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Abstract: Unconventional geothermal resource development can contribute to increase power gen-
eration from renewable energy sources in countries without conventional hydrothermal reservoirs,
which are usually associated with magmatic activity and extensional faulting, as well as to expand
the generation in those regions where conventional resources are already used. Three recent drilling
experiences focused on the characterization of unconventional resources are described and compared:
the Campi Flegrei Deep Drilling Project (CFDDP) in Italy, the United Downs Deep Geothermal
Power (UDDGP) project in the United Kingdom, and the DEEP Earth Energy Production in Canada.
The main aspects of each project are described (geology, drilling, data collection, communication
strategies) and compared to discuss challenges encountered at the tree sites considered, including a
scientific drilling project (CFDDP) and two industrial ones (UDDGP and DEEP). The first project, at
the first stage of pilot hole, although not reaching deep supercritical targets, showed extremely high,
very rare thermal gradients even at shallow depths. Although each project has its own history, as
well as social and economic context, the lessons learned at each drilling site can be used to further
facilitate geothermal energy development.

Keywords: unconventional geothermal resources; geothermal drilling; communities; caldera; En-
hanced Geothermal Systems

1. Introduction

Unlike other renewable energies, such as solar and wind, geothermal resources pro-
vide base-load power that can be generated continuously to meet the minimum level of
power demand, independent of climate conditions. Resources are defined as conventional
when found in hydrothermal systems related to magmatic activity and extensional fault-
ing [1]. On the other hand, unconventional resources include Hot Sedimentary Aquifers
(HSAs) with permeable layers at great depth (2-5 km), as well as Hot Dry Rocks (HDRs),
which have been developed since the beginning of the 1970s and are now referred to as
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Enhanced Geothermal Systems (EGSs), where hot low permeable crystalline rocks are stim-
ulated at drillable depths [2]. Heat transfer mechanisms in HSA and EGS are dominated
by conduction associated with near normal heat flow for such petrothermal plays. Forced
convection can be induced in deep aquifer layers to extract heat [3]. Other geothermal
resources gaining interest are associated with supercritical fluids, which are characterized
by temperatures between 390 and 600 °C and processed with superheated dry steam
plants [4], while those of EGS and HSA are exploited with binary power plants, since
the fluid temperature is usually <150 °C. Supercritical geothermal resources have been
proven to exist at technically and economically viable depths, and one well extracting those
resources can significantly increase the production output [4]. However, the extraction of
energy from these resources is challenging because the permeability of the host material is
at the brittle-ductile transition and the magmatic fluids produced are highly corrosive [5].
Calderas are possible candidates for the presence of supercritical geothermal reservoirs
at shallow depth that have been explored in several countries [6-8]. Drilling through
supercritical fluids in the scope of geothermal energy production was achieved by the
IDDP project (Iceland Deep Drilling Project) [9].

While geological, geochemical, and geophysical exploration methods are used to
estimate the size and temperature of the resources during the initial exploratory phase, deep
drilling and well testing are required to prove resource viability [1]. Results obtained from
drilling projects at key locations can be applied to other areas worldwide [10]. Moreover,
since the installed costs and capacity factors of geothermal power plants are project-
specific, often the drilling of additional production wells is required to adjust the extraction
mass flow rate and ensure the sustainability of the resource [11]. Deep drilling and
reservoir stimulation can generate a negative social perception of geothermal energy
within the communities living close to these kind of projects. Volken et al. [12] highlighted
that geothermal energy acceptance in Switzerland decreased with increasing knowledge
about geothermal development, probably as a result of learning about induced seismicity
that occurred in the past [13]. Similarly, Malo et al. [14] demonstrated that the support
to geothermal energy within the Quebec population in Canada can decrease by 10%
when exposed to the potential impacts of reservoir stimulation. In contrast, Carr-Cornish
and Romanach [15] showed a positive change in perception when people acquired more
information and knowledge about geothermal energy. Pellizzone et al. [16] revealed that the
perception of renewable energies, including geothermal energy, is generally positive and
optimistic, but, like Carr-Cornish and Romanach [15], indicated that when a geothermal
project is developed in the area, the confidence of the affected population decreases, giving
rise to the phenomenon known as “Not in my backyard” (NIMBY). However, where deep
drilling and subsurface exploration are a common practice, such as developed oil fields or
mining regions, drilling for deep geothermal resources can be socially accepted given the
local comfort from historical experience and transferable expertise to maintain jobs.

In this paper, three drilling geothermal exploration projects conducted in Italy, the
United Kingdom, and Canada are described to provide an overview of recent geothermal
development. The common element of these projects is that they target unconventional
geothermal resources: the Campi Flegrei Deep Drilling Project (CFDDP) in the volcanic
caldera located Southern Italy west to Naples metropolitan area, the United Downs Deep
Geothermal Power (UDDGP) project in hot granite rocks located in the Cornwall county
in South West England, and the DEEP Earth Energy Production Corp. project in Canada,
targeting HSA in the Western Canadian Sedimentary Basin.

Although these three countries went forward with geothermal drilling projects, their
geothermal power generation backgrounds are different. In Europe, geothermal power
plants were installed by the beginning of 1900 in Italy, but there are not yet geothermal
power plants in the United Kingdom. Likewise, no geothermal power plants are operating
in Canada, but several recent exploration projects have been conducted [17]. While the
CFDDP drilling activities were conducted in 2012, those of the UDDGP and DEEP projects
are more recent, since they were concluded in 2019 and 2020, respectively. One of the
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targets of the CFDDP were supercritical fluids, while the shallow pilot hole drilled so far
has not reached those fluids. However, this area shows very high geothermal gradients
at shallow depths, thus allowing unusually shallow, cheap, and powerful geothermal
exploitation. On the other hand, the UDDGP and DEEP projects focus on geothermal
resources outside volcanic areas reaching the same temperature of the CFDDP pilot hole
far deeper. The social context and communication strategies with the local communities are
also different: Campi Flegrei is a highly populated volcano, while the Cornwall county and
the Saskatchewan province have a lower population density with local comfort and history
from drilling oil and mining exploration wells. Therefore, the objective of this paper is to
review the recent geothermal exploration work at those three key projects and synthetize
new knowledge gained that can be used in other countries looking to expand geothermal
energy production.

2. Geothermal Energy in Italy

Italy is the first country in the world where geothermal energy was used for power
generation at the beginning of the twentieth century. Geothermal resources are mainly
used for electricity generation in Tuscany. The installed electrical capacity at the end of
2020 was of 944 MW, leaving Italy outside the “1 GW geothermal country club” [18].

In the Neapolitan area (Southern Italy), 116 deep wells were drilled for geothermal
exploration between 1930 and 1980, i.e., 26 of them in Campi Flegrei [19] and 90 of them on
the Ischia island. At Campi Flegrei, it is expected that temperature exceeds the critical point
of water at depths as shallow as 2.5-3.0 km, whereas the thermal output of Neapolitan
volcanic areas exceeds 16 GWt [19]. The CFDDP project would contribute to further
improve the knowledge about the geothermal resources in this area, from very high
shallow geothermal gradients down to the supercritical areas [20].

2.1. The Campi Flegrei Project

The choice of Campi Flegrei as a target for the deep study of large calderas is justi-
fied by the evidence—from previous drillings and from recent deformation and seismic
observations—that the main structures of volcanological interest are considerably shal-
lower than in other well-studied similar calderas [21]. This also implies the presence of
extremely high geothermal gradients, with supercritical temperatures found at depths as
shallow as 2.5-3.0 km [19]. The Campi Flegrei caldera (CFc) (Figure 1) is a typical example
of the most explosive volcanoes on the Earth, namely large collapse calderas. It was formed
from a main collapse event related to an ignimbritic eruption occurring 15 ka ago [21,22],
named Neapolitan Yellow Tuff (NYT).

In the framework of the International Continental Scientific Drilling Program (ICDP),
the pilot hole of Campi Flegrei Deep Drilling Project (CFDDP) [20] was drilled down to a
depth of 500 m for understanding the stratigraphy and eruptive history of the easternmost
caldera border, which lacked previous drilling and remained less studied. One additional
objective was to evaluate the possibility of drilling a 3500 m, deviated deep hole, with
deviation starting at about 500 m of depth.

The CFDDP had passed through a long evaluation process by ICDP, before the ap-
proval of the scientific and technical project, to obtain the authorization and economic
support to proceed. There was an important debate during this period in the local and
international scientific communities because drilling in the caldera had not been conducted
since the middle of the eighties. The area was further affected by uplift and frequent
low-magnitude seismic activity (generally lower than magnitude 2, but with peaks of
magnitude 4.2 in the 1980s). Such ground dynamics, with 0.76 m of uplift in the last
fifteen years, increasing seismicity, together with the memory of the previous large unrest
of the 1970s and 1980s, raised concern in the population about the usefulness and risks
of CFDDP. Such a concern was first claimed by a local geologist and then shared and
amplified by newspapers and media, worrying the community and the local authorities. In
summary, while almost all the national and international scientific community agreed on
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the usefulness of the project and on the absence of risks for the population, few geologists
from Naples University argued in an unscientific way about risks due to the drilling of
the CFDDP, not only the deep well, but also, specifically, the pilot hole targeting 500 m of
depth only. Confusion was mainly associated with a possible volcanic eruption triggered
by the pilot hole in the caldera, since a misunderstanding occurred when translating “gas
blowout” that may occur during well drilling and this was confused with volcanic eruption.
This potential risk was amplified by the media and rapidly spread worldwide. In 2010,
the INGV, which is appointed to mitigated volcanic risk, was accused to endanger the
community with its scientific activities. Although this situation was recognized as lacking
any scientific background within the international scientific community, at the local level,
the criticism made by geologists was influencing the opinion of local authorities and popu-
lation. This situation, leading to unsuitable communication between scientists, authorities,
and communities, resulted in a delay of about two years in the pilot hole drilling.

Google Earth

Figure 1. An overview of the Neapolitan volcanoes from a satellite image, with Campi Flegrei caldera
evidenced in different points of view. The site of the Bagnoli 1 borehole CFDDP (yellow circle) and
the Agnano geothermal well (red triangle) are also shown on the maps.

Drilling was conducted two years after, in 2012, in the Bagnoli plain: from 22 to 29 July
until a depth of 222 m, and then from November 22 to December 2 to the depth of 506 m.
This drilling site is an old dismantled industrial area located in Western Naples (Figure 1
of about 2 km? chosen for several scientific and logistic reasons [23]: the eastern part of
the caldera had not been drilled before at a considerable depth, as this area is the most
populated and faces the most geohazards. For these reasons, the aim of CFDDP was to
study such an unexplored side of the caldera, where the local deposits are mostly unknown,
although they pose the highest risk to the large city of Naples.

While the study of the rock properties helped to refine the thermo-hydro-mechanical
modeling of the unrest processes [24], the stratigraphic studies and relative rock dating by
radioisotope methods gave fundamental insight into the evolution of the area, as well as
the caldera formation and extension [20]. At that time, the caldera was thought to have
been formed by the Campanian Ignimbrite eruption (40 ka BP), and then collapsed again,
in the innermost part, during the NYT eruption (15 ka BP). The Campanian Ignimbrite
caldera was thought to include the city of Naples, so largely overcoming the Posillipo
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Hill [24], which, on the other hand, was thought to represent the easternmost limit of the
NYT caldera.

2.1.1. Pilot-Hole Mud-Gas Analysis

Real-time mud-gas analysis was performed during drilling to discuss the correlation
between lithology and gas distribution. A detailed methodological description was given
by Erzinger et al., 2006 [25]. In fact, on-line mud-gas monitoring is a reliable and cost-
effective way of continuously investigating the distribution of gases versus depth, because
it does not require rig-time. Because the mud gas may help to characterize origin of fluids
and fluid interaction, the real-time mud-gas analysis can help to better understand the
hydrothermal behavior with respect to CFc. Geochemical analysis in the CFDDP was
conducted in a field laboratory to obtain information on gases and their composition in
drill mud.

To dissolve the gas in the drilling mud, a custom-built water—gas separator was used
and made of a steel cylinder (30 cm diameter, variable height) with an explosion-proof
electrical motor on top that drives a stirring impeller mounted inside the cylinder [26]. The
degasser was installed immediately behind the outlet of the mudflow line to reduce air
contamination. The gas was then extracted and pumped with a membrane pump through a
PTFE tube (4 mm inner diameter) into an on-site mud-logging cabin (about 20 m away from
the hole) and led into an OmniStar® (Asslar, Germany)Quadrupole Mass Spectrometer
(QMS; Pfeiffer Vacuum®, Alssar, Germany; Figure 2).

gas pipeline

?"%”.‘cuttings Hz, He, Ar, COz, CH:, Nz, Oz X

-
By

Figure 2. Sketch of the experimental setup. Gases entering the borehole are transported to the surface, together with the

drill mud. A degasser extracts the gases from the drill mud. The gases are pumped to a lab trailer and analyzed in real time
with a Quadrupole Mass Spectrometer (QMS).

Before introducing the gas into the QMS, the gas was passed through a water trap to
remove moisture. The pressure of the gas to be measured is reduced from atmospheric
down to 4 x 10~° mbar by differential pumping through a 1.2 m long capillary with
0.15 mm diameter and an orifice (0.02 mm diameter). When gas flow into the mass
spectrometer is interrupted, a background pressure of ~7 x 1078 mbar is achieved (for
details, see Reference [27]).
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The QMS was recalibrated, when necessary, with air, pure CO,, and certified gas
mixtures, the compositions of which are selected according to the expected composition
of mud gas. A time correction was applied to the gas composition data according to
the measured and calculated mud-flow lag time, to compare the gas data to the drilling
depth. A complete analysis of Ar, CO,, CHy, He, Hy, O, and Nj in the drilling mud
gas was determined after an integration time of 20 s. However, measurements were
recorded minutely to reduce the amount of data with detection limits of one ppmy and
absolute analytical uncertainties of 1 ppm, for concentrations <10 ppm,, ~2-4 ppmy
for concentrations <100 ppmy, ~5-20 ppmy for concentrations <ppmy and 0.02-0.1% for
concentrations >1 vol.%. From all the analyzed gases, only CO,, CHy, and He are diagnostic
of fluid inflow [25] because these gases are variably enriched in natural deep fluids but
are only present in low concentration in the atmospheric air. Moreover, He, like all noble
gases, is not affected by alteration of drilling mud or by chemical reactions. Although
determination of Ar, Hy, O, and N; were also performed, relative concentrations of these
gases can originate from sources other than fluid inflows, such as air contamination or
chemical reactions with the drill mud, casing, and drill tools.

2.1.2. Correlation with Logging Measurements

A set of geophysical logging measurements were acquired by using hydrocarbon
exploration standard borehole logging tools. Spectral natural gamma and acoustic logs, as
well as resistivity-oriented images, were acquired to characterize rock composition, physical
properties, structures, and geometries intersected by the CFDP-1 borehole. The logging
data were acquired in two different surveys, using Schlumberger equipment, following
the drilling of an upper and a lower section. The first logging operation performed in
open-hole mode in July 2012 (31-170 m) (12.25 in borehole) in the upper section and
included FMI (Full Bore Imaging) resistivity imaging and total natural gamma profile,
as well as spectral gamma data with the HNGS Schlumberger tools and Sonic Scanner
Schlumberger tool. In November 2012, additional geophysical logs were acquired during a
second log-measurement operation (219-430 m section) in the open hole (8.5 in borehole).

The second logging run included imaging with the FMI tool HNGS spectral gamma
measurements and acoustic profiling with the DSI (Dipole Shear Image) Schlumberger tool.
This set of measurements is a unique continuous record that has been used to analyze and
interpret the geological and petrophysical properties of the rocks drilled at the CFDDP
drill hole [28]. The oriented resistivity images allowed the analysis of the geometries and
orientation of the volcanic rock bodies, textures, structures, compositional changes, and
the main discontinuities. To identify possible correlations between log measurements and
gas anomalies, we used spectral natural gamma spectroscopic data as our first approach.
This measurement yields gamma spectroscopy profiles in % for K, and ppm for U and
Th [29-31]. These data are the expression of both the rock composition and the presence of
radiogenic elements. It was observed that gas concentrations vary with different lithologies;
therefore, we analyzed the correspondence and possible relationship with spectral data
changes and fluctuations.

The data displayed on Figure 3 show overall total gamma value that is low with some
increases related to compositional changes (e.g., at ~60 m) and in this case, the presence of
organic-matter-rich levels [20,32].
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Figure 3. On the left-hand side, depth-profile of CO,, CHs and He, measured in the drill mud during
drilling and associated lithology intercepted by the borehole. On the right-hand side (where the
stratigraphic column is not scaled in the lower section and the logging data did not reach total depth
of the well); wireline logging measurements (2 intervals) of spectral gamma radiation K, Th, and K
content (first track); and total gamma radiation displayed with v}, and vs acoustic velocities, on the
second track.

At the boundary between pumice to scoria deposits at a depth of 160 m, a shift in
gamma values from 160 to 180 gAPI is observed. Another change observed in total gamma
values, as well as in the K, U, and Th concentrations, is observed at 280 m. In this case,
the change can be related to the lithological boundary with the first appearance of the
greenish tuff deposits. K (1 to 5.5 wt%), Th (10 to 28 ppm), and U (1 and 6 ppm) concen-
trations (Figure 3) agree with the range of values of surface sample analyses from Campi
Flegrei [33-35]. The sonic velocity data’s quality is affected by the borehole conditions
(irregular diameter) caused by the poorly consolidated rocks that can be inferred from the
caliper log. Shear wave velocity measurements were especially affected by these borehole
conditions. The compressional p-wave values are of good quality and can be used to anal-
yse the rock properties. At a 260 m depth, and coincident with the base of the Neapolitan
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Yellow Tuff sequence, increased Vp values are observed (3000 m/s). A good correlation is
observed between the gamma radioactivity and pH along the Neapolitan Tuff formation at
a depth ranging from 220 to 280 m (Figure 3).

2.2. From the Pilot Hole to the Deep Drilling

One of the aims of the pilot hole was to better understand the conditions of tempera-
ture, stress, and rock properties in the shallower substructure to plan the deep drilling, since
the deviation towards the center caldera requires knowing the temperature at depth. In
fact, electronic devices needed to perform the correct deviation cannot sustain temperature
greater than about 150 °C. The temperature found at less than 500 m of depth in the former
ENEL-AGIP drillings on the other side of the caldera exceeded 200 °C. Moreover, in the
neighboring area of Agnano, about 2 km N-NW of Bagnoli, temperatures exceeding 100 °C
can be found at depths as shallow as a few tens of meters. The Bagnoli borehole showed
a temperature of about 110 °C at 500 m of depth, thus being compatible with the deep
hole deviation at 500 m. Moreover, the high temperature gradient in parts of the caldera
combined with seismic tomography [36,37] suggest highly pressured gas reservoirs may be
found at a relatively shallow depth. However, the 500 m Bagnoli well did encounter such
conditions. The CFDDP pilot hole, therefore, gave important results about the thermal and
hydraulic rock properties and shallow stratigraphy indicating favorable conditions for a
deep deviated drilling to find supercritical fluids deep down at the same site (Figure 4).

Campi Flegrei collapse-resurgent caldera

NYT caldera ——8

Mesozoic carbonates

Vc i and marine siliciclastic deposits (<15 ka)
Neapolitan Yellow Tuff (NYT) (15 ka) B NAPOLI
n

I:I Volcaniclastic and marine siliciclastic deposits (39-15 ka) Pozzuoli

Campania Ignimbrite (Cl) (39 ka)

aI!b Volcanic rocks (>39 ka); a: pyroclastics; b: lavas A

Figure 4. Schematic representation of the Campi Flegrei caldera structure indicating the proposed
onshore deep inclined borehole CFDDP-01. Modified from Reference [38].

Following the results of the pilot hole, a further well, specifically aimed to find
the areas of highest temperature gradients at very shallow depths, and hence the most
suitable for inexpensive and powerful geothermal exploitation, was drilled in the Agnano—
Pisciarelli area (red triangle in Figure 1). The measured temperature—depth profiles of the
two wells are shown in Figure 5 [39]. The Agnano borehole samples the area of highest
shallow geothermal gradient, with temperature exceeding 110 °C found at only 88 m of
depth, showing the very high potential of this area, already quantified by Reference [19],
even at very modest and inexpensive depths.
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Figure 5. Temperature profiles of the Bagnoli 1 well ((left), Reference [39]) and of the Agnano well
((right), measured with thermocouple probe).

3. Geothermal Energy in the UK

The UK is not typically considered to be a country of significant geothermal energy
potential, since it is located far from tectonic plate boundaries and is not volcanically
active. Investigation into the UK’s geothermal energy potential was instigated in the
wake of the 1973 oil crisis. In the Cornwall region, characterized by a long mining history,
elevated temperatures were measured in deep tin and copper mines [40]. These were
later proven by heat-flow studies and geothermal assessments conducted by the BGS
(British Geological Survey) [41,42]. In 1974, systematic heat-flow studies in the region
revealed anomalously high values across the Cornubian Batholith (c. 120 mWm~?2), more
than double the UK average [43-45], due to the high concentrations of “heat producing”
radioelements uranium, potassium, and thorium within the granites. Needless to say, it
has long been known that the “rocks are hot down there”, and in the 1970s, the “Hot Dry
Rock” project was conducted off the back of this knowledge to explore the potential of
Cornwall’s untapped geothermal resource. The HDR Geothermal Project (1974-1991) was
pioneered by Camborne School of Mines and was located 7 km SSW of the recent UDDGP
project [46]. The results from the HDR project were fundamental to the development of
UDDGSP, influencing both site selection and well design [47].

Cornwall is geologically known as the Cornubian Massif, part of the Variscan Massif,
that is surrounded by Permian and younger offshore sedimentary basins [48]. Granites
associated with the Cornubian batholith outcrop as six main plutons in the upland areas
(Figure 6a). The thickness of the granite mass is not known, but from geophysical studies
and the high heat-flow values, it is thought to be several kilometers. The granites of the
Cornubian batholith, and Devonian host-rock formations, are crosscut by extensive NW-SE
to NNW-SSE striking strike slip fault zones (Figure 6b). NW-SE to NNW-SSE striking fault
zones displace earlier formed ENE-WSW striking extensional, magmatic hydrothermal
lodes, and experienced selective post-Triassic reactivation and fluid migration [49]. The
Porthtowan Fault (PTF) zone targeted at UDDGP is a NNW-SSE striking complex strike-
slip fault zone belonging to this family of sub parallel fault structures in SW England.
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3.1. The United Downs Deep Geothermal Power Project

The UDDGP project is the first of its kind in the UK and is located near Redruth in
Cornwall. The project is predominantly funded by the European Regional Development
Fund and Cornwall Council as well as some private match funding. The deeper produc-
tion well (UD-1) is currently the deepest onshore well in the UK, at a vertical depth of
5057 m TVD, and was completed in April 2019. The injection well (UD-2) was completed
3 months later at the end of June 2019 to a depth of 2205 m TVD. These wells were drilled
by using the Innovarig, a new-generation semi-automatic hydraulic rig (Figure 7a). The
large well separation of over 2000 m is unique and was developed for two reasons: firstly,
to help prevent the geothermal system from “short circuiting” and negatively impacting
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the temperature performance (as was experienced in the 1980s HDR project) and secondly
to try develop a deep geothermal system that is more economic and therefore commer-
cially viable. Both wells are deviated towards the WSW at depth to intersect the PTF
(Figure 7b). This steeply dipping NNW striking structure was identified as having en-
hanced permeability during the feasibility stage from the mining records, which showed
both occurrences of hot springs along its strike length and hydrocarbon seeps close to the
fault zone. When combining its surface expression with observations from the mining
records and aeromagnetic data, the PTF is thought to have a strike length of >15 km and
a nominal width of c. 400 m containing a complex zone of braided fault strands with
relays, overstep, and jogs, with opposing dips and senses of displacement on individual
strands [40].

. H"____ Power plant

3 .._Injection well UD-2

2.5km
Water passes
i | =" through natural
fractures in the
faulted rock
4.5 km

+Production well UD-1

/190 % "
~——Granite
/ g\Porthtowan Fault Zone (PTF)

b)

Figure 7. (a) The Innovarig hydraulic rig [52]; (b) schematic section with the production well (UD-1), injection well (UD-2),
and Porthtowan Fault (PTF), modified from Reference [53].

3.1.1. Analysis of Drill Cuttings

Samples of drill cuttings were collected every 10 m and every 5 m once in or close
to the target structure. Further cuttings samples were taken at bit changes and at sudden
changes in drilling parameters, mud samples were taken every 12 h. Upcoming lithology
and fractures were hard to predict since mining records in the area ceased at 400 m and
no geophysical data were available. For this reason, it was essential to collect as much
down-hole data while drilling to predict and correctly identify the Porthtowan Fault zone.
Three main lithologies were encountered during the drilling of UD-1 and UD-2 at United
Downs: metasediments (killas), microgranite, and granite.

Metasediments were found in the upper 210 m of UD-1 and were dominated by highly
deformed, low-grade regionally metamorphosed and deformed mudstones of the Upper
Devonian Mylor Slate Formation [54]. This lithology contains hard metamorphic quartz
veins of late Variscan age, formed before the intrusion of the granite. QEMSCAN analysis
of samples from the upper 210 m of UD-1 showed traces of mineral assemblages akin to
those encountered during the formally mined steeply dipping lode systems within the
slates of the United Downs mining district (Figure 8). The results included a range of
oxide-sulfide mineralization, showcasing nearly every mineral that have been exploited in
this area, including occurrences of tin, copper, zinc, and wolframite.
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Figure 8. QEMSCAN analysis from the top 210 m of UD-1, accredited to CSM (Camborne School of Mines).

Both UD-1 and UD-2 penetrated heavily griesened and kaolinized fine grained “micro-
granite” from 210 m MD to c. 740 m MD. Although unexpected at the time, this lithology
has since been accredited to NNW-dipping microgranite-rhyolite dyke, locally termed
“Elvan” which was mapped at surface by the BGS in 1989.

Almost all unaltered samples of granite were muscovite dominant and corresponded
with definitions of two mica granite and muscovite granite as recently redefined by the
reclassification of Cornubian granites [55]. Further, nearly all coarse cuttings below 740 m
plotted within the monzogranite field on the QAP classification which was consistent with
the granites encountered during the HDR project at Rosemanowes some 5 miles away.
Notable variations of texture and mineralogy with regard to the assemblage of accessory
minerals led for further classification of the granite. The radiogenic classification of granites
split the granite into four types, depending on their U/Th ratios from the spectral gamma
data during wireline logging and helped to constrain and understand the heat-flow values.

3.1.2. Education and Community Outreach

The emphasis on community engagement from the outset of the project was critical to
gain an SLO (Social License to Operate). The geothermal development was a high-profile
project that attracted a lot of attention: communication was a high priority and was a
unique and successful part of the project, which, if possible, should be emulated elsewhere.
Since the UDDGP project is the first of its kind in the UK, the geothermal concept being
tested at the site, as well as the associated deep-drilling technology, is new and unfamiliar,
and unfamiliarity often leads to concern. Therefore, gaining a SLO was imperative to enable
further development and growth of the industry. Although deep drilling for geothermal
energy is relatively new to the region, subsurface exploration for natural resources is not
unfamiliar to Cornwall given its long mining history. Effective science communication is
key to the understanding and acceptance of new projects, and therefore high priority was
given to education and communication of the project, with the overall objective of making
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the maximum amount of information easily accessible to all members of public, and to
encourage direct communications with project staff.

The UDDGP education program was designed around two key focuses: a gap in
taught subjects and growing a new industry, with the aim of making education about
geothermal and its potential in Cornwall, and the UDDGP concept available to all ages
across all subject areas. It was designed for students between the ages of 7-21 years and
split into specific age groups according to the English education system: KS2 (7-11 years),
KS3 (11-14 years), KS4 (14 years+), and higher/further education, for example university
students. For KS2 and KS3 students, respectively, lessons were created and delivered in a
session either on site or in schools. The animation for younger ages features a character
called “Miss Molecule”, who transports heat from the reservoir to the power plant for
electricity generation [40].

A Raspberry Shakes program was launched in 2018 and incorporated into the KS4 by
providing nine local secondary schools with a Raspberry Shake seismograph and Raspberry
Pi computers with geophones to measure ground vibration. The Raspberry Shake seismo-
graphs formed a Cornish Schools Microseismic Monitoring Network that highlighted the
level of natural background seismicity in the region, which helped “normalize” discussions
around the potential for induced seismicity from the geothermal project. Overall, the
education program has reached 3000 students from 46 educational institutions. Positive
feedback has been received from teachers, particularly from primary schools.

The outreach program was designed to ensure public engagement throughout the du-
ration of the project, and clarity and accessibility of project information to the communities
closest to the project site, as well as the wider population of Cornwall. A significant focus of
the outreach was the drilling phase of the project, due to the likelihood for public concern
surrounding the potential for environmental and social disturbances [40]. Due to the rise
in anti-fracking protests and subsequent ban of “fracking” by the UK Government in late
2019, it was anticipated that a false association might be drawn between the targeting of
natural fault zones for permeability at UDDGP and “fracking” technology used by the
oil and gas industry. A Community Relations Manager was employed during the early
stages of the project to work within the community. This enabled new relationships to be
built between project staff and the local community. Public visits were also hosted on site,
including both organized group visits to the site and site “drop-in” days. A website was
created during the early stages of the project to provide information on geothermal energy
and specific information about the project. Social media channels also provided a constant,
reliable source of information. Short films and animation videos included a “seismicity
explainer” video that was created to address initial concerns regarding induced seismicity
and “fracking”.

The response to this community outreach program has been overwhelmingly posi-
tive, with growing enthusiasm for geothermal development and the establishment of a
new sustainable industry in Cornwall. Strong communication channels established be-
tween the project team and local community have led to the initial fears of the residents
being unfounded.

4. Geothermal Energy in Canada

The Canadian interest for the development of geothermal energy sources started
around 1972/1973 as a consequence of the diesel price rise and reserves decline fore-
casts [56]. Prior to the 1970s, geothermal energy sources were restricted to direct use
applications, such as hot springs and spas in Western Canada [57]. The first governmen-
tal program to investigate the geothermal potential of Canada, the Geothermal Energy
Program, began in 1976 but was terminated a decade later in 1986, motivated mostly by
the oil-price drop, but also due to the perception of geothermal energy as a high capital
risk [57-59]. Almost 5 decades have passed since Canada started seeing geothermal energy
sources from an industrial point of view, rather than only for ludic activities. In the Western
Canadian Sedimentary Basin, three major deep geothermal direct-use and power projects
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are progressing: the Clarke Lake geothermal project, the Alberta #1 Greenview project, and
the DEEP Earth Energy Production project.

4.1. The Saskatchewan DEEP Project’s Geological Context

The Williston Basin is an inter-cratonic basin centrally located on the North Amer-
ican continent straddling the Canadian American border (Figure 9). It is an ellipsoidal
bowl-shaped depression that forms the southwest extremity of the Western Canadian
Sedimentary Basin. Oil was first discovered in the Williston Basin in Southeastern Montana
in the 1920s and in North Dakota in 1951 and subsequently, more than 115,000 wells have
been drilled. The sedimentary section of the Williston Basin reaches a thickness of over
4800 m in Northern North Dakota and the stratigraphic section demonstrates that the
predominant depositional environment was a shallow sea from the Cambrian until the
late Cretaceous. DEEP is developing its geothermal project from an HSA at the base of the
Williston Basin, known as the Deadwood Formation.

> =
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Figure 9. Williston Basin and DEEP project (red dot) location map.

The Deadwood Formation basal clastics in the Williston Basin were deposited after a
long period of Precambrian erosion. The Deadwood sands represent a thick package of
mature sandstones that accumulated on the Precambrian surface. The lower Cambrian
Deadwood formation represents the first transgressive event as Cambrian seas transgressed
the low relief and irregular Precambrian surface. Deadwood sedimentation initially started
in an aeolian and dune environment directly on the Precambrian basement. This is overlain
by a thick package of mature porous deltaic and fluvial sediments which grade upwards to
offshore sands (informally referred to as the DEEP Sands). At this time, the deltaic focus
shifted, and we see a drop in sea level and sedimentation of longshore-drift-influenced
brackish lagoons and fluvial channels capped by aeolian sands and complete exposure.
Final sedimentation of the Deadwood by a marine transgression resulted in deposition of a
tight tidal flat carbonate package.

In the DEEP project area, the Deadwood is unconformably overlain by transgressive
sandstones, siltstones and shales of the middle Ordovician Winnipeg formation. The depo-
sition of the Winnipeg formation is contemporaneous with the initiation of the structural
depression that forms the basin. The sediments of the Williston Basin are representative of
all periods of the Phanerozoic. Silica diagenesis precludes porosity in parts of the Dead-
wood and Winnipeg Formations. Intense silica cementation takes place at updip-exposure
surfaces. The texture is reminiscent to quartzite and makes an effective seal. Silicification
is prevalent in the initial aeolian and dune sediments directly overlying the Precambrian
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basement and in the basal Winnipeg sands. The geochemistry of silica precipitation is
associated with acidic conditions and elevated temperature, suggesting that the Deadwood
may have been subjected to an even higher temperature in the past.

4.2. DEEP Earth Energy Production Corp. Project Overview

Injection wells for water disposal in Saskatchewan and gas wells in North Dakota
demonstrate a basin-scale resource with reservoir characteristics suitable for large fluid pro-
duction and injection rates; however, temperatures greater than 100 °C are only found in the
southeasterly most part of Saskatchewan and Western North Dakota. The project is unique
in that it targets deep hot water in a highly productive oil region. The project has thousands
of horizontal oil wells as neighbors and is located in the renowned Bakken oil trend.

DEEP’s long-term strategy is to build geothermal power facilities along with direct
use applications. This strategy complies with a vision of a cleaner energy future for
Saskatchewan and simultaneously supports SaskPower’s goal to reduce 2005 emission
levels by 40% by 2030. Produced electricity from the first facility will be sold under
an existing Power Purchase Agreement with SaskPower. DEEP is exploring additional
revenue streams including a commercial greenhouse development, which would be a new
opportunity for the Saskatchewan agricultural sector. To date, the project has advanced
with ~CAD$30M of Federal and Provincial funding and ~CAD$20M of private investment.
Federal funding was announced in person in Regina, Saskatchewan, by Prime Minister
Trudeau, the first renewable energy funding announcement ever made by a Prime Minister
in the history of Canada. The studies performed show that the resources in this geothermal
reservoir can potentially be used by power plants with capacities of more than 100 MWe.
Construction of the first 20 MW facility is planned to commence in August 2021 and fully
commissioned by March 2023. The DEEP project is certainly an important step toward
Canada’s energy transition. These first 20 MWe would reduce about 114,000 metric t of
CO, /year.

4.3. Drilling and Completion of Deep Wells

The drilling rig is shown in Figure 10a, where, subsequent to the Border-1 discov-
ery well completed in December 2018, four more vertical /directional wells were drilled
over the 2019/2020 winter: Border-2A, Border-2B, Border-3, and Border-4 (Table 1 and
Figure 10b). Border-2B was drilled starting from well Border-2A and then deviating to
acquire additional data. Then, well Border-3 was directionally drilled from the location of
Border-1, while the vertical well Border-4 is located southwest of the previous wells and
outside the domain shown of Figure 10b.

Figure 10. (a) Drilling rig for the DEEP project and (b) schematic representation of drilled wells [60].
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Table 1. Main characteristics of wells drilled to date at DEEP project.
Well Name Border-1 Border-2A Border-2B Border-3 Border-4 Border-5
Type Vertical Directional Wh1p§tock Directional Vertical Horizontal
Directional
Drilling Days 38 37 26 22 30 43
Drilling Costs ($M) 3.53 3.60 1.99 2.25 2.60 4.60
Liner Type Slotted /Solid n/a Slotted /Solid Solid Solid Sol;cllezvv/elzrac
Bottom Hole Temp. (°C) 125 117 121 122 120 127
Well TD (mMD/mTVD) 3530 3840/3496 3890/3624 3681/3560 3731 5672/3731

The total amount of new hole drilled (minus above the Border-2B whipstock) was
12,279 m. There was 185 m of core cut and 10 drill stem flow tests (includes 2 misruns).
The intermediate section of the wells was cased with 177.8 mm (7”) casing. The results of
this drilling program were determined in an extensive 2020 summer testing program that
included a combination of flowing and injectivity tests.

A sixth horizontal well, Border-5, was drilled and hydraulically stimulated in October
2020. This was the first 90° horizontal fluid production well in the world to be drilled and
hydraulically stimulated for the purposes of geothermal power generation. The horizontal
well was drilled to a total measured depth of 5672 m (3450 m vertical depth) which includes
a 2000 m horizontal section. The well was completed with a cemented liner and a 20-
stage multicycle stimulation sleeve system, and hydraulically stimulated using the latest
horizontal well techniques. The highest temperature measured during open-hole logging
was 127 °C. No significant issues were encountered during drilling and the geological,
operations and directional staff were able to maintain the well trajectory in the reservoir
target zone for a significant portion of the lateral length. This well demonstrates the viability
of horizontal drilling for geothermal resources in Hot Sedimentary Aquifers, supports
the geophysical analysis, and further demonstrates reservoir continuity. The open hole
well was tested by using a coil tubing nitrogen lift test, which indicated high permeability
and flow capability with an absolute open flow capacity in the order of 20,000 m3/d or a
productivity index of 0.55 m3/d/kPa. Successful mechanical stimulation and production
modeling indicate a highly productive well—twice the productivity of an unstimulated
well. This well will sustain commercial production rates (100 L/s), while minimizing fluid
drawdown. Drilling and testing results indicate that temperature and potential flow rates
are sufficient to support multiple 20 MW, geothermal power facilities (enough power to
supply approximately 20,000 households).

4.4. Social and Economic Implications

The province of Saskatchewan has a long history of developing its natural resources
with oil and gas being one of the leading industries as well as being the world’s largest
producer of potash and one of the world’s largest producers of uranium. Saskatchewan
is the second-largest oil-producing jurisdiction in Canada and seventh-largest onshore
oil-producing jurisdiction in Canada and the United States. Improvements to horizontal
oil well drilling and completion techniques have greatly improved production in the last
several years. There have been ~90,000 oil and gas wells drilled in the Williston Basin
on both sides of the Canadian and American border in Saskatchewan and North Dakota
combined. In Saskatchewan alone, including the Williston Basin and other oil reservoirs,
there has been a total of ~270,000 oil and gas wells drilled in the province [61]. The
resource industry is a key economic driver in the province through royalty payments to the
province from producers and major industry and job creation. As such, there is strong local
support to develop provincial geothermal resources and a robust regulatory environment
already exists to support it. This strong provincial regulatory environment for drilling and
exploration is a key strength in the DEEP geothermal project. Licensing for drilling deep
wells is a commonplace activity, which is not the case elsewhere in the world, since it is
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benefiting from the enormous experience of Canada’s oil and gas mining industry and it is
converting the workforce to new forms of clean, renewable, and sustainable energy.

The project is attracting, for the first time, a diverse and innovative labor force that has
been previously geared only to fossil fuel production. DEEP’s geothermal project has been
locally championed as a way to both literally and figuratively develop a new clean energy
industry on the backs of the oilfield industry and has been benefited from co-funding
and continued logistical and authorization support from Natural Resources Canada. The
effects on the labor market in the country have seen the redeployment of workers with
high technological and scientific profiles on a renewable energy project.

5. Discussion and Conclusions

The three geothermal drilling projects presented here, the CFDDP in Italy, the UD-
DGP in the United Kingdom, and the DEEP in Canada, show that the development of
unconventional resources can be achieved with proper scheduling, scientific knowledge,
technical expertise, and communication with local communities and stakeholders. The
characterization of caldera-hosted geothermal resources, Enhanced Geothermal Systems in
granite basement, and Hot Sedimentary Aquifers are the three different geological contexts
described here. The drilling depth reached in each site is different, but the enthalpy of the
fluids is comparable, since the geothermal gradient is higher in the Campi Flegrei Caldera
(about 220 °C/km) than in the UK and Canadian sites, where almost the same gradient is
observed (37 °C/km), as shown in Table 2.

Table 2. Summary of the main characteristic of the three geothermal drilling projects considered.

. Maximum Geothermal Period of Number of Wells
Project illed Bottom/Hole Gradi Drilli Drilled to D
Acronym Country Drille Temperature (°C) radient rilling rilled to Date

Depth TVD (°C/km) Activities in Each Project
CFDDP Italy 500 ~110 220 2012 1
UDDGP United Kingdom 5057 187 37.2 2019 2
DEEP Canada 3450 127 36.8 2019-2020 6

From the technical point of view, the CFDGP allowed the application of real-time
mud-gas analysis technique, which has been shown to be a valuable and operationally
simple way to obtain qualitative information about the fluid contents in a specific drilled
section. The method described above is operationally simple and relatively inexpensive.
Because the mud-gas samples are taken during drilling, it also helped to decide if and
at what depth, rock or fluid samples should be taken. A good correlation between the
fluid’s changes and lithology of the drilling core has been identified. CHy, He, and with
limitations CO, and H; are most suitable for detection of fluid-bearing horizons, such as
shear zones, open fractures, and sections of enhanced permeability. This technique can be
used with other gas of interest depending on the industrial application (i.e., geothermal,
oil and gas, etc.).

At the UDDGP project, detailed analysis of the cuttings allowed for a qualitative
overview of the relationship between mineralogy and the concentration of radiogenic
components, which helped to constrain local heat-flow data and led to a new classification
of granite types based on their Th, U, and K ratios. Significant peaks in gamma correlated
with mineral rich lodes (veins) provided additional evidence for fractures. Other structural
features were indicated by notable changes in the cuttings, which corresponded to zones of
losses recorded whilst drilling. QEMSCAN and SEM analysis were used to establish the
mineralogical differences between the fractured zones and surrounding granite.

DEEP’s subsurface “fishbone” geothermal field design is globally unique and is a
transformative application of modern oil and gas drilling, completion, stimulation design,
and field execution techniques applied for the first time on a renewable energy project.
The drilling for this project is being advanced by local world class oilfield expertise and
redeploying that uniquely skilled workforce into a new clean energy industry for Canada.
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Stimulated horizontal wells drilled at a similar elevation are planned in the final completion
phase of the project to implement production and injection well doublets. This anticipated
well-field design is significantly different from what was used at the UDDGP project, with
production and injection wells at different elevation levels.

The activities conducted in these three projects highlight the importance of proper
communication and establishment of outreach programs. In Italy, the CFDDP experience
shows that misunderstanding about technical aspects can stop a research project. A lesson
learnt from the shallow pilot hole drilling is that a better communication among academia,
politicians, stakeholders, and communities is required for the second phase of the project,
whose target is a 3500 m-deep well, aiming to reach supercritical fluids inside the caldera.
In contrast, in the UK, the outreach program was established one year before drilling
started, and the phased approach taken, helped to build trust in the project leading to its
increased acceptance.

The developers of deep geothermal projects, as well as of any other energy generation
plant, have the responsibility to clearly share the information about their projects, indicating
the potential environmental impacts and their mitigation measures, the employment
opportunities, and the benefits of electricity generation from renewable sources. The
comparison among different energy sources, the divulgation of basic scientific and technical
topics, and the promotion of public consciousness of our energy need and consumption are
important aspects that should be included in community outreach programs. However, the
obstacles that can be encountered with the opposition of local communities are site-specific,
besides being related to economic, social, and political context of each country. Considering
the three sites analyzed here, the population density is very different, which may explain
the local communities’ reactions to each project (Table 3).

Table 3. Population density in the regions of the three geothermal projects reviewed.

Population Density

Country Site Residents/km? Year Source
Italy City of Naples 8091 2020 ISTAT [62]
United Kingdom Cornwall county 161 2018 Office for National Statistics [63]
Canada Southern Saskatchewan province <2 2020 Statistics Canada [64]

A further aspect to be considered for social acceptability is also the vocation of the
territory, which differs greatly in the various cases analyzed of Campi Flegrei (its volcanic
context and geothermal manifestations), Cornwall (its mining heritage) and Southern
Saskatchewan (its oil and gas history). The Phlegraean Fields represent a portion of the
famous Campania Felix defined by the Romans where numerous centers of Greek civ-
ilization first and then Roman civilization settled. The fertility of the soil of volcanic
nature and the availability of geothermal resources has been a focal point for the develop-
ment of the area. In the 1970s, there were two periods of strong bradyseism (1970-1972
and 1983-1984) in which there has been a gradual relocation of the inhabitants of the
area of Pozzuoli in neighboring areas. It is precisely during this period that there was
a resumption of geothermal exploration with the drilling of wells reaching considerable
depths (Table 4). However, this research activity was abandoned for reasons related to
the phenomena of bradyseism, until 2012 with the drilling of the CFDDP pilot well. In
Cornwall, the two wells of the UDDGP project are the only ones drilled in the area aside
from mining exploration boreholes (Table 4). Geothermal development is looking to restore
jobs and boost the local Cornwall economy producing electricity, heat, and, hopefully,
lithium [65]. The bottom hole temperature of 187 °C from the production well was ascer-
tained during production testing in August 2020. The project is currently in its testing
phase with plans to build a commercial power plant supplying 3 MW of electricity later in
the year.
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Table 4. Main characteristic of the drilling activities (geothermal and oil and gas) at each site.

Sit Count Period of Drilling Number of Wells
¢ ountry Activities Drilled to Date
Campi Flegrei [19,22] Italy 1939-2020 28
Cornwall [24] United Kingdom 2019 2
Williston Basin [61] Canada 1982-2020 ~90,000

A drilling project is therefore site- and technology-specific: in the UDDGP project, the
community outreach and education program played a central role in achieving drilling
goals, while for DEEP licensing was straightforward because of the numerous oil and gas
wells in the region. In CFDDP, on the other hand, a serious controversy was generated,
involving the population, scientists, and politicians, in a densely populated area. Finally,
while the CFDDP is a scientific project, those in the UK and Canada are industry driven
and this review is a first initiative to compare scientific and industrial geothermal drilling
projects. This comparison shows that each geothermal drilling project has its own history,
not only because of the different geological context and technical challenges, but also
because the different approaches with the local communities, as well as cultural aspects
related with history, economy, and politic of each country.

Among other recent experiences, the ongoing IDDP project in Iceland has provided
interesting new insights for the scientific community. The IDDP-2 well drilled in 2017 is
the first well that exceeds not only critical temperatures, which was already observed in
countries such as Italy, Mexico, or Japan, but also critical pressures, in the history of geother-
mal drilling [66]. On the other hand, EGS development in France has shown successful
experiences, with the Soultz-sous-Foréts power plant [67], where, after 30 years of research,
a binary power plant has started operation in 2016, as well as with the Rittershoffen geother-
mal heat plant, successfully providing an average of 22.5 MWt and 180 GWh/year of heat
since June 2016 [68]. Successful examples of unconventional geothermal development are
also given by Croatia, with the plant in Velika Ciglena [69], and Germany, with the Landau
plant [70].

However, in several regions of France, people opposed to hydraulic stimulation for
geothermal energy, since they point out the risk of induced seismicity, as it happened
according to recent news [71]. On the other hand, the interest for geothermal power
production is growing in the oil and gas industry whose technical drilling expertise and
innovations can readily be applied to develop geothermal reservoirs, as in the case of the
DEEP project. Other recent technological development for geothermal systems includes
closed deep borehole heat exchangers, such as the Advanced Geothermal Systems described
by Wang et al. [72] and the Closed-Loop Geothermal (CLG) technologies, in their early
commercialization stages, that use deep ground heat exchangers for power generation [73].

The motivation for promoting this kind of drilling projects lies in the transition from
fossil fuels to green energies, particularly in in Canada and the UK; in Italy, although the
Naples area has no oil and gas or mining tradition, as it is the case of the UDDPG and
DEEP projects, the use of geothermal resources can contribute to the development of geoen-
ergy in that area. The three case studies described here indicate that drilling techniques
and reservoir characterization methods are currently available for the development of
unconventional geothermal resources (EGS, HSA, and supercritical fluids), contributing to
the transition between non-renewable resource development (mineral in the UK, and oil
and gas in Canada, just to highlight the examples given here), to renewable geothermal
resources.
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