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Executive summary

This report presents the CO; storage area in France to be fully characterised in PilotSTRATEGY and
the target for the 3D seismic survey. This report also includes an inventory of available data in the
selected area and a gap analysis.

The CCS concept linked to the pilot storage plant has been changed since the project proposal was

submitted. Work in the STRATEGY CCUS project identified the opportunity to start the storage pilot
by injecting CO2 already captured with a high level of purity from a fertilizer industry located in the
Paris Basin region. Consequently, the option to change the target injection site was also considered.

Three geographical areas were screened to explore possibilities to optimize and reduce CO2
transport for the CCUS pilot concept linked to the storage plant. Two of the areas considered are
being studied in CO2SERRE and the STRATEGY CCUS projects. A new area close to the emission
source is also considered around Grandpuits. In all three possible areas both the Keuper and the
Dogger formations would provide good reservoirs to store CO2 at the pilot scale, with a target of
injecting up to 100 kt of CO2 under a Research Permit.

The new area investigated here, around Grandpuits, was chosen as the target for full
characterisation including seismic surveying. This area is a promising region to engage in the
decision-making of CCS technology deployment where the storage site is perceived to be a useful
and beneficial technology for CO2-emission reduction to achieve the Paris agreement at
regional/local level.

Despite of a lot of data available in the area or nearby of the selected area, some information should
be acquired to the technical characterization of the storage complex. New data is planned to be
acquired in the WP2 (Geo-characterization) for the characterization of reservoir and seal rocks and
their interaction with CO,-rich fluids. The new 3D seismic will allow to characterize geologival
structures with a resolution of approximatively 30 meters. Outcrop studies could be useful to
populated facies models, which have a resolution between seismic and core scales.

The selected area was studied in the past during the hydrocarbon exploration works. “Dry” wells
were drilled the entirely Dogger Fm, their cementation and current casing quality should be
investigated in detail, as these are the most likely leakage pathways. Further, the possibility to use
these wellbores as monitor wells should be assessed.
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1. Introduction

PilotSTRATEGY aims to fully characterize geological sites and prepare legal and technical documents
with the support and engagement of regional stakeholders in the deployment of a geological storage
pilot plant of CO; in Deep Saline Aquifers located in three regions: the Lusitania Basin in Portugal;
the Ebro Basin in Spain and the Paris Basin in France.

The Paris Basin in France is the largest onshore French sedimentary basin (Figure 1). First volumetric
estimations of CO; storage capacity in the Paris Basin ranged from 800 Mt up to 27 Gt of CO;
(GESTCO! and GeoCapacity? projects). Two sedimentary formations, the Dogger Fm of the Middle
Jurassic and the Keuper Fm of the Triassic, present known and good reservoir levels in the Paris
Basin area; the area being studied in STRATEGY CCUS (Veloso, 2021) (Figure 2).

The Dogger Fm is carbonate rocks (limestones) studied in GESTCO and Geocapacity projects and
classified as Tiers1 resources (theoretical capacity) with a capacity of 4320 Mt (Storage Efficiency
Factor [SEF]=6%) and 1440 Mt (SEF=2%). In these projects, the storage efficiency was 6% and 2%
(conservative approach) and the density of CO, was 400 kg/m3, which corresponds to an
approximate depth of 1400 m and temperature of 70°C. The difference between the amounts
estimated for the identified traps and the aquifer at large scale are huge, demonstrating the need
for large structures in front of the CO, productions of the integrated plants.
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Figure 1: (1a) Geological Map of Paris Basin. A-B represents the cross-section in figure 1b

! https://cordis.europa.eu/project/id/ENK6-CT-1999-00010/fr
2 https://cordis.europa.eu/project/id/518318/fr
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The Keuper fm. includes the Donnemarie, Chaunoy and Boissy sedimentary members and is
composed of silici-clastic sediments (Figure 2). The France Nord project (2013) carried out detailed
modeling of Keuper fm. producing accurate assessments of the storage capacity by: refining
geological and dynamic modeling, especially in the injection areas, testing several scenaria for
commissioning of CO; injectors, and investigating the behavior of the CO, through time. Two areas
of the Paris basin were evaluated for a storage in the Keuper Fm, one to the North of Paris town and
another to the South of Paris. The capacity estimates for Keuper sud through dynamic modelling was
140 Mt of CO; for 40 years of injection; and for the Keuper Nord, it was 81 Mt of CO; for 40 years of
injection. Storage capacities and injection well locations from studies of the France Nord project are
used in STRATEGY CCUS project to elaborate economical-based CCUS scenarios (Coussy, 2021).
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Figure 2: Schematic Stratigraphic and lithological column of the Paris Basin indicating the target reservoir studied in
GESTCO, Geocapacity and France Nord projects.

1.1 CCS concept for PilotSTRATEGY

The awareness of CCS technology in the broader public continues to be rather limited and
acceptance levels are found to be moderate on average. Social acceptance is partly influenced by the
COzsource (Dutschke et al., 2019). Studies to assess the feasibility of a pilot storage plant of CO;
should be linked to a potential CO, capture site at an industrial facility or power plant. The storage
site should be perceived as useful and beneficial technology for CO2-emission reduction to achieve
the Paris agreement at regional/local level.

Adapting the identity of a project to local factors, such as the presence of industry, transport
network, or benefit from the exploitation of underground resources , could support the
responsiveness to local concerns. The choice of sites and how the technology is framed should
played a key role in public opinion to projects. The Public’s voices should be included early in the
decision-making processes. Therefore, an evaluation of the suitability of potential locations that
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builds on how local values can be supported by the technology opens up potential trajectories for
future projects (Rothkirch & Ejderyan, 2021).

Through pilot projects, it is possible to show stakeholders that CCS is feasible and this is important
for public perception and political support. Pilot projects, which are not of a sufficient scale to be
considered as large-scale projects, provide valuable information to assist in the design and
development of CCS projects and advance the understanding of the behaviour of COzin the
subsurface.

In the short term, CCS will provide opportunities to reduce the CO2 emission of key industries in the
economic development of the studied region and demonstrate the applicability of CCS for small-
medium emitters at the pilot scale.

During the preparation of the PilotSTRATEGY proposal, the CCUS concept for the geological pilot in
France was based on the CO2SERRE project. In the CO2SERRE project (Gravaud et al., 2021), the
storage pilot plant should store CO, from a Biomass plant to implement a BECCUS pilot in the
Orleans area. Up to 85 kt/y of CO, (IREP, 20183) could be captured from a biomass cogeneration
plant in Orleans, resulting in negative emissions. A small fraction of captured CO, would feed
greenhouse crops around Orléans. The studied storage plant of CO2SERRE project is close to the
emitter (< 20 km) and the geological target is the silici-clastic sediments of the Triassic Keuper Fm
(Figure 2).

Today, the CCS concept being considered for the pilot plan in PilotSTRATEGY project has changed.
The progress of work in STRATEGY CCUS* project helped to identify the opportunity to start the
storage pilot by injecting CO; already captured with a high level of purity from a fertilizer industry
located in the Paris Basin region, i.e.: lle de France administrative region and Loiret department. In
the production chain of nitrogen fertilizers, by far the biggest part of the CO, emissions comes from
the Steam Methane Reforming (SMR), which is used to produce the Hydrogen required for Ammonia
synthesis. Around 2/3 of these emissions are already captured. Part of this high purity CO, (99% on
dry basis) is liquefied and sold to customers. The rest (more than 300 000 t/y) is vented to
atmosphere.

2. Choice of the pilot site

Taking into account the very good potential of the Paris Basin in providing storage resources, a
screening of three areas was made to explore possibilities to optimize and reduce CO, transport for
the CCUS pilot concept linked to the storage plant. Two areas considered are being studied in
CO2SERRE (data from Artenay project, Bonijoly et al., 2009) and STRATEGY CCUS (data from France
Nord project) projects. A new area close to the emission source capturing CO, (Emitter ID:
FR1.ES.002 in Figure 3) is considered around Grandpuits, where both reservoirs, the Keuper and the
Dogger fms. would provide good candidates for a CCS pilot.

The three candidate zones selected (Figure 3):

- the Sologne area being studied in the CO2SERRE project close to Orléans town (green box).

3 French Database of Pollutant from Industrial Installation (https://www.georisques.gouv.fr/donnees/bases-
de-donnees/installations-industrielles-rejetant-des-polluants)
4 https://www.strategyccus.eu/
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- thearea studied in France Nord project and being consider in STRATEGY CCUS plans to
deploy CCUS in the Paris Basin region (lle de France and Loiret departments) (yellow box);
- the area around FR1.ES.002 facility — PilotSTRATEGY new prospective area (brown box).
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Figure 3: Preliminary selected areas from previous studies: CO2SERRE and France Nord; and the third proposed area here.
Selected emitters in the project STRATEGY CCUS are indicated with their respective CO, emission in tons (IREP, 2019), as
well existing gas natural and hydrocarbon pipelines.

2.1 Geological targets

2.1.1 Keuper formation — Trias

The Keuper Fm corresponds to a known reservoir for hydrocarbon resources composed of
sandstones and conglomerates deposited in fluvial and deltaic geological settings. The strata can be
very thick and are heterogeneous . Keuper reservoirs are sealed by anhydritic clays and Hettangian
marls and shales up to 300m thick (Bonijoly, 2003). The Keuper Fm is considered in STRATEGY CCUS
project as the best storage unit of French regions (Veloso, 2021).

The lower fluvial reservoir (Early Keuper - Donnemarie) consist of piedmont deposits with
conglomeratic bed at the base grading up to finer grained sediments. It is relatively rhythmic with

The PilotSTRATEGY project has received funding from the
European Union’s Horizon 2020 research and innovation
programme under grant agreement No. 101022664
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sandstones at the top. Grain size of deposits decreases from the South to the North direction. The
upper fluvial reservoir accumulated during the Late Keuper (Chaunoy sandstone) in two sub-basins:
one in the South of the Loire river, the Sologne area (area investigated in CO2SERRE project), and the
other in the Brie region (Figure 4).

The thickness of the deposit was controlled by the activity of deep basement faults, and in
particular, the Sennely fault. The two subsiding basin formed principally during the deposition of the
Upper fluvial reservoir correspond to two thicker zones:

- The Brie sub-basin with an accumulated thickness exceeding 300m (Donnemarie and
Chaunoy sandstones). The top of the reservoir depth is located at 2500 m-deep in the area
around emitter FR1.ES.002 (Figure 4).

- The Sologne sub-basin more than 400 m of accumulated thickness for both reservoirs. The
top of reservoir is located at 1500 m-deep in the Sologne area (Figure 4).
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Figure 4: Thickness map of the Trias deposit represented by the Keuper fm. and Bundsandstein fm. (Geothermal Atlas,
BRGM 2019).

2.1.2  Dogger formation — Jurassic
The Dogger reservoir has been an important oil-reservoir target since the 1950s. Currently, forty
geothermal plants are in operation in the Paris region, supplying hot water and heat from the
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Dogger aquifer to some 210 000 housing units. The Dogger aquifer has been supplying hot water for
district heating networks since the 1970s. It is a very productive aquifer, with water extracted at a
temperature of 55° to 85° from depths of 1500 to 2000 metres. But over time, the performance of
some wells has been affected by corrosion and the deposition of scale, and by drops in productivity
or cooling due to "cold bubbles" forming around the re-injection wells.

The Dogger Fm was formed on a carbonate-shelf system including an external open-sea domain and
an internal restricted-marine domain. A high-energy depositional setting of barrier system and
peripheral reef flats separate these domains. The external open-sea domain is a low-energy marine
environment with marls, mudstones or mudstone with pellets. The fore-barrier reef flat corresponds
to moderate to high energy deposits of grainstone and gravelly and bioclastic packstone. The barrier
is a very high energy setting with bioclastic and oolitic grainstone. The back-barrier reef flat is a
moderate to high energy environment composed of oolitic grainstone, wackestone with intraclasts,
pellets, oncoliths and bioclasts. The lagoon is the low energy depositional setting with subtidal
bioclastic wackestone-mudstone, wackestone, intertidal packstone with pellets, biopisoliths and
bioclasts, supratidal wackestone-mudstone with algae, fenestrated and desiccation structures
(Bonijoly, 2003).

Potential reservoirs are related to high-energy depositional settings of the barrier and surrounding
reef flats. Oolitic grainstones of the barrier system deposited principally during the Bathonian (Figure
2) are the main reservoir target with a thickness up to 200 m. Although the Dalles Nacrées (Callovian
— Upper Dogger) are fractured limestone target of the Charmotte oil-field in the South of the
Grandpuits area, their potential for CO, storage is low, as they are thin (15-40 m-thick) and
fractured. The seal rocks of the Dogger reservoirs are the low-energy open-marine deposits
composed of marls and mudstones with 20-40 m of thickness.

2.2 Quick look of the prospective areas

The three selected areas (Figure 3) have different geological target reservoirs depending to their
depth, thickness and lithology.

2.2.1 CO2SERRE - Sologne Area

This is the area being investigated in CO2SERRE project (Figure 3). The area is close to the heat-
cogeneration plant in Orléans. In the selected area, no wells are available. Few wells are available in
the Northern part of the area, close to the Orléans town. The Keuper Fm is the target reservoir and
is found at 1500 m deep. The reservoir is good, although some problems of injectivity were found
and solved using sand-screens for the well completions.

A nearby site was previous assessed in the CPER Artenay project supplying the geological model for
the first estimation of storage capacity being made in the CO2SERRE project. The geological model
and petrophysics distribution is based on regional data, so that the accuracy of the data is low.

The uncertainty of facies distribution and reservoir connectivity is high in this area. Besides, the area
is not well connected to existing pipelines and it is more than 100 km from emitters identified in the
STRATEGY CCUS project (Figure 3). In the North part of the area, existing gas pipelines could be
useful to transport CO,. The feasibility to constructing new pipelines close to existing ones, and the
re-use of old ones to transport CO; should be assessed.
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2.2.2 France Nord project area

The Keuper Fm is the target reservoir of the area. A detailed modeling of Keuper Sud site resulted in
an assessments of the storage capacity as Tier 2 (effective capacity) by: refining geological and
dynamic modeling, especially in the injection areas, testing several scenaria for commissioning of
CO; injectors, investigating the behavior of the CO; with time. The objective was to optimize the
number of injection wells to reach 200Mt of injected CO; in the reservoir over 40 years.

Data and information were supplied by the France Nord partners. These data were reprocessed in
2010-2012, is scarce in the studied area and quite old. Further, the dissolution of CO; was calculated
through an analytical solution as the numerical simulator was not able to solve thermo-dynamic laws
to describe the behavior of the CO, though time.

Two different petrophysical models were built from core, logs and production tests in the selected
area indicated in the Figure 3 as France Nord, Keuper:

e the first one includes porosity, from logs measurements, and permeability calculated using a
Phi/K relationship.

e the second one includes a petrophysical facies modeling, based on a study done by Engie.
Then, permeability and porosity were modeled for each facies, in order to have a more
representative geographical distribution of the properties.

e Kv/Khis0.1.

e Reduction of the net thickness estimation for all layers. Very heterogeneous reservoir (fluvial
deposits —horizontally and vertically unconnected channels).

Note that modeling water production did not improve significantly the capacity due to the
challenging connectivity of the sandstones.

e The total of CO; injected in the petrophysical model without facies was 140 Mt (P50 or
average case) during 40 years using 15 vertical injector wells

e Total injected CO; up to 54 Mt for 40 years of injection through 15 vertical wells (P50 or
average case) for the case with a facies model.

The France Nord area was studied in detail and the capacity estimation has a better maturity and
confidence than estimates in the other 2 areas. The simulation study in France Nord located some
injector wells in the Northern part of the area, which could reduce transport distances from emitters
identified in STRATEGY CCUS (Figure 3)

2.2.3 PilotSTRATEGY - new area

The area around the emitter is mostly rural with the land used for wheat crops (Figure 3),however
oil and gas industry is present. Three licenses of hydrocarbon exploitation in the Keuper Fm. are
being operated by Vermilion around the area and one license in the Dogger Fm exists in the
southern side of the area (Figure 5). Although these hydrocarbon fields currently are operating, they
shall stop their research and exploitation by 1 of January 2040 (French decree®, 2017).

5 https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000036339396
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Figure 5: Current Hydrocarbon concession around Grandpuits facility.

The storage capacity in this location was not estimated yet as Tiers2 (effective capacity of the field).
However, both reservoirs of the Dogger and Keuper formations are present and are known as good
reservoirs (Figure 5).

As detailed in the previous section (2.1.1), The Keuper in this area is deeper and is currently an oil-
field production in the boundaries of the selected area. Qil fields are likely compartmentalized by
sedimentary heterogeneity linked to the fluvial system or by faults. Seven old-wellbores in the area
reached the Keuper Fm with few cores available. Keuper reservoirs are more than 2500 m deep in
this area (Figure 5).

The Dogger Fm is also known as good reservoir in the area. The top of the (Bathonian) Dogger
reservoir around the emitter FR1.ES.002 is around 1700-1800 m-deep. The geothermal potential
linked to the high permeability and porosity of the Bathonian (Middle Dogger) is well known around
the Paris and Melun towns. Nine old-wellbores are available in the area and many cores were drilled
close to the investigated area (Figure 6).
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Figure 6: Accumulated core’s length of the Dogger around Grandpuits area (blue star)

This zone is connected to oil pipelines, gas pipelines and have an important history of oil and gas
production, as well transporting refined oil. A refinery in the area is being converted to industrial
production of biofuels and bioplastic®.

2.3 Seismic target — selected area

In the three preliminary selected areas in Figure 3, both the Keuper and the Dogger formations
would provide good reservoir levels to store CO; at the pilot scale, which means to inject up to 100
kt of CO, under a Research Permit’. Other technical criteria should be also considered in choosing
the area for the pilot. In order to enable the fast deployment of the CCS pilot in the Paris Basin, a
capture project or a capture system should be in place by the end of the full site characterization, it
means by the end of the project in 2026.

The new area investigated here, PilotSTRATEGY new area, was chosen as it seems a promising region
to engage in the decision-making of CCS technology deployment. Storage projects proposed in
industrial areas or close to industrial facilities were often more successful than the ones proposed in
“natural” sceneries, as they did not disrupt the landscape and people were familiar with the risks (J.
von Rothkirch & O. Ejderyan, 2021; e.g. Wolsink, 2007; Batel et al., 2015; Devine-Wright and
Wiersma, 2020).

The presence of industrial facilities in the area to launch the pilot offers a possibility of planning a
low cost CO; transport as the storage site would be close to the emission point. Existing
infrastructures such as pipelines (natural gas and hydrocarbon) is another important criterion in the
planning of CCS deployment. Existing pipelines could be converted to transport CO, or be used as a
guide to the construction of new ones. The long-term history of underground exploitation as oil and
gas activity or geothermal energy in the region would help to engage local population in a CO,
storage project.

6 https://totalenergies.com/fr/expertise-energies/projets/bioenergies/grandpuits-biocarburants-bioplastiques
7 http://www.consultations-publiques.developpement-durable.gouv.fr/IMG/pdf/perecherches.pdf
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Despite the estimate of storage capacity of the Dogger fm. is still immature and theoretical, Dogger
saline reservoirs in the vicinity of Melun (20 km from the emitter) have showed good reservoir
properties in the geothermal production-wells. Citizens living in the area are used to the oil and gas
activity and many of them are directly employed by these activities. An industrial facility is already
capturing more than 400 kt of CO, per year and would provide high quality of CO, for the storage
pilot plant. This facility employs 400 jobs directly and indirectly. CCS technology could offer an
attractive option to reach CO-reduction targets in the department and in the administrative region
of “lle de France” by 2030.

Concerning the Paris Basin site characterization in PilotSTRATEGY, a 3D seismic acquisition using an
innovative non-intrusive approach, i.e: no explosive, no cables, no drilling, is planned for April-May
2022. Data will become public. A dedicated report will detailed the seismic design and the field
acquisition work. The 3D seismic acquisition comprises an area of around 10 km?, which will be the
target of forthcoming studies of the project including social sciences, geoscience studies,
engineering work, and risk management framework.

3. Inventory of available data — Dogger Fm.

Hydrocarbon production and geothermal energy studied and exploited the Dogger Fm since 1950s.
Many data and information is available for the Dogger Fm at basin scale. A description of the
available data in the area around the emitter, as well as on a Regional scale (hundred of kms around
the emitter) is presented in this section. National and International projects supplying data and
information are listed by category of the data discipline. This list is not exhaustive, as more projects
and information could become available in the course of the PilotSTRATEGY project.

3.1 Geoscience data

Many projects have studied the Dogger Fm. at basin scale and regional scale. The following projects
supply geoscience information of the Grandpuits area. Data from projects cited below are public or
are part of the background information of the project partners.

3.1.1 Geology, petrohysics and 3D modelling

GESTCO?® (European project FP5-EESD)- European potential for geological storage of co2 from fossil
fuel combustion (2003) — Screening of potential reservoir in Paris Basin for geological storage of CO,.
GESTCO made a first evaluation of storage capacities of CO; in low enthalpy geothermal reservoir in
the Paris Basin. Evaluation of technical solutions for CO, storage in geothermal reservoirs and the
evaluation of the costs.

ANR-SHPCO?2° (French National Agency) - Simulation Haute Performance du stockage géologique de
CO; (2012). The 3D geological and petrophysical model of the Dogger at the basin and regional scale
are available. These models were used to carry out CO;injection simulation to study the
hydrodynamic behavior of the reservoir (TOUGH software) and the reactive-transport (Coores-Arxim
code).

8 https://cordis.europa.eu/project/id/ENK6-CT-1999-00010/fr
% https://anr.fr/Colloques/Energies2012/presentations/SHPCO2.pdf
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Geothermal Atlas (BRGM) - Caritg et al. (2018) — Mapping of geothermal targets in France of
temperature > to 90° C. Detailed maps at Regional level are available.

ANR-UpGeo (French National Agency) - UPscaling and heat simulations for improving the efficiency
of deep GEOthermal energy (2023). Upscaling of measured permeability in samples to reservoir
scale sedimentary connectivity. This project is building an exhaustive database of petrophysics
measures in core plugs to correlate with wellbore logs and to build a 3D geological and petrphysical
model of the Dogger. The area covered by UpGeo project extends to from the Nord of Paris town to
Melun (town). Melun is located at 30 km to the West from Grandpuits facilities.

RTPG-PICOREF (Réseau des technologies pétrolieres et gazieres) is a project that investigated the
storage of CO2 in the Paris Basin (2005-2006). This project looked at the possibilities of storage of
CO2 in France including aspects regarding safety with works such as the investigation of regulatory
framework and environmental aspects (Blanchard, 2006), work on the seismic risk (Roullé, 2006)
that lead to identifying an area of the Paris Basin that is characterize by a no seismicity area (Figure
7). Work as also been done on:

- Geophysical investigation (other than seismic) to follow the geological storage (Fabriol and
Debeglia, 2006).

- Reactive transport (Lanini and Kervévan, 2007) and coupling chemistry and transport
(Kervévan et al, 2007).

- 3D modeling of CO2 injection in the Dogger (Durst and Kervévan, 2007)

- Fracture investigation (Dezayes, 2007)
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Figure 7: Seismicity in France, the red polygon shows the area selected for the work in PICOREF RTPG (Roullé, 2006)
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ANR-PICOREF (French National Agency) - Pilote d’Injection du CO, dans des Reservoirs géologiques
en France (2006-2008). The project was the direct follow-up of the PICOREF financed by RTPG cited
previously and also focused on the characterization of CO , storage in the Paris Basin. The area of
interest has been focused compared to RTPG-PICOREF but the specific target remains the Triassic
clastic reservoirs and the Dogger carbonate reservoirs. The overview of the project can be seen in
the OGST publication of Brosse et al. (2010). The selected area more focused area south-east of Paris
within the no seismic area identified in PICOREF (RTPG). Correlation of wells have been made and
the PICOREF sector (Figure 8) has been modeled considering a wider area referred as the “regional
domain”.
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Figure 8: Extension and wells considered in the PICOREF project (Brosse et al, 2010)

The data available in PICOREF cover a wide range of information that have been gathered into
geological model coordinated by the BRGM (Grataloup et al, 2008). This modelling encapsulates an
area (see extension in Figure 9) with an extension to the west beyond the core “PICOREF area”
described in Figure 8. This modelled area includes the Nangis area (see Figure 9) that is of interest in
our project.

10 https://anr.fr/Projet-ANR-05-PC0O2-0005

@PilotSTRATEGY
www.pilotstrategy.eu
Page 16

The PilotSTRATEGY project has received funding from the
European Union’s Horizon 2020 research and innovation
programme under grant agreement No. 101022664




{¢) PilotSTRATEGY

Dalle_Nacree RN B Trias
Comblanchien 3 l'a Rhetien_continental
Oolithe_Blanche | B Chaunoy
Bathonfen_moy_inf Argiles_Chanville
Mames_O P i Sainte_Colombe
jocien_inf it 8 Marnes_irisees_moy

ameux . | Donnemarie
Domerien f g Muschelkalk
Lotharingien = g § Buntsandstein T
Sinemurien 2 1 3 Substratum X.Y,Z unks: meters

Figure 9: Model from Trias base to top dogger around the PICOREF area (Grataloup et al. 2008).

As part of the ANR-PICOREF project an important effort has been made on the petrophysical analysis
(Delmas, 2007). On the cores measurements of permeability, porosity, and matrix density have been
done with 6000 values in 70 wells within the PICOREF sector and 1000 values in 16 wells at close
proximity to the PICOREF sector. Additional data of calcimetry, age, formation, and texture have also
been collected. In addition, 75 wells have had a porosity-permeability-density log. The results
obtained by this work gives the following average values show in Table 1.

Table 1: Average porosity and permeability of the Dogger carbonate aquifer (Delmas, 2007)

Porosity Permeability
Lower Callovian (Dalle nacrée) 55% 1D
Upper Bathonian (Comblanchien) 4% 3.8D
Upper Bathonian (Oolithe Blanche) 14.5 % >10 mD

3.1.2 Geomechanics

Pressure increase in the reservoir due to CO; injection will induce a deformation which may trigger
integrity issues of the cap-rock, faults instability, and significant surface displacements. In order to
address these risks, numerical simulations based on a 3D coupled hydro-mechanical model will be
performed. Evaluation of in-situ stresses as well as mechanical properties of reservoir and caprock
formations is needed. A previous CO; injection modelling study into Dogger carbonates at Saint-
Martin-de-Bossenay sector was carried out as part of the GeoCarbone project [Brosse et al. 2010]. In
this project, a coupled flow-geomechanical model has been proposed [Vidal-Gilbert 2009].

World stress map data indicate maximum horizontal principal stress oriented around N150° in Paris
basin.
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Figure 10: orientation of maximal horizontal principal stress in Paris basin from WSM data.

Willeveau et al (2007): ch=8 MPa (constant) in Dogger and above argillite, in the limestone
formation. Major principal stress is horizontal oriented N150°+10°. 1.4<=cH/ch<=2, high value.

Gunzburger & Cornet (2007) studied the stress field at Bure in the eastern Paris basin. They give
values of mechanical properties in Dogger formation.

Table 1. Average physical and mechanical properties of the different lithological units derived from classical laboratory tests (*) and from borehole sonic
logging (**). Static and dynamic parameters are in good agreement in the case of the limestone formations, whereas the average static Young’s modulus of
the argillite is four to five times lower than the dynamic one. Such a contrast may be attributed to non-elastic deformation during laboratory tests, possibly
associated with short-term creep.

Bulk Static Young’s Static ucs UTS Dynamic Young’s Dynamic
(g cm™) modulus Poisson’s (MPa)* (MPa)* modulus Poisson’s
density (GPa)* ratio* (GPa)** ratio**
Oxfordian 2,50+ 0,12 15-40 2 25-75 ? 38+10 0.3 +0.02
limestone
Bure argillite A unit 2,44 4+ 0,08 54+ 15 0,3 + 0,05 29+ 12 27+15 21+4 02+0.1
B - C units 40+ 15 21
Dogger limestone 2,63 £ 0,05 38+ 15 0,23 + 0,05 53-120 24-83 46+3 0.3 +£0.01

Masson et al (2019): there is a NE-SW shortening in Paris basin (0.8 10°/year) part of a large scale
shortening in central and western France. There is a small subsidence of -0.3mm/year in Paris basin.

3.1.2.1 In-situ stress

[Gunzburger 2014] summarize several places in Paris Basin where stress data are available
(orientations and maximum principal stresses ratios). Two major stresses measurement campaigns
have been conducted in Bure sector by Andra for nuclear waste storage proposal. In-situ stresses for
Dogger carbonates, Callovo-Oxfordian claystones and Oxfordian carbonates formation have been
characterized. Obtained results presented in [Willeveau 2007], [Cornet 2010] and [Cornet 2012] show
a maximum horizontal stress (SH) orientation of N150E + 15°. The maximum horizontal to vertical
stress ratio (SH/Sv) tend to 1 with depth, while the minimum horizontal to vertical stress ratio (Sh/Sv)
range between 0.8 and 0.6 with a lower deviatoric stress observed in clay-rich formations.

In [Vidal-Gilbert 2009] a maximum horizontal stress (SH) azimuth of N150°E has been deduced from
breakouts analysis of SMB17 and SMB18, an average minimum horizontal to vertical stress ratio Sh/Sv
= 0.7 has been defined from hydraulic fracturing tests, and the SH/Sv ratio has been fixed to 1 based
on literature data.
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These measurements are in agreement with data from [Cornet 1992] in'the Massif Central, and more
generally, with regional orientation and magnitude observed at the basement level [Heidbach 2018],
[Muller 1992].

3.1.2.2 Material properties

[Vidal-Gilbert 2005] described a methodology to estimate elastic properties from velocities and
density log relying on Biot-Gassman equation and Wang correlation. Moreover, correlation between
p-velocities and porosities in limestone when depositional environments and diagenetic processes are
known have been established by [Brigaud 2010]. Such approach can be used to estimate elastic
properties based on logs found in the vicinity of Grandpuits area.

An alternative approach is to consider analytical models. [Bemer 2004] proposed a methodology to
infer elastic and plastic properties from porosity for limestones, and from porosity/mineralogy for
sandstones. Models are simple and obtained results are in agreements with experimental and
literature data.

Concerning the characterization of the Callovo-Oxfordian claystone behaviour, several works have
been published. In [Armand 2017], Young modulus measurements together with mineral content are
available at shallow depth (500 to 600m), obtained average values are between 6 and 12 GPa
influenced by the calcite content. A homogenization model validated on these data has been proposed
by [Guery 2008] and may be used to extrapolate properties at lower porosities.

Additional uniaxial and triaxial tests results are published in [Chiarelly 2003], [Belmokhtar 2017].
[Menaceur 2015] has referenced experimental works focused on the characterization of plastic
properties of the claystone. Average values deduced from these works are close to 21° for the
friction angle without strong deviation at considered porosities, while cohesion range is between
3.9MPa at 12% porosity and 1.94MPa at 17%.

In [Vidal-Gilbert 2009], elastic properties are deduced from velocity and density logs from the well
SMB17. Identified properties are approximately 24GPa for the reservoir (at 15% porosity) and 13.5GPa
in the caprock (at 5% porosity). Friction angles and cohesions were obtained from empirical
correlation for the reservoir [Bemer 2004] and extrapolated from published triaxial test on Callovo-
Oxfordian samples for the caprock. Retained values for reservoir are 9.5MPa for cohesion, 40.8° for
friction and for caprock, 9MPa and 20°.

3.1.3 Geochemical characteristics

The Dogger formation is the main geothermal aquifer exploited in the Paris region. Geothermal
operations, developed since the early 1970s, allowed access and sampling of the reservoir fluids at a
regional scale. Accordingly, a large number of water samples and physico-chemical analyses are
available at the periphery of the PilotSTRATEGY new prospective area. Rojas et al. (1989) compiled
and discussed the most comprehensive chemical analyses of the geothermal fluids, including both
water and gas composition.

From a general approach, the water of the Dogger aquifer is classified as a sodium-chloride type water,
with a salinity between 5.8 and 35 g/l and temperatures between 47 and 85°C, in the center of the
Paris basin. Groundwater temperature and salinity decreases towards the outcrops — e.g. in the South
of the Paris Basin (Fontainebleau, Evry, Corbeil; Figure 11) — due to dilution by meteoric waters (Rojas
et al., 1989). The areas with the most saline and warmest groundwater are located in the topographic
troughs (Meaux, Coulommiers ; Figure 1), which contain brine waters (> 30 g/I). A hypothetical upflow
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of brine groundwater originating from the Triassic aquifer — through vertical faults — has been
proposed to explain the occurrence of brine groundwater and/or the slight SO4 enrichment identified
locally in the Dogger aquifer (Maget, 1991; Michard et Bastide, 1988; Wei, 1986). The PilotSTRATEGY
new prospective area being located between Melun and Coulommiers, a groundwater of intermediate
salinity and temperature is expected in the Dogger aquifer — i.e. based on the existing scientific
literature.
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Figure 11: Map of the groundwater salinity in the Dogger aquifer of the Paris Basin (Rojas et al., 1989)

On a local scale, variations in hydrogeochemistry between the top and the bottom of the Dogger
aquifer occurs, but the variations remain low with respect to major elements. Such general pattern
led to neglect vertical drainages and exchanges between the stratified Dogger layers and thus consider
a homogenous salinity and chemical composition with respect to depth within reactive transport
models to simulate supercritical CO; injection (André et al., 2007; Mathurin et al., 2017) or geothermal
operation (Castillo et al., 2011; Marty et al., 2020) of the Dogger aquifer.

In term of mineralogy, the composition of the Dogger formation was characterized from cores from
Aulnay-sous-Bois and Cergy for primary minerals in the 1990’s, whereas accessory minerals were
defined by calculation of the thermodynamic equilibrium of the Dogger pore water (Saturation
Indexes) with respect to mineral phases (Azaroual et al., 1997; Coudrain-Ribstein et Gouze, 1993;
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Michard et Bastide, 1988). André et al. (2007) proposed an assemblage mainly composed of
carbonates and aluminosilicates minerals. The mineralogical assemblage consists essentially of calcite
and dolomite, whereas siderite, illite, albite and K-feldspars are considered as accessory minerals.
Such mineral assemblage has ever since been used as a reference within the geochemical and reactive
transport modelling simulations applied in the Dogger aquifer (André et al., 2007; Castillo et al., 2011;
Gille, 2010; Marty et al., 2020; Mathurin et al., 2017).

In the RTPG-PICOREF, reactive transport (Lanini and Kervévan, 2007) and coupling chemistry and
transport (Kervévan et al, 2007) have been investigated.

As part of the ANR-GéoCarbone-PICOREF project, the investigation of the temperature and salinity

has been done in both Triassic and Dogger reservoirs. The results of this work by Monnet (2006) is

synthetized in a confidential report with numerous data. In the ANR-PICOREF area the Dogger has a
temperature estimated between 46 and 69°C and a salinity between 1 and 20 g/l and in the Triassic
a temperature between 80 and 115 °C for a salinity between 1.8 and 200 g/I.

3.1.4 Seismicity

The seismicity in the Paris Basin has been investigated by Roullé (2006) in the framework of the
PICOREF-RTPG (see the section 3.1.1). The conclusion of this work is that within the area
investigated (Figure 12) is not showing any seismic activity (measured) but the area at the north with
the proximity with the Bray Fault as a potential source of seismogenic activity.
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Figure 12: Seismotectonic zonation

3.1.5 Injection and injectivity
CLASTIQ-2 (ADEME, French Ministry) - Ressources géothermales des réservoirs clastiques en France
(2012).

ANR GeoCarbone-Injectivité (French National Agency)*! — Study of optimal conditions to inject CO; in
the carbonate reservoir of the Dogger (2008). Analytical calculations and scenaria of CO; injection
taking into account thermo-physics and thermo-dynamic behavior of CO; in the reservoir, wellbore

modelling and geochemical modelling.

11 https://anr.fr/Colloques/NTE2009/pdf/5/C022005%20INJECTIVITE%20resume _bilan.pdf
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3.1.6 Hydrogeology

The Dogger formation is a deep aquifer in the center of the Paris basin, with the top of the aquifer
situated between -1073 mNGF (Beauvais) and -1847 mNGF (Coulommiers) and pressure ranging from
134 bars (Beauvais) to 211 bars (Coulommiers) (Rojas et al., 1989). The Dogger aquifer naturally flow
overall towards the north-west of the Paris basin (Figure 13), with a regional flow velocity estimated
to about 1 m/year (Wei, 1986), although flow velocities appear to be higher in the southern part of
the Paris Basin (Aubertin et Ballin, 1984). However, from the current knowledge (Figure 13), the water
table of the aquifer displays a natural hollow shape in the PilotSTRATEGY new prospective (hydraulic
head < 140 mNGF), meaning that groundwater may naturally flow from Fontainebleau (hydraulic head
> 180 mNGF) and Coulommiers (hydraulic head > 160 mNGF) toward the prospected area.

The cumulative thickness of the productive levels of the Dogger formation is in the range of 5.5 m
(L'Hay les roses) and 47 m (Mée-sur-Seine). The thickness of the hydraulically conductive layers of the
aquifer overall decreases towards the East of the Paris Basin (Rojas et al., 1989). An estimated
thickness of 20 m is expected in the PilotSTRATEGY new prospective area. The porosity of the
hydraulically conductive layers of the formation varies from 10 (Chevilly-la-rue) to 23.5% (Aulnay-sous-
Bois) (Gille, 2010; Rojas et al., 1989), with a theoretical porosity estimated between 14 and 18 %
(Meaux and Coulommier) in the new area of study. The hydraulically conductive layers of the
formation display a large range of intrinsic permeability, varying from 2.30 x 10® m/s (Fontainebleau)
and 6.90 x 10° m/s (Bondy) (Gille, 2010; Rojas et al., 1989).

Potentiometric groundwater
level in the Dogger reservoir in
the center of the Paris Basin

« reported from oil well records

« reported from geothermal well
' records

- tectonic structure

% southern boundary of the reservoir

L’) potentiometric surface of the aquifer

Z2-Co—

Figure 13: piezometric map of the Dogger aquifer in the center of the Paris Basin (adapted from Aubertin et Ballin, 1984).

Information regarding the Hydrogeology in the Triassic reservoir is available from the PICOREF
project (see confidentiality regarding the project in section 143.1.1). The information relates to the
Master project of A. Dufournet (2007) that had the focus to create a 3D hydrogeological model of
the PICOREF sector. The model uses data that have a larger extension (inc. geological structure,
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lithological facies, porosity, permeability, salinity, ...) to obtain the natural hydrothermal flow and a
simulation of CO2 injection.

3.1.7 Geography

Grandpuits is located in the Paris area, some 60 km to the South-East of Paris. The nearby
city of Provins is situated 25km to the East and counts some 12,000 inhabitants. To the West
at about the same distance is the city of Melun (not shown on this map) which counts some
40,000 inhabitants. Grandpuits thus sits in the Ile de France region, number one of the 13
regions of continental (metropolitan) France; with about 20% of the French population, it is
the most populated region in France, and generates nearly 30% of the French Gross
Domestic Product (GDP).

The site of Grandpuits is part of the commune of Grandpuits-Bailly-Carrois, itself part of the
Community of communes of Brie Nangissienne, a grouping of 20 communes counting a total
of about 28,000 inhabitants (figure D below). The largest commune, Nangis, with about
8,800 inhabitants, is the capital city for this Community of communes.

The Seine and Marne is also a large water reservoir for Paris with the Champigny aquifer
and source water (e.g. Voulzie), hence the precautions that are taken not only by industry
but today by agriculture as well to eliminate or reduce pollution from fertilizers and
pesticides in the water. This "sustainable agriculture" involves all the departmental players
such as Chamber of Agriculture, House of livestock, General Council, Basin Agency,
Departmental directorate of territories (DDT), etc

4. Gap analysis

Despite a lot of data being available in the area or nearby to the selected area, some information
should be acquired for the technical characterization of the storage complex. New data is planned to
be acquired in the WP2 (Geo-characterization) for the characterization of reservoir and seal rocks
and their interaction with CO»-rich fluids. These data are:

- Petrophysics: rock properties from both physical samples (core and cuttings) and digital
measurements (well logs). Reservoir samples: Porosity and clay bound water; Pore size
distribution by mercury injection; Permeability and formation factor; Irreducible water
saturation. Caprock samples: gas entry pressure

- Geochemical: optical microscopy and X-Ray Diffraction (XRD) identification of potentially
reactive mineral phases; and mineral surface microtextures characterised by Scanning
Electron Microscopy to identify changes after exposure to CO,. Batch reaction and flow
through vessels will provide reaction rates for the reservoir minerals on exposure to CO,.
Relative permeability curves for the CO2-brine system under drainage and imbibition for the
selected reservoir rocks.

- Geomechanical: For geomechanical properties, the tensile strength will be determined from
Brazilian tests. From uniaxial tests, the uniaxial compressive strength and the static elastic
moduli will be determined. And finally dynamic elastic moduli will be determined from
ultrasonic velocity measurements.
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Other data and information listed in this section is related to the Paris Basin area and its specificities.
The reservoir and caprock system are well-known in the area. The upper part of the Dogger Fm, the
Callovian, is an oil field being exploited in other areas of Paris Basin. Most of data available from
cores samples concerns this upper part of the Dogger reservoir. As the target reservoir here is the
lower part of the Dogger Fm, the Bathonian, cores and data available from core samples are scarce.

Formation water composition and samples are available in the nearby oil-fields. French partners
have requested the oil-field operator to access this data for the geochemical analysis and modelling
foreseen in the WP2.

The new 3D seismic will allow characterization of faulting at the scale of the seismic with a
resolution of approximatively 30 meters. Smaller faults and fractures should be characterized by
integration and interpolation of observations at seismic scale (tens of meters) and core scale
(centimeter to meter). Outcrop studies could be useful to populated facies models, which have a
resolution between seismic and core scales.

The selected area for the full characterization was studied in the past during the hydrocarbon
exploration works. Therefore, five “dry” wells were drilled the entirely Dogger Fm in the prospective
area (Figure 14). These wellbores should be investigated in detail regarding mainly their cementation
and current casing quality, as these are the most likely leakage pathways. Further, the possibility to
use these wellbores as monitor wells should be assessed.

95 475 0 9.5 Kileme'

Figure 14: Dry wellbores (green points) in the selected area for the seismic acquisition is delimited by the square.
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