analysed two possible cases: (i) assuming a constant increase of permeability with decreasing normal effective stress (elastic behaviour) and (ii) assuming that the fracture jack opens after reaching small value in effective normal stress (opening).




Caprock/fault sealing integrity: Mont Terri CS-D experiment
ELEGANCY
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Operative Phase

• August 28:  the drilling 
company installed and 
started with the borehole

• Fault encountered at 
28.4 m depth. C.a 3 m 
thikness

Vorführender
Präsentationsnotizen
Hence we analysed two possible cases: (i) assuming a constant increase of permeability with decreasing normal effective stress (elastic behaviour) and (ii) assuming that the fracture jack opens after reaching small value in effective normal stress (opening).




Caprock/fault sealing integrity: Mont Terri experiment
ELEGANCY

Laboratories

Rock Deformation Lab 
(Dr. C. Madonna) Lab of Soil Mechanics

(D. Alessio Ferrari)
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Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.



Caprock/fault sealing integrity: Mont Terri experiment
ELEGANCY

Timeline

ELEGANCY: 1.9.2017- 31.8.2020

Mont Terri Phase 24-25
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ELEGANCY

WP2: CO2 transport, injection and storage 
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||Institute of Geophysics, Department of Earth Sciences
Geothermal Energy and Geofluids group

Geothermal Energy and Geofluids group

25

time = 100 days (during injection)time = 1 year (during injection)time = 5 years (post injection)time = 40 years (post injection)

Simulation of injection of impure CO2 (1% H2) in 
a saline aquifer for 1 year

CO2 saturation Mole fraction of H2 in CO2 phase

Mole fraction of H2 in water phase

• Due to differences in the properties 
of CO2 and H2, there is an accumul-
ation of H2 at the fringe of the plume.
• Higher (double) hydrogenotrophic
microbial growth rates are to be 
expected at the fringe than in the 
middle of the plume. => future work

Domain dimensions; ca. 3km x 400m

Anwar Al Assadi’s MSc, collaborators Uni Stuttgart. 



Progress in the Elegancy-ACT project
ELEGANCY
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Thank you for your attention
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CO2 storage site selection
ELEGANCY

Chevalier G., Diamond L.W., Leu W. (2010) Potential for deep geological sequestration of 
CO2 in Switzerland: a first appraisal, Swiss J. Geosciences, 103:427–455
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CO2 storage site selection
ELEGANCY

2013 2015



Feasible Scenarios for Injection Test

+  Could be final storage site (small)
+  Will demonstrate CCS feasibility in CH

- Long and costly exploration phase

+  Results on migration process in short time

- No final storage site, up-scaling problems,
public acceptance
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CO2 storage site selection
ELEGANCY

STORAGE FIELD LAB



CO2 storage site selection
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ELEGANCY

Reservoir Geology and 
Sedimentary Basin Analysis
(Prof Andrea Moscariello)



CO2 storage site selection
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ELEGANCY

(Prof Michael Stauffacher)

Source: http://keinco2endlager.de/



Thank  you for your attention
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CCS geological storage pilot 

The opportunity of Elegancy
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Elegancy - Vision

34

We are here
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Major roadblocks for CCS 
from my layman‘s perspective

• No business or regulatory case for 
CCS. Little industry in CH-. 

• Not the most favorable geology in 
CH, no hydrocarbon reservoirs. 

• Large uncertainty.
• Opposition from supporters of 

renewable energy.
• No scientific CCS ‘hero’ (?).
• No funding avenue for a test site.
• Lack of public acceptance (?), NIMBY
• etc. 
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But: We probably need CCS, DACCS –
and/or geo-engineering. 
And changes may come more quickly 
than we think

Historical 
CO2-emissions

Reducing
emissions

„Producing“ 
negative 

emissions14/09/2018 Alba Zappone - ETHZ 38

Switzerland is aiming 
at: 
- 20% greenhouse 

gases emissions 
reduction by 2020.

- 50% emissions 
reduction by 2030.



Phases of the storage roadmap 
• We had a plan for the next step since CARMA:

a test site
• But we cannot afford it. So: 
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2010-2013



Plan B
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R&D Test site

The real thing

Today (nothing)
1. Mt. Terri

2. Site 
selection

ELEGANCY Enabling a Low-Carbon Economy via Hydrogen and 
CCS 

ELEGANCY

1. Caprock/fault sealing integrity: in situ 
experiment

Testing of a fault subjected to CO2 injection
Mont Terri

2. CO2 storage site selection 
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ELEGANCY

Budget (k€)
3 years

ELEGANCY Switzerland 
7741

4360

BFE

1320



Caprock/fault sealing integrity: in situ experiment
Testing of a fault subjected to CO2 injection

Mont Terri  CS-D

• Improve the understanding of the dynamic behavior of caprocks over a 
range of spatial and temporal scales

• Advance the state-of-the-art by bridging the gap between the laboratory-
and the reservoir-scale 

• De-risking CO2 injection operations

• Pilot project implementation or «pilotization».

ELEGANCY
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Scaling



Roles of geophysics? 
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Geophysics - Seismology



Geophysics - Seismology
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Seismology with no EQs?
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• Really? 
• What are the conditions under which micro-seismicity or 

creep dominate? ( LabQuake, HighStep)
• Is creep only micro-seismicity with very high b and below 

the detection threshold? 
• Can we optimism out detection algorithms to see smaller 

events (cross-correlation ...) 
• Can we track fluid propagation using ambient noise (or coda 

wave) interferometry? 
• Model validation ( Antonio) 



Risk Governance: Monitoring 
and Mitigation Strategies
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Modelling of fault reactiviation
potential 
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Doing what?
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Based on literature study, modeling and expert elicitation 
continue to define for the Swiss  context (‘what would it need’): 

- Site characterization 
- Risk assessment strategies 
- Monitoring strategies
- Mitigation strategies 
- etc. 



CCS: why are we here?

• Rising CO2 levels and resulting climate 
change is deeply worrisome. 

• Science in Switzerland, should try to make 
a difference. 

• ELEGANCY: An opportunity to do 
something, may be not perfect at all, but 
better than nothing.

• And, hopefully, networking opportunity 
and a stepping stone. 
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ELEGANCY

Swiss case study
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Caprock/fault sealing integrity: Mont Terri experiment

• 1 central injection borehole with 
two intervals in the Main Fault 
(scaly clay fabric and fractured 
zone). Injection of a CO2-rich 
brine.

• Ca. 7-8 months of continuous 
injection, with pulse tests before 
and during injection. 

• 3 to 5 monitoring boreholes for 
geophysical characterisation
(active/passive seismic, etc.).

• Post-experiment: 2-3 sampling 
boreholes for geochemical 
characterization.

Niche 8

18 m

4.
6 

m

Gallery 18

not to scale!

The Main Fault is
located ca. 35 m 
below the niche 
floor

Suggested
borehole length: 
50 m

SENW

ELEGANCY

Technical layout

14/09/2018 Alba Zappone - ETHZ 52

Scaling

Vorführender
Präsentationsnotizen
Figure 1: The location of the LTCI experiment at the Mont Terri Rock Laboratory is quite
flexible. One requirement is that the wells are perpendicular to the layering. Some
potential locations are indicated with blue arrows.

Figure 2: Generalised sketch for the location of the central injection well surrounded by
three monitoring wells (solid circles),
configuration of further monitoring wells
(dashed circles) depend on results to be
obtained; not to scale, Ø of injection well
86 m

A manifold monitoring system : 32 seismic sensors, 3 tiltmeters, 60 strains sensors, 150 m of strain sensing cable and 13 pressure monitoring intervals.m.
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