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ABSTRACT

This paper presents the preliminary results of the characterization of the low enthalpy geothermal resource in the lower Tertiary
fractured limestone aquifer within the Emporda Basin, located in the north-eastern sector of the untrusted foreland basin of the
Pyrenees in NE Catalonia. The case study is included in the GeoERA HotLime project (co-financing H2020), which addresses the
mapping and assessment of geothermal plays in deep carbonate rocks from different pilot areas in Europe. A new 3D geological and
thermal model of the reservoir-bedrock system has been developed through an integrated interpretation of the previous geological,
geophysical and geothermal information available in the study area, complementing it with new geophysical and rock sampling
campaigns. The overall available information has been used to develop a 3D conductive layered based steady state regional heat flow
model applying a heat uncertainty analysis, to infer the probable temperature distribution within the basin. The geothermal potential
assessment has been addressed using the new 3DHIP-Calculator tool, a Matlab-based software compiled for windows which allows
to stochastically apply the Heat-In-Place method (Muffler and Cataldi, 1978, Muffler, L.J.P., 1979) by using 3D voxel models. Then
by means of geographical information system, the georeferenced output results have been converted in raster maps showing among
them the spatially distributed stored heat energy (PJ/km?) under different probability scenarios (P10%, P50% and P90%). These maps
allow to identify the most favourable and promising areas to go forward for the planning and development of new prospections at
local scale.

1. INTRODUCTION

Deep carbonate geothermal reservoir has been of interest in Europe (EU) as they contain low-to-medium temperature fluid reservoirs
useful for direct uses and many times for CHP generation. The most well-known examples of tapped resources in EU are in Paris
Basin (France) and Molasse basin (Germany) which exploit resources located within Mesozoic deep aquifers since many years ago.
Spain also have potential for low-to-medium resources (Arrizabalaga, 1., 2020). In Catalonia (NE, Spain) the most favourable areas
are localized mainly in the Ebro River basin and the Neogene basins related to the Catalan Coastal Ranges (such as the Vallés basin,
Reus Valls Basin, Emporda, La Selva, etc). These geothermal resources, if deployed and harnessed adequately through new studies
and proper development initiatives, could help for instance to decarbonize the heating and cooling sector in different energy high
demanded areas. Nevertheless, one of the main troubles to develop projects is the necessary initial investment to prove and
characterize the resource. The geological knowledge of the deep major geothermal areas in Catalonia and Spain in general, is far
from what is available in other countries like France, Germany or Switzerland, because in the last 30 years, there has been almost no
exploration. In fact, deep geological knowledge (>1500m) in terms of reservoir characterization is limited. This is one of the reasons
among others likewise important, why geothermal projects have been hampered so far in Spain and consequently in Catalonia too:
the lack of information on the hydrogeological characteristics of existing deep aquifers.

The oil and gas industry in the 1960’s and 1970’s made different studies exploring the subsoil by means of seismic campaigns and
with few deep wells in different places around Catalonia. Afterwards some exploration studies were carried out in the 1970’s and
1980’s by the Instituto Geologico y Minero de Espafia (IGME, 1976, and others later) which includes geophysical works, geochemical
sampling and some shallow exploration wells (mainly 200-500m depth). These studies were based on the available formation obtained
from old deep hydrocarbon exploration wells did in 1960’s which served to identify several Mesozoic and Tertiary permeable
formations. The low-enthalpy geothermal play of the Emporda basin located in the north-eastern sector of the untrusted foreland
basin of the Pyrenees in NE Catalonia was one of the promising identified areas. In this, it was identified a deep and hot fractured
carbonate reservoir in the lower Eocene. This reservoir has been up to now of interest at least two times for different private initiatives:
for spirulina production in the 80’s and for new hotel-spa project in 2000s (PH, S.A. 2003). However, there is no detailed evaluation
at the aquifer scale. The unique available resource assessment at regional scale for the whole territory of Spain was prepared with the
framework of the PER 2011-2021 technical study titled ‘Evaluation of the geothermal energy potential’ (Sanchez-Guzman, et al.,
2011). This was based on the available data gathered by (IGME, 1976). The rough assessment of accessible geothermal resource base
was did using the well-known volumetric "Heat In Place" (HIP) method proposed by the US Geological Survey (USGS) (Muffler &
Cataldi, 1978; Muffler, L.J.P., 1979) following a deterministic approach (fixed values) and a regional unit model (estimation for the
entire reservoir).
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The HIP estimation is the first and the key step of any geothermal project in early exploration stages. The HIP method its subsequent
revisions and new proposals for specific reformulations (Williams, et al., 2008, Garg & Combs, 2011, 2011, 2015) is the evaluation
technique for the estimation of the available stored and recoverable heat from deep geothermal reservoirs most globally used today
among geological services, research centres and companies in general. The methodology that was originally defined should use the
stochastic approach proposed initially by Nathenson (1978) to consider the uncertainty in the accessible geothermal resource base.
The variables used to estimate the stored energy are the volume (area and thickness) and the average temperature of the reservoir, the
re-injection or reference temperature, and the properties of the water-rock system: porosity, density, and specific heat capacity.

In the simpler form of applying the HIP method, the reservoir is conceptualized as a unit model (one-cell approach) for its entire
volume or considering a specific part of it, and therefore the stored heat is estimated as a whole (Arkan & Parlaktuna, 2005; Halcon
et al., 2015; Yang et al., 2015, Barkaoui et al., 2017; Shah, et al., 2018; Miranda et al., 2020). This is normally performed using
commercial software such @Risk (Palisade) or Cystall-Ball (Oracle). This approach can be also applied nowadays using free and
open-source tools (Pocasangre & Fujimitsu, 2018). Altough originally the HIP method was tought to be applied following a stoachstic
approach using Monte Carlo simulations, many authors has been also applied it following a determinitic approach at regional scale
(Colmenar-Santos et al., 2016; Limberger et al., 2018). To better define the volume of the reservoir in this deterministic approach
many authors improve the workflow using 3D geological models to better determined the volume of the aquifers for then globally
applying the deterministic HIP approach (Bir, K., Sass, 1., 2014; Yang et al., 2015). More recent and rigorous approaches have been
implemented in the framework of nationwide projects in Netherlands (ThermoGIS project) and in specific parts of Italy
(VIGORThermoGIS) which used 3D subsurface models and mapping techniques by means of Geographic Information Systems (GIS)
to spatially and stochastically assess deep geothermal potential (Van Wees, et al., 2010, Kramers, et al., 2012; Trumpy et al., 2016).
The codes behind these two tools are a reference for the geoscientific community and shape the way forward to assess resources on
aregional scale. These tools make it possible to develop maps to show the HIP spatially, an essential aspect so that later, users, using
GIS tools, can analyse the correspondence between the availability of resources and the location of demand. However, these tools are
not designed to be used outside of the areas for which they were developed. Therefore, with the aim of having a standard and free
access tool for the entire geothermal community that allows the calculation of HIP and heat recovery based on 3D data through Monte
Carlo simulations, in February 2020 the Institut Cartografic i Geologic de Catalunya (ICGC) released a new free software called
3DHIP-Calculator (Piris et al., 2020). The new tool allows to assess the regional deep geothermal potential from the three-dimensional
point of view using stochastically the volumetric USGS method. Using it, the user imports their own 3D geological and thermal
models prepared before to evaluate their own case studies and derive maps. This new tool presented in the framework of the 8" EGW
(European Geothermal Workshop) that took place from 7-8 October 2020 (online) will also be used within of the GeoERA H2020
Era-Net (Establishing the European Geological Surveys Research Area to deliver a Geological Service for Europe) HotLime project
(Mapping and Assessment of Geothermal Plays in Deep Carbonate Rocks — Cross-domain Implications and Impacts).

The HotLime project, which will run from July 2018 to June 2021, is one of 15 projects approved under the GeoERA umbrella that
has received funding from the European Union's Horizon 2020 research and innovation programme. The project focused on mapping,
characterization and comparison of geological situations, in 11 deep carbonate reservoirs across Europe. The project is participated
by 15 European geological survey organizations. The aims are to identify and apply uniform workflows for estimation deep
hydrothermal resources in carbonate reservoirs. The principal outcomes will be spatial representations of the areas under investigation
(3D models, 2D maps). Among the different case studies, one of them is situated precisely in the NE part of Catalonia (Spain) within
the before mentioned named Emporda Basin. This case study assesses the low enthalpy geothermal resource in the lower Tertiary
fractured limestone aquifer.

With the aim to perform a new an accurate resource assessment for the whole aquifer within the Emporda basin, new exploration
campaigns, laboratory petrophysical analysis, and finally a new 3D geological, geophysical and thermal models have been
coordinated and realized by ICGC within the period 2018 — 2020 with some specific support of the Autonomous University of
Barcelona (UAB) and University of Barcelona (UB).

2. THE EMPORDA CASE STUDY (NE CATALONIA) - GEOERA HOTLIME PROJECT

2.1. The geological, hydrogeological and geothermal setting

Catalunya (Spain) is located in NE of Iberian Peninsula (SW of EU). The main structural areas within its territory are related to the
Pyrenees ranges, the Southern Pyrenean foreland Basin (Ebre basin, the Catalan Coastal Ranges, and the Neogene basins such as the
Emporda basin (EB) (Figure 1). The EB is a Neogene basin located in the NE of Catalonia, close to the Pyrenees ranges. It was
generated during the opening of the ‘Valencia Trough’ (Late Oligocene — Middle Miocene) as the prolongation of the European
Cenozoic Rift System. Due to extensional tectonics, EB was formed as a tectonic graben by a NW-SE-trending fault system, which
overlaps the contractional structures of Alpine period (Saula et al., 1996). EB is internally cut by normal faults with listric geometry
and measured dip slips of about 1000 m in the main ones. This faulting caused a blocky structure in the pre-Neogene bedrock, which
presents a general deepening towards the north (Figure 3).

Within the lithostratigraphic succession from the Paleozoic to the Paleocene, a potential hot limestone aquifer was detected. It
corresponds to the well-known Girona Limestone Formation (GLF), located in the Lower Eocene part of the sequence. Its thickness
values range between 22m to 200m with a median of 75m. It shows an increase from E to the W (Palli, 1972). Towards the N and in
depth, the thickness increases to 270 m, according to interpreted cross-sections. The maximum depth reaches the 2650 m in the study
area. The aquifer covers an area of more than 400 km?.

Two deep wells exist in the area of study (Figure 1).
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Figure 1: A) (top right) Location of the area of study within Europe. B). Area of the Emporda basin with the location of the
main regional faults, according to ICGC (2017).
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Figure 2: A) (top) Synthetic structural and lithological map of the study basin (modified from ICGC, 2014). The map shows
the cross-section and the location of the borehole data used to build the 3D geological model; B) (below) Synthetical
cross-section showing the location of the Girona Limestone Formation (GLF).
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The first well called 'Girona-2'was drilled in the 1962 with a depth of 3319 m in the framework of the oil and gas exploration campaign
within the Emporda basin. During the drilling campaign, it was observed that the fractured limestone aquifer located at a depth of
964m could have geothermal interest. The well showed artesian behaviour, with almost constant flowrate of 3-4 L/s, WHT (well-heat
temperature) @ 48°C and with a fluid supersaturated in COz. Today, this well is clogged and unusable.

The second one it corresponds the geothermal “Jafre well” drilled in 1988 with a depth of 970 m near the town of Jafre. This new
well drilled the same fractured limestone aquifer attributed to the base of the Tertiary (Girona Limestone Formation, GLF). It
confirmed the geothermal potential observed with the old Girona-2 well from 915m to 968 m deep. It also showed the same artesian
behaviour and a geothermal fluid at WHT@51°C with a constant artesian regime, and BHT@53,5°C. Interest in the 'Jafre' well was
launched again in the 2000s, thanks to a private investment with the aim of promoting a new hotel-spa (PH, S.A. 2003). The well was
reopened, and new hydraulic tests were carried out. However, this project was also abandoned for economic reasons a few years later.

The hydraulic parameters of the reservoir were interpreted in the ‘Jafre well” by means of a well pumping test done over 14 days in
March 2003 for the reopening project Two flow rate steps were used: 25 L/s (8.04 days) @ 51.6°C and 50 L/s (1.5 days) @ 51.7°C
with the corresponding recovery periods. The aquifer behaved as a confined aquifer with an estimated BHP of 90 bar at steady state.
Considering a thickness of 25 m in Jafre well, and an isotropic and homogeneous aquifer, the short-term analysis of the pumping test
suggested the transmissivity, hydraulic conductivity and Storativity reservoir values of 100 m?/d (1.7e-3 m?/s), 4m/d (4.6e-5 m/s) and
3e-04, respectively which would correspond to a medium to low permeability fractured rock reservoir.. More recently, laboratory
results obtained by ICGC-UB (2019) from rock samples suggest that matrix is very low in between 0.2 to 0.01 mD. However, the
analysis of the outcrops shows that the rock has a relatively high fracture density, likely allowing the GLF behaving as a fractured
reservoir.

Despite the hopeful permeability values obtained in the short-term analysis (PH, S.A. 2003), the interpretation of the s/t curves at
long-term also showed that, at least in this part of the basin (as can be observed in Figures 2 and 3), the aquifer is compartmentalized
due to the presence of faults that can act as very low permeable geological boundaries. In this context, the aquifer capacity in the
Jafre well study area should be considered moderate to low. Contrary, it is estimated that towards the west of the basin, the
compartmentalization in the deeper parts of the aquifer could be less according to the current geological knowledge and the
transmissivity higher due to a higher aquifer thickness. Regarding the reservoir porosity, the new data obtained by ICGC-UB (2019)
indicates the rock matrix values are between 1 to 15%. In the other hand (PH, S.A. 2003) reported a value of 7.6% estimated from
density-neutron logs. In this context, the fractures must play and important role increasing the secondary porosity. Regarding
hydrogeochemistry, the fluid in the reservoir presented slightly acidic average pH values around 6.4, EC of 4575 uS/cm.

Considering the BHT corrected values, for the Girona-2 well it was estimated the temperature gradient of the aquifer is 47°C/km.
According to the BHT Jafre values, a geothermal gradient of 42°C/km measured from the top of the aquifer could also be considered,
considering a mean annual surface temperature of 16°C. Until now, no geothermal resource assessment of the aquifer has been carried
out at regional scale. Within the framework of the HotLime project, a new map of deep geothermal potential at regional scale using
the classical Heat-in-Place method has been prepared using a probabilistic approach. The geometry of the aquifer obtained from the
3D geological model elaborated within the GeoERA HotLime project, will also allow a better re-interpretation of the tests in the
future to provide a new more accurate evaluation of the resource at the Jafre location.

The main aim of the work is to generate the most probable 3D geological model of the aquifer which should honour all the available
data. The resulted 3D probabilistic geological model is then used to construct a 3D thermal model. The workflow used must deal with
the uncertainty of the aquifer geometry, so a stochastic approach was applied. The approach considers the construction of a first
geological model that is then validated from geophysical methods that use potential fields such as gravimetry through geophysical
inversion and following a full gravity litho-constrained stochastic approach. As the amount of gravity data was not enough, a new
geophysical campaign was planned to complement them.

2.2. Geophysical exploration

The new campaign performed by the Geophysical Techniques Unit Team of ICGC consisted in the realization of measurements of
the relative gravity along with the detailed location with a differential GPS (Trimble R8s) that measured the Real-time kinematic
(RTK) positioning using the GNSS (Global System of Satellite navigation) system. The field campaign was carried out in the months
between December 2018 and April 2019 with a total of 453 gravimetry measurements which include the measurements in the
gravimetric bases, the repetitions of quality control of the campaign (6% of the total data) and the measurements themselves (365
observable) of the study area.

2.3. Petrophysical characterization

A new field campaign was also done by the University of Barcelona, to collect rock samples and characterize the outcrops analogues.
The sampling campaign was oriented to characterize the carbonate facies of the reservoir. Afterwards the rocks samples properties
were determined by laboratory test which includes, a: 1) petrological analysis of rock samples, using a Zeiss Axiophotop optical
microscope with EC Plan-NEOFLUAR lenses and Euromex sCMEX-20 image sensor associated with the Dept.’s Euromex
ImageFocusAlpha image capture and processing software; 2) determination of petrophysical parameters such specific heat capacity,
thermal diffusivity, thermal, conductivity (in wet and dry conditions), density, porosity and hydraulic conductivity. For the thermal
properties, a QuicklineTM-30 analyser Anter Corporation equipped with a probe of Applied Precision covering the range of 0,3 — 6
W/mK. The density was determined using a Cobos D-600 precision balance. The matrix porosity was determined by means of a
helium porosimeter Jones S/N 9501. The permeability was determined under atmospheric conditions (nitrogen permeameter Jones
S/N 9501) and confined conditions in eight samples (triaxial press TRI-X 250/200 Sanchez Technologies)
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2.4. The 3D geological and geophysical model of the Emporda basin (NE, Catalonia, Spain)

The construction of the new 3D voxel based geological-geophysical and thermal model (sub-chapter 2.5) were built by the
Hydrogeology and Geothermal Unit of the ICGC. The general workflow used for preparing them, which is presented more extensively
by Herms et al (2020), was previously implemented as a test case in the Neogene basin of Reus-Valls (South, Catalonia).

To prepare the 3D geological model it was used a combination of three software: the 3D Kinematic MOVE Software (version 2019.1.2
Midland Valley) to construct some geological surfaces and new cross-sections; the SKUA-GOCAD software (version 15.5.
Paradigm) to build the 3D surface-based model for then build the 3D voxel model; and the 3DGeoModeller software (version 4.0.5.,
Intrepid Geophysics) to apply stochastic techniques during the 3D geological model construction to compute the probability for each
grid cell to belong to a specific lithostratigraphic unit and to better deduce the rock properties distributions needed to explain the
geophysical observations (Husson, et al., 2018). This stochastic procedure allows the validation of the model. To address it, the
preliminary geological 3D voxel model was exported to the 3DGeoModeller software. The validation was performed back and forth
according to available geophysical potential-field data (gravity) by means of forward modelling and 3D geophysical inversion
following a lithological-constrained stochastic gravity inversion. Therefore, in this stage, the rock densities values following a
probability density function must be considered (Table 1, source: ICGC-UB, 2019, Cermak V. et al., 1982; Schon, J.H., 2011;
Eppelbaum, L. et al., 2014; Bir, et al. 2019) for each geological model unit (i.e. a Gaussian distribution specifying the mean and the
standard deviation). The steps are repeated until a good fit is achieved between the observed gravity data and the gravity modelled
response. Previous studies about interpreting the 2D gravity response of the Emporda basin were also consulted (Rivero, et al. 2001).

The final model covers the area of the Girona Limestone Formation aquifer (400 km?) at the south part of the Emporda Basin at the
south of the south-Pyrenees frontal trust (the northern limit of the study area) and has a depth of 7km. This depth was established as
the bottom boundary condition for the thermal model. At this depth, a temperature previously calculated from a lithospheric-scale
purely conductive heat transport model implemented in the LitMod3D software will be applied (Fullea, et al. 2009).

The model of the Emporda basin consists of the following units of the stratigraphic model: Quaternary and Neogene (alluvial
deposits); Bartonian, Eocene (Sandstones, conglomerates, lutites); Lutetian, Eocene (Marls, limestones and gypsums); Lutetian,
Eocene (fractured limestones. Girona Limestone Formation), Paleocene (Sandstones, conglomerates, clays and limestones);
Cretaceous (Limestones and marly limestones) and Paleozoic (Slates, quartzite, granites). The geological model is based on different
data (Figure 3A): lineations and contacts from geological maps at scale 1:25.000 (ICGC, 1995, 1005, 1995b, 1997, 2001 and 2003);
dip/azimuth measurements; the Girona-2 and Jafre well data; geological cross-sections, some geological surfaces from the 3D surface-
based geological model of Catalonia (ICGC, 2013), and the major faults of the Main Structural Units of Catalonia (ICGC, 2017).

Figure 1: A) (top-left). Integration of available geological information at the first stage. B) (top-right). Preliminary 3D
surface-base geological model. C) the preliminary 3D Voxel geological model and D) the 3D model used for the litho-
constrained geophysical inversion.
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The final 3D model allows to obtain the aquifer thickness map and the map of the depth to aquifer top (Figure 4). As can be seen in
these maps, the aquifer is highly compartmentalized due to regional faults. In this sense the old Jafre and Girona-2 wells were situated
in a very unfavourable position in terms of geothermal exploitation. The geothermal conditions of the aquifer towards the west and
in the deeper parts of the basin could be better as the aquifer thickness could reach higher values increasing therefore its hydraulic
transmissivity. The aquifer deepens to the west and north, lying below the south-Pyrenees frontal trust.

Table 1: Loaded rock densities probability density functions in the 3DGeomodeller during the geophysical inversion step.
(Mean value / Std. Standard deviation value).

Geophysical inversion

Lithostratigraphic modelled units Density (g/cms)

Geological age Lithologies Geothermal targets Mean Std

Quaternary and Neogene Alluvial deposits - 2.450 0.050
Bartonian, Eocene Sandstones, conglomerates, lutites - 2.630 0.050
Lutetian, Eocene Marls, limestones and gypsums - 2.615 0.050
Lutetian, Eocene Fractured limestones (GLF) The target reservoir 2.650 0.050
Paleocene Sandstones, conglomerates, clays and limestones - 2.575 0.050
Cretaceous Limestones and marly limestones - 2.710 0.050
Paleozoic Slates, quarzites and granitoids - 2.720 0.050
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Figure 4: Outputs maps derived from the geological model: A) (left). Thickness of the fractured limestone Tertiary aquifer —
Girona Limestone Formation. B) (right). Depth of the top of the fractured limestone Tertiary aquifer.

2.5. The 3D thermal model of the Emporda basin (NE, Catalonia, Spain)

Once the 3D geological model was finished, the next step was to build the 3D thermal model. In this case, a conduction dominated
assumption was considered for the heat regional heat transport and steady state. To model the isotherm distribution, it was used the
3DGeoModeller software using the “Forward Model Temperature” module. The bottom and top boundary conditions used was the
Dirichlet type (fixed temperature) with 151°C and 16°C (average surface temperature) respectively. No heat flux was considered by
the lateral boundaries of the model. To consider the uncertainty of the thermal parameters (i.e. thermal conductivity (W/m-K) and
heat production rate (W/m?), it was used, in batch, the called Parameter Sweep - Heat resource uncertainty algorithm. This algorithm
solves the heat transport equations in steady state considering conduction and it calculates the isotherms for the entire domain
following a quasi-stochastic approach (Intrepid-Geophysics, 2020). Therefore the algorithm considers for each geological model unit
a probability density function (in this case a Gaussian distribution) defining the mean and the standard deviation (Table 2, source:
ICGC-UB, 2019, Cermak V. et al., 1982; Vila, et al., 2010; Schon, J.H., 2011; Eppelbaum, L. et al., 2014; Bir, et al. 2019). Thus, all
the elements of the simulation with no zero standard deviation can be perturbed along the simulation generating different 3D thermal
models. Unlike a conventional full stochastic approach where n random values are taken from a distribution, the Parameter Sweep
algorithm consider each variable as the mean, and standard deviation for each lithology independently.

A parameter sweep automatically creates many scenarios, running different simulations. All elements (physical properties defined by
the user for each geological unit) of the simulation can be perturbed, so they are cycled through 2 or 3 states, making a combination
of simulations that constitutes a stochastic study of the uncertainties. For instance, with 12 variables such as a unit’s Heat Production
Rate, and thermal conductivity for each geological model unit except the Girona Limestone Formation, each with 2 states gives 4096
cases. In this case 3 states would mean to much computing effort. Finally, 3DGeoModeller compile in a unique model all these 3D
thermal models’ solutions. The way to compile the different results is calculating the mean and Sd for the solutions distribution, i.e.,
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for the 3" models. The final 3D thermal model is shown in the Figure 5. The results fit well with the temperature values of the Girona-
2 and Jafre well with errors below 0.2°C. The final 3D geological model and thermal models were exported as 3D voxel-based models
in ASCII format which will contain the following data: the reservoir inferred temperature, the lithology, the voxel position (X,Y,Z
coordinates) and the rock densities (derived from the geophysical inversion process).
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Figure 5: 3D Thermal model built upon 3DGeomodeller (screenshot)

Table 2: Loaded rock thermal properties probability density functions in the Parameter Sweep algorithm - Heat resource

uncertainty algorithm of 3DGeomodeller. (Mean value / Std. Standard deviation value)

Thermal model

Thermal conductivity Heat Production Rate
Lithostratigraphic modelled units A (W/mK) HPR (W/m?)
Geological age Lithologies Geothermal targets Mean Std Mean Std
Quaternary and Neogene Alluvial deposits - 1.60 0.50 1.10E-06  9.19E-08
Bartonian, Eocene Sandstones, conglomerates, lutites - 1.85 0.20 1.20E-06  6.60E-07
Lutetian, Eocene Marls, limestones and gypsums - 2.10 0.50 8.00E-07  5.00E-07
Lutetian, Eocene Fractured limestones (GLF) The target reservoir 2.80 0.30 4.77E-07  3.56E-07
Paleocene Sandstones, conglomerates, clays and limestones - 291 0.55 1.19E-06  6.60E-07
Cretaceous Limestones and marly limestones - 2.37 0.52 4.77E-07  3.56E-07
Paleozoic Slates, quarzites and granitoids - 3.50 0.50 2.20E-06 2.53E-07

2.7 The geothermal resource assessment using 3DHIP-Calculator software

To assess the deep geothermal potential for the geothermal target (i.e. the Girona Limestone Formation aquifer), the volumetric Heat
in Place (HIP) method (Muftler and Cataldi, 1979) was applied at each voxel from the resulted 3D voxel-based model using the
3DHIP-Calculator software (V 1.0. February 2020) which apply the Eq (1):

accessible resource base = HIP=V * C, * (TR —T,) = V- [@pwCw + (1 — ®)prCr] - (TR — T) Eq (1)

Where:

HIP is the “heat in place”, stored heat or accessible resource base (kJ)

V is the volume of the aquifer (aquifer * thickness). For the 3DHIP-Calculator it represents the volume of the cells or
voxels [m?] in the 3D voxel model that has been defined to discretise the reservoir.

¢ is the effective porosity [-]

Pw, PR - is the density of the fluid and the rock [kg/m?]

Cy - is the volumetric heat capacity in the reservoir [kJ/m? °C], where Cy [kJ/m?® °C], = ¢ (kJ/kg°C) * p (kg/m’)

Cuw, Cr is the specific heat capacity of the fluid and the rock [kJ/kg-°C]

Tr is the cell or voxel temperature [°C]

Ti is the reinjection, abandonment temperature [°C] (as the threshold of economic or technological viability), the
ambient temperature, (i.e. the annual mean surface temperature value) or other criteria such as the e.g. Limberger, et
al. (2018); Ti = Ti + 15°C. where Ti is the annual mean surface temperature value.

The HIP method combined with probabilistic Monte Carlo simulations allows considering the reservoir uncertainties or
heterogeneities as for example the porosity, rock density or the specific heat. In order to considerate it, for each parameter it can be
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defined by a probability distribution functions (PDF) (e.g. the options of normal, or triangular in the 3DHIP) and the HIP result can
be evaluated by a probabilistic way obtaining a new PDF from which the P10 (very low confidence of the estimation and high values),
P50 and P90 (high confidence of the estimation and low values) can be extracted.

The resource assessment was done with the new 3DHIP-Calculator tool, by the Hydrogeology and Geothermal Unit of ICGC in
collaboration with the Unit of Geotectonics of the Department of Geology, Faculty of Science of UAB. The new 3DHIP-Calculator
software (v1.0 February 2020) written in MATLAB (version 2019) and delivered and distributed in a compiled executable program
for Microsoft Windows™ (3DHIP-Calculator.exe). The 3DHIP-Calculator software is free downable from the ICGC website. It has
an intuitive graphical user interface (GUI) that help their utilization. The results are presented in different graphs (histograms and
cumulative probability functions) and 2D maps. The output data can then be exported to Geographic Information Systems (GIS) for
more detailed 2D mapping to show probabilities of the available resource (for example, 10% HIP (P10)), HIP (P50) or HIP (P90).

Table 3: Parameters introduced at the 3DHIP-Calculator.

Heat in Place Units mean std. p.rob.ability
distribution

Thickness of the reservoir (calculated for each voxel *) m - - -

Area of the reservoir (calculated for each voxel *) m? - - -

p, = rock density (calculated for each voxel *) kg/m3 - - -

@ = Porosity - 0,055 0,031 normal

Cr = Specific heat capcity (rock) at reservoir condition kJ/kg°C 0,86 0,10 normal

Ti = Temperature of the reservoir (°C) (calculated for each voxel **) °C - - -

p,, = fluid density (kg/m>); kg/m3 962,18 0,18 normal

Cw = specific heat capacity (fluid) at reservoir condition kJ/kg°C 417 4,22 normal

Tf = Reference temperature (°C) °C 26,00 - fixed value

(*) values estimated during the geological 3D model validation by the geophysical stochastic inversion
(**) values estimated for the 3D thermal model. Parameter sweep analysis.

The results from a Monte Carlo Simulation is presented as a histogram of number of occurrences of a particular value (Probability
Density Function - PDF) and as a plot of the Cumulative Distribution Function (CDF).

HIP histogram of GLF Cumulative Probability curve of GLF reserves

e P90: 12910 PJ
= P50: 14820 PJ
= P10: 16730 PJ
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Figure 6: A) (left) Probability curve of HIP in the Emporda Basin for the Girona Limestone Formation. B) (right). Cumulative
probability curve with the indication of the P10, P50 and P90.

The values of the total estimated stored heat (HIP) in the aquifer reported by the 3DHIP-Calculator are: 12910 PJ (P90, high
confidence); 14820 PJ (P50, medium confidence) or 16730 PJ (low confidence).

The results obtained with 3DHIP-Calculator allowed to derive the HIP maps at the aquifer local scale. This document presents the
preliminary results achieved and discusses the lessons learned within the framework of the project. The final maps presented in this
work have been prepared using the free and open-source cross-platform desktop GIS application QGIS (version 3.12.2 'Bucuresti’.
To obtain the raster maps, the HIP values in the 3D-grid are vertically summed.
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Figure 7: A) (top left) Extension of the GLF aquifer with the main faults. B) (top-right) HIP map P10. C) (bottom-left) HIP
map P50 and D) (bottom-right) HIP map P90.

The wellhead thermal energy or theorical recoverable energy (Hrec) in terms of energy (Joules) can be simply related to the HIP in
the reservoir by the recovery factor, R, (Eq 2 and 3) (Williams, 2004). Hrec can be also estimated with the Eq (4). Assuming a volume
drained by a theorical well pumping the aquifer, we can infer the Rg by substituting Eq (4) and Eq (1) in the Eq (2), getting Eq (5).
Rg = Hyec / HIP Eq(2)
Hyec = HIP - Ry Eq(3)
Hyee =my * (hy — hyep ); where for simplicity; m,, =V x @ * pw Eqs (4)

V0 x pw (hw — hrer) Eq (5)

R, =
g V*Cv*(TR_Tr)

Where:

Hrec is the expected recoverable heat energy (kJ) at the well head considering a Ry
R¢ — recovery factor at the well head [-]

my — is the extractable mass in the well [kg]

hw — enthalpy of the produced fluid at Tr and Pr =224 [kJ/kg]

hrer — enthalpy of reference temperature at Tr and Pr = 109,11 [kJ/kg]

Pr — pressure at the reservoir @ 910 m = 91,6 [bar]

Pr — pressure at ambient conditions @ 0 m = 1,03 [bar]

The Eq (5) is applied for the conditions of the in the Jafre well (PH, S.A. 2003), considering a sustainable water flow rate of 17 L/s
for 1 year. The radius of influence of the pumping (without considering recharge) is estimated by the Eq (6)
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Eq (6)
Qxt
@ % b * pi

e R radius of influence of the pumping = 352,3 m
e Q- water flow rate = 17 L/s = 1468,8 m’/s

e t—time=1 year

e ¢ is the effective porosity [-] = 0,05

e b —net thickness = 25 m (in Jafre well)

The HIP (Eq 1) contained in the affected volume due to the pumping, considering R area and b; is 0,5905 PJ. The Hrec (Eq 4) extracted
by the well at Q and pumping t time is 0,0610 PJ. Therefore, the Ry estimated by the Jafre well is:

Rg = 0,0610 /0,5905 = 0,103 Eq(2)

According to Williams, et al. (2008), USGS resource assessment R for fracture-dominated reservoirs was estimated to range from
0.08 to 0.2, with a uniform probability over the entire range. For sediment-hosted reservoirs this range was increased from 0.1 to
0.25. The values obtained in this case considering the data coming from the Jafre well of 0.103, seems very consistent.

The obtained value of Rg = 0,103, is then applied for the whole aquifer, using the estimated HIP P10, P50 and P90 (Table 4).

Table 4: Estimated total Heat in Place and Recoverable Heat in the Girona Limestone Formation aquifer

Heat in Place Rg Recoverable Heat

[PJ] [PJ] [GWh]
P90 high confidence 12910 0,103 1329,73  3,69E+11
P50 medium confidence 14820 0,103 1526,46  4,24E+11
P10 low confidence 16730 0,103 1723,19  4,79E+11

3. DISCUSSION AND CONCLUSIONS

The USGS Heat In place method together with Monte Carlo Simulation is the most widely used method in early exploration stages.
The methodology consists of combining probability density functions for uncertain estimates of the variables of the reservoir. A case
study in the lower Tertiary fractured limestone aquifer within the Emporda Basin, located in the north-eastern sector of the untrusted
foreland basin of the Pyrenees in NE Catalonia has been presented. The study was performed in the framework of the GeoERA
HotLime project (co-financing H2020). A new 3D geological and thermal model of the reservoir-bedrock system was developed
combining different software and methods and considering the uncertainty in all steps. Afterwards a 3D thermal model was prepared.
Both models were used to perform the geothermal assessment aquifer delivering HIP maps of the entire reservoir. The geothermal
potential assessment has been addressed using the new 3DHIP-Calculator tool (Piris, et al. 2020), a Matlab-based software compiled
for Windows which allows to stochastically apply the Heat-In-Place method (Muffler and Cataldi, 1978, Muffler, L.J.P., 1979) by
using 3D voxel models. The analysis of the named Jafre well, an old well drilled in 1988, confirms that the Recovery factor Rg would
be around 0,103 within the range for fracture-dominated reservoirs between 0.08 to 0.2 according to Williams, et al. (2008). The
results reported by the 3DHIP-Calculator indicate that the total estimated stored heat (HIP) in the aquifer are: 12910 PJ (P90, high
confidence); 14820 PJ (P50, medium confidence) or 16730 PJ (low confidence). The theoretical recoverable energy considering the
Rg factor 0,103 would be 1329,7 PJ (P90, high confidence); 1526,46 PJ (P50, medium confidence) or 1723,19 PJ (low confidence).

These obtained thickness and HIP maps have allowed to identify the most favourable and promising areas to go forward for the
planning and development of new prospections at local scale. According to the final 3D model, it seems that the geothermal conditions
of the aquifer towards the west and in the deeper parts of the basin could be better than in the Jafre location, from the following
interpretations: the degree of aquifer compartmentalization due to regional faults (according to the structural map of the Figure 1)
could be less, and the reservoir temperature, at the same gradient, could be higher. Consequently, the Jafre location, at the moment,
does not appear to be the most interesting and promising area of the aquifer for a possible geothermal exploitation project, even
though it is the only location in the aquifer where, to date, a deep well has been drilled for exploration.

REFERENCES
Arrizabalaga, 1., De Gregorio, M., De Santiago, C., Garcia de la Noceda, C., Pérez P., Urchueguia J., (2020). Country Update for the
Spanish Geothermal Sector. Proceedings World Geothermal Congress Reykjavik, Iceland, April 26 — May 2, 2020.

Arkan, S.; Parlaktuna, M. (2005). Resource Assessment of Balgova Geothermal Field. Proceedings World Geothermal Congress
2005. Antalya, Turkey, 24-29 April 2005.



Herms, Colomer, Diepolder et al.

Biér, K., Sass, 1., (2014). 3D-Model of the Deep Geothermal Potentials of Hesse (Germany) for Enhanced Geothermal Systems.
Proceedings, Thirty-Ninth Workshop on Geothermal Reservoir Engineering. Stanford University, Stanford, California, February
24-26, 2014- SGP-TR-202

Bér, Kristian; Reinsch, Thomas; Bott, Judith (2019): P* - PetroPhysical Property Database. V. 1.0. GFZ Data Services.
https://doi.org/10.5880/GFZ.4.8.2019.P3

Cermak, V. and Rybach, L. (1982). Thermal Conductivity and Specific Heat of Minerals and Rocks. In: M. Beblo, A. Berktold, U.
Bleil, H. Gebrande, B. Grauert, U. Haack, V. Haak, H. Kern, H. Miller, N. Petersen, J. Pohl, F. Rummel and J. R. Schopper
(Eds.): Landolt-Bornstein Numerical Data and Functional Relationships in Science and Technology, New Series, Group V,
Geophysics and Space Research. Geophysics - Physical Properties of Rocks, 305-343, Springer, Berlin.

Colmenar-Santos, Folch-Calvo, M., Rosales-Asensio, E., Borge-Diez, D. (2016) The geothermal potential in Spain. Renewable and
Sustainable Energy Reviews 56. 865-886. https://doi.org/10.1016/j.rser.2015.11.070

Fullea, J., Afonso, J. C., Connolly, J. A. D.,Fernandez, M., Garcia-Castellanos, D., and Zeyen, H. (2009). LitMod3D: An interactive
3-D software to model the thermal, compositional, density, seismological, and rheological structure of the lithosphere and
sublithospheric upper mantle, Geochem. Geophys. Geosyst., 10, Q08019, https://doi.org/10.1029/2009GC002391.

Garg, S. K., and Combs, J. (2010) Appropriate use of USGS volumetric “Heat in place” method and Monte Carlos calculations.
Thirty-Fourth Workshop on Geothermal Reservoir Engineering Standford University, Stanford, California, February 1-3. (2010)
SGP-TR-188.

Garg, S. K., and Combs, J. (2011) A re-examination of USGS volumetric “Heat in Place” method. Proceedings, Thirty-Sixth
Workshop on Geothermal Reservoir Engineering Standford University, Stanford, California, January 31 — February 2. (2011)
SGP-TR-191.

Garg, S.G., and Combs, J.: (2015). A reformulation of USGS volumetric “heat in place” resource estimation method, Geothermics,
55, 150-158. http://dx.doi.org/10.1016/j.geothermics.2015.02.004

Herms, L.; Piris, G.; Colomer, M.; Peigney, C., Griera, A., Ledo, J. (2020). 3D Numerical Modelling Combined with a Stochastic
Approach in a Matlab-based Tool to Assess Deep Geothermal Potential in Catalonia: The Case Test Study of the Reus Valls
Basin. Proceedings World Geothermal Congress 2020 Reykjavik, Iceland, April 26 — May 2, 2020. [Abstract]

Husson, E. Guillen, A. Séranne, M., Courrioux, G., and Couéfté, R. (2018) 3D Geological modelling and gravity inversion of a
structurally complex carbonate area: application for karstified massif localization. Basin Research (2018) 1-17.
https://doi.org/10.1111/bre.12279

ICGC. Model geologic 3D 1:250.000 M2010-13. (2013) http://www.icgc.cat/
ICGC. (1994). Mapa geologic 1:25.000. Torroella de Montgri 296-2-2 (78-24)
ICGC. (1995). Mapa geologic 1:25.000 Cornella de Terri 296-1-1 (77-23)
ICGC. (1995b). Mapa geologic 1:25.000 1'Escala 296-2-1 (78-23)

ICGC. (1997). Mapa geologic 1:25.000. Sarria de Ter 296-1-2 (77-24)

ICGC. (2001). Mapa geologic 1:25.000. la Bisbal d'Emporda 334-2-1 (78-25)
ICGC. (2003). Mapa geologic 1:25.000. Girona 334-1-1 (77-25)

ICGC. Mapa de les unitats estructurals majors de Catalunya 1:1.000 000. ICGC, Barcelona, Espafa. (2017) http://www.icgc.cat/

ICGC-UB (2019). Fieldworks and laboratory test for the determination of petrophysical properties for the evaluation of the
geothermal potential of the deep carbonate reservoirs of the Emporda basin. 355 pp (unpublished).

IGME (1976). Inventario general de manifestaciones geotérmicas en el territorio nacional.

Intrepid-Geophysics (2020). Forward modelling & inversion with 3D GeoModeller. Geomodeller documentation. (accessible on-
line). https://docs.intrepid-geophysics.com/geomodeller/index.html

Kramers, L., Van Wees, J.D., Pluymaekers, M., Kronimus, A. and Boxem, T.: (2012) Direct heat resource assessment and subsurface
information systems for geothermal aquifers; the Dutch perspective, Netherlands Journal of Geosciences , Volume 91 , Issue 4,
pp. 637 — 649 https://doi.org/10.1017/S0016774600000421

Limberger, J., Boxem, T., Pluymaekers, M., Bruhn, D., Manzella, A., Calcagno, P., Beekman, F., Cloetingh, S., and Van Wees, J. D.
(2018). Geothermal energy in deep aquifers: A global assessment of the resource base for direct heat utilization. Renewable and
Sustainable Energy Reviews, 82, 961-975. https://doi.org/10.1016/j.rser.2017.09.084

Muftler, L.J.P., and Cataldi, R. (1978): Methods for Regional Assessment of Geothermal Resources, Geothermics, 7, (1978), 53-89.
https://doi.org/10.1016/0375-6505(78)90002-0

Muffler, L.J.P. (1979). 1979. Assessment of Geothermal Resources of the United States - 1978. Arlington, VA: U.S. Geological
Survey. Report No.: Circular 790. https://doi.org/10.3133/cir790

Nathenson, M. (1978). Methodology of determining the uncertainty in the accessible geothermal resource base of identified
hydrothermal convection systems. Open-File Report 78-1003. https://doi.org/10.3133/0fr781003

Palli, L. (1972). ‘Estratigrafia del Pale6geno del Emporda y zonas limitrofes’. Publicaciones de Geologia, Universidad Auténoma de
Barcelona, pp. 338.

11


https://doi.org/10.5880/GFZ.4.8.2019.P3
https://doi.org/10.1016/j.rser.2015.11.070
https://doi.org/10.1029/2009GC002391
http://dx.doi.org/10.1016/j.geothermics.2015.02.004
https://pangea.stanford.edu/ERE/db/WGC/Abstract.php?PaperID=4936
https://doi.org/10.1111/bre.12279
http://www.icgc.cat/
http://www.icgc.cat/
https://docs.intrepid-geophysics.com/geomodeller/index.html
https://doi.org/10.1017/S0016774600000421
https://doi.org/10.1016/j.rser.2017.09.084
https://doi.org/10.1016/0375-6505(78)90002-0
https://doi.org/10.3133/cir790
https://doi.org/10.3133/ofr781003

Herms, Colomer, Diepolder et al.

Piris, G., Herms, 1., Griera, A., Gémez-Rivas, E., Colomer, M. (2020). 3DHIP-Calculator (v1.0) [Software]. Institut Cartografic i
Geologic de Catalunya, Universitat Autonoma de Barcelona. CC-BY 4.0. (accesible from I[CGC website)

PH, S.A. (2003). ‘Proyecto General de aprovechamiento de un manantial de agua termal y mineromedicinal, situado en el término
municipal de Jafre (Girona). 197 pp. (unpublished).

Pocasangre, C., & Fujimitsu, Y. (2018). Geothermics A Python-based stochastic library for assessing geothermal power potential
using the volumetric method in a liquid-dominated reservoir.  Geothermics,  76(April), 164-176.
https://doi.org/10.1016/j.geothermics.2018.07.009

Rivero, L., Vilas, M., Pinto, V., Casas, A. (2001) Modelizacion gravimétrica 2D de la fosa de I’Emporda (NE de la Peninsula Ibérica).
Acta Geologica Hispanica v.36, 97-113. https://www.raco.cat/index.php/ActaGeologica/article/view/75633

Sanchez-Guzman, J., Sanz, L., Ocafa, L. (2011): Evaluacion del potencial de energia geotérmica. Estudio técnico PER 2011-2020.
Instituto para la diversificacion y ahorro de la energia IDAE, Ministerio de Energia, Turismo y Agenda Digital.

Saula, E., Picart, J., Mat6, E., Llenas, M., Losantos, M., Berastegui, X., & Agusti, J. (1996). ‘Evolucion geodinamica de la fosa del
Emporda y las Sierras Transversales’. Acta geologica hispanica, 29(2-4), 55-75.
https://www.raco.cat/index.php/ActaGeologica/article/view/75472/98282

Schon,J. H. (2011). Physical Properties of Rocks: A Workbook: Volume 8 (Handbook of Petroleum Exploration and Production).
ISBN: 978-0-444-53796-6

Shah, M., Vaidya, D., & Sircar, A. (2018). Using Monte Carlo simulation to estimate geothermal resource in Dholera geothermal
field, Gujarat, India. Multiscale and Multidisciplinary — Modeling,  Experiments and Design, (March).
https://doi.org/10.1007/s41939-018-0008-x

Trumpy, E., Botteghi, S., Caiozzi, F., Donato, A., Gola, G., Montanari, D., Pluymaekers, M.P.D., Santilano, A., Van Wees, J.D.,
and Manzella, A. (2016). Geothermal potential assessment for a low carbon strategy: A new systematic approach applied in
southern Italy. Energy, 103, 167—181. https://doi.org/10.1016/j.energy.2016.02.144

Van Wees, J.D., Kramers L., Joaquim J.L., KronimusA., Mijnlieff H., Bonte D., van Gessel S., ObdamA., Verweij H., 2010. Thermo
GIS: an integratedweb based information system for geothermalexploration and governmental decision supportfor mature oil
and gas basins, Proceedings World Geothermal Congress 2010, Bali, Indonesia, paper 3228, pp 7.

Van Wees, J.D.; Boxem, T., Calcagno, P., Dezayes, C., Lacasse, C., Manzella, A. (2013). A methodology for resource assessment
and application to core countries. Deliverable 2.1. GeoElec project.

Vila, M., Fernandez, M., & Jiménez-Munt, 1. (2010). Radiogenic heat production variability of some common lithological groups
and its significance to lithospheric thermal modeling. Tectonophysics, 490(3—4), 152-164.
https://doi.org/10.1016/j.tect0.2010.05.003

Williams, C.F. (2004). Development of revised techniques for assessing geothermal Resources. PROCEEDINGS, Twenty-Ninth
Workshop on Geothermal Reservoir Engineering. Stanford University, Stanford, California, January 26-28, 2004. SGP-TR-175

Williams, C.F., M.J. Reed, and R.H. Mariner, (2008), A review of methods applied by the U.S. Geological Survey in the assessment
of identified geothermal resources, U.S. Geological Survey, Open-File Report 2008-1296, 27 p.,
http://pubs.usgs.gov/0f/2008/1296/

12


https://www.icgc.cat/en/Public-Administration-and-Enterprises/Services/Geothermics/Deep-Geothermal-Potential-Assessment-3DHIP-Calculator
https://doi.org/10.1016/j.geothermics.2018.07.009
https://www.raco.cat/index.php/ActaGeologica/article/view/75633
https://www.raco.cat/index.php/ActaGeologica/article/view/75472/98282
https://doi.org/10.1016/j.energy.2016.02.144
https://doi.org/10.1016/j.tecto.2010.05.003
http://pubs.usgs.gov/of/2008/1296/

