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Abstract

Supercritical geothermal systems are very high-temperature geothermal systems that
are located at depths near or below the brittle-ductile transition zone in the crust
where the reservoir fluid is assumed to be in the supercritical state, that is for pure
water, temperature and pressure are, respectively, in excess of 374 °C and 221 bar.
These systems have garnered attention in recent years as a possible type of uncon-
ventional geothermal resource due to their very high enthalpy fluids. Supercritical
conditions are often found at the roots of volcanic-hosted hydrothermal systems. More
than 25 deep wells drilled in geothermal fields such as The Geysers, Salton Sea, and on
Hawaii (USA), Kakkonda (Japan), Larderello (Italy), Krafla (Iceland), Los Humeros (Mex-
ico), and Menengai (Kenya) have encountered temperatures in excess of 374 °C, and in
some cases have encountered magma. Although fluid entries were documented for
some of these wells, it remains an open guestion if permeability can be maintained at
high enthalpy conditions. The IDDP-1 well at Krafla encountered magma, and ended
up producing very high enthalpy fluids; however, these fluids were very corrosive and
abrasive. Innovative drilling and well completion techniques are therefore needed to
deal with the extreme temperatures and aggressive fluid chemistry compositions of
these systems. New efforts are underway in Japan (northern Honshu), Italy (Larderello),
Iceland (Reykjanes peninsula and Krafla), Mexico (Los Humeros), USA (Newberry), and
New Zealand (Taupo Volcanic Zone) to investigate supercritical systems. Here, we
review past studies, describe current research efforts, and outline the challenges and
potential opportunities that these systems provide for international collaboration to
ultimately utilize supercritical geothermal systems as a geothermal energy resource.

Keywords: Supercritical geothermal systems, Brittle—ductile transition, International
collaboration

Introduction

High enthalpy geothermal systems have been harnessed for electrical power generation
for over a 100 years. While the classification scheme for low, medium, and high enthalpy
systems varies for different authors (Axelsson and Gunnlaugsson 2000; Benderitter and
Cormy 1990; Hochstein 1990; Kaya et al. 2011; Muffler and Cataldi 1978; Nicholson
1993), reservoir temperatures above 150-225 °C are considered to be able to provide
high enthalpy fluids. To date, most developed geothermal systems have temperatures of
150-300 °C. Higher temperature geothermal systems (7" > 250 °C) are almost always
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associated with active volcanic centers and elevated temperature gradients resulting
from high heat flow caused by shallow intrusions of magma. Igneous-related geothermal
systems represent a significant though unexploited energy resource; identified magmatic
systems in the United States, for example, are thought to contain much more thermal
energy than all known hydrothermal systems in the same region (Smith and Shaw 1975,
1979; Tester et al. 2006). In Iceland, a tenfold increase in energy output for a single well
was estimated utilizing high enthalpy systems (Fridleifsson and Elders 2005). Because
of the technical challenges associated with drilling deeper into the higher temperature
roots of hydrothermal systems, few wells have encountered supercritical (7' > 374 °C, P
> 221 bar for pure water, T > 406 °C, P > 298 bar for seawater) conditions.

The transition to supercritical conditions occurs near the brittle—ductile transition
zone, where magmatically dominated fluids are found in the hotter plastic rock and
hydrothermal fluids circulate through the overlying cooler brittle rock (Fournier 1999).
One key aspect of this environment is retrograde solubility of quartz—this might result
in the sealing of any fractures generated (Fournier 1991; Saishu et al. 2014; Tsuchiya and
Hirano 2007). However, on the basis of a new set of laboratory experiments on frac-
tured granites, Watanabe et al. (2017) suggest that there is not a step-function decrease
in permeability associated with the brittle—ductile transition, and that potentially
exploitable resources may occur in nominally ductile granitic crust at temperatures of
375-460 °C and depths of 2—6 km. Recent studies have demonstrated that wells that tap
supercritical fluids could have much higher productivities due to the high fluid enthalp-
ies, which could make deeper and hotter wells economically attractive (e.g., Fridleifsson
et al. 2007). Supercritical fluids also have high rates of mass transport because of their
much higher ratio of buoyancy forces relative to viscous forces (Elders et al. 2014a), thus
increasing efficiency. Whereas supercritical temperatures have been found in several
wells in volcanic areas, supercritical pressure conditions require either drilling a very
deep well or the presence of a sealing horizon allowing the pressure to exceed hydro-
static conditions. In a boiling hydrostatic hydrothermal system, pressure—temperature at
each depth is governed by the boiling point-depth curve, and the critical point for pure
water would be reached at a depth of about 3.6 km (White 1968). Exploiting the higher
temperature roots of existing geothermal systems could result in increased productivity
and sustainability. Recently, there have been several initiatives focused on identifying the
potential opportunities and challenges associated with extreme conditions. The overall
objective of these studies is to demonstrate the viability of these supercritical resources
for power generation. The following sections review some of the physiochemical features
associated with supercritical geothermal systems, describe previous results for wells
that encountered supercritical conditions, list current research initiatives associated
with these resources, and discuss potential opportunities for international collaboration.
This study was initiated by a meeting on high-temperature geothermal systems at the
3rd Innovation for Cool Earth Forum (ICEF) Annual Meeting and is based on a paper
presented at the 41st Workshop on Geothermal Reservoir Engineering by Dobson et al.
(2017).
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Initial experience with supercritical systems

Both exploratory and production wells have encountered, in some cases unexpectedly,
conditions exceeding either the critical temperature or both the critical temperature and
pressure for water. Some of these wells were “dry,” indicating very low permeability. All
of these wells experienced serious issues with regard to rock-physical and fluid prop-
erties, leading to challenges related to drilling, completion, and fluid handling. A brief
summary of some of these drilling efforts follows (also listed in Table 1).

Drilling of supercritical systems in Italy

Bertini et al. (1980) report on the drilling of well Sasso 22-4092 m depth within the
Larderello geothermal field. This well was intended as an exploration well to investigate
potential reservoir formations underlying the productive horizons. Nearly the entire
well was drilled with complete circulation loss in very hard and inhomogeneous rock.
Due to elevated temperatures and corrosive conditions, severe drilling problems such
as tool deviation, drill pipe corrosion, breakage, fishing, and side tracking arose below
3000 m. Core samples and logs could be retrieved and it was found that the formations
were highly fractured to total depth. Measured temperatures reached 380 °C at 3970 m
depth. Due to an unsuccessful primary cement job on the 9 5/8" production casing, and
subsequent unsuccessful remedial cementations, the casing was heavily damaged to
2200 m depth after many string maneuvers and shocks. The well therefore had to be
abandoned soon after drilling (Baron and Ungemach 1981).

A second well, San Pompeo 2, targeted the same reservoir interval as Sasso 22 (Batini
et al. 1983). Again, drilling problems led to side tracking of the well. At 2930 m a frac-
tured horizon was found, and the well violently blew out. This led to formation cave-in,
blockage of the drill string, and accumulation of debris in the well. During subsequent
cleaning operations, the well blew out again and could not be controlled, leading to
abandonment. Downhole temperatures and pressures up to 394 °C and 212 bar were
measured at 2560 m depth. Extrapolated to a depth of 2930 m, the reservoir conditions
were estimated to be >400 °C and 240 bar (Batini et al. 1983). Close to San Pompeo 2,
well Carboli 11 was drilled down to 3455 m in 1990. A temperature of 427 °C was indi-
cated at a depth of 3328 m using a melting alloy. In 1991, a sidetrack was drilled down to
3825 m (Ruggieri and Gianelli 1995; UNMIG 2010).

At San Vito (Mofete geothermal field), a well was drilled at 6 to 3045 m. The well
had to be side tracked two times due to loss of the bottom-hole assembly (BHA) down-
hole. During drilling of the first lateral, circulation was interrupted leading to gelling and
coagulation of the drilling mud around the BHA. Trying to re-establish circulation by
perforating the drill string failed as the explosive charge decomposed at elevated bot-
tom-hole temperatures. In the second lateral, measurements with a zinc melting tab-
let indicated a bottom-hole temperature in excess of 419 °C following a 1-week shut-in
period (Baron and Ungemach 1981; Fournier 1991). Nearby San Vito, high-temperature
wells exhibited modest permeability (Buonasorte et al. 1995).

Drilling of supercritical systems in Iceland
A 2265-m-deep well (NJ-11) drilled at the Nesjavellir geothermal field on the NE flank of
the Hengill volcano in 1988 unexpectedly encountered temperatures >380 °C with very
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high fluid pressures and inflow rates (Fournier 1991; Steingrimsson et al. 1990). Because
of the threat of a blowout at greater than hydrostatic pressures, the lower portion of the
well was filled with a gravel plug. However, this well led to the concept of deliberately
seeking out supercritical temperatures as part of the Deep Vision initiative in Iceland in
2000, which later transformed into the Icelandic Deep Drilling project (IDDP) (Fridleifs-
son and Elders 2005; Fridleifsson et al. 2007).

The primary objective of the Icelandic Deep Drilling project was to conduct deep drill-
ing at selected sites with very high thermal gradients, to attempt to validate the concept
that supercritical fluids with temperatures ranging from 450 to 600 °C could be encoun-
tered and produced from depths of 3.5 to 5 km and be used for commercial power gen-
eration (Elders and Fridleifsson 2010; Fridleifsson and Elders 2005; Fridleifsson et al. 2007,
2014). Observed seismic activity indicates that brittle failure occurs at these depths in this
region, suggesting that there are permeable zones even at these elevated temperatures.
An initial attempt was made to deepen an exploratory well on the Reykjanes peninsula
(RN-17). However, the 3.1-km-deep well suffered a wellbore collapse during flow testing,
and could not be deepened. The effort shifted then to the Krafla geothermal field, where
the IDDP-1 well was spudded in 2008. The plan was to drill this well to a depth of 4.5 km;
however, rhyolitic magma was encountered at a depth of 2104 m, and the well was com-
pleted just above this point at 2072 m (Elders and Fridleifsson 2010; Elders et al. 2014a,
c). Subsequent flow testing produced superheated steam at flow rates of 10-12 kg/s with
wellhead temperatures reaching up to 450 °C, fluid enthalpies of 3200 kJ/kg, and well-
head pressures of up to 140 bar (Fridleifsson et al. 2014). The well and its associated sur-
face equipment experienced corrosion resulting from acid gases (HCl, HF, and H,S) along
with silica scaling and erosion; well head valve failure ultimately led to the well being shut
in (Einarsson et al. 2015). Hauksson et al. (2014) subsequently conducted field and labo-
ratory tests that demonstrate that a variety of scrubbing techniques could be employed
to mitigate the corrosive effects of the produced fluids. Continuing efforts for this pro-
ject are described “Iceland Deep Drilling project” section. Close to the IDDP-1 well,
K-36 was spudded in 2007 and drilled down to 2501 m without encountering magma.
Production of highly corrosive fluid from this well indicated that the deepest aquifer at
depth >2 km is likely superheated or at least close to the boiling point-depth curve and
very gas rich (Frioleifsson et al. 2010). Well K-39, spudded in 2008, was drilled down to
2865 m (2571 m TVD) into the Sudurhlidar field. From 1404 to 2654 m, few cuttings were
returned while drilling with almost total circulation loss. Below, no cuttings returned to
surface. At 2848 m, the drill string got stuck a few hours after drilling was completed.
After unsuccessful attempts to free the drill string, it was detached with explosives in
2808 m. The lowermost units in the BHA contained cuttings with 30% fresh, quenched
glass, indicating the presence of molten rock. Temperature logging indicated three feed
zones between 2000 and 2720 m. Below, temperatures quickly increased to 385.6 °C
at 2822 m. No additional feed zone was found. The well was plugged up to 2620 m to
avoid production of hot, potentially very acidic fluid at temperature and pressure above
the rating of well completion components (Mortensen et al. 2010). In addition to the
work within the IDDP project, an international consortium plans to further investigate
the magma body drilled in the IDDP-1 well as part of the Krafla Magma Testbed project
(KMT). The goals of KMT are detailed in “Krafla Magma Testbed project” section.
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In the vicinity of the later IDDP-2 well (see “Iceland Deep Drilling project” section) in
the Reykjanes geothermal field, well RN-17 was drilled down to 3082.4 m in 2004/2005.
Temperature measurements could only performed down to 2100 m due to a well
obstruction. However, extrapolation of the boiling point-depth curve indicates a bot-
tom-hole temperature of 370 °C. Flow testing and fluid inclusions indicated a bottom-
hole temperature of 320-380 °C [(Marks et al. 2010), and references therein].

Drilling of supercritical systems in Japan

A deep scientific exploration well was drilled in 1994—1995 at the Kakkonda geothermal
field in Japan as part of the Deep Geothermal Resources Survey led by NEDO (Mura-
oka et al. 1998). This well, WD-1a, was drilled to a depth of 3729 m, and penetrated
through the upper hydrothermal system into a high-temperature granitic pluton with
a conduction-dominated temperature gradient of up to 32 °C/100 m and a bottom-hole
temperature of 500 °C (Ikeuchi et al. 1998). An inflection in the temperature profile of
the well at 380 °C appears to indicate the brittle—ductile boundary for this system—no
permeable fluid entries were observed below this transition, and a lower fracture den-
sity was observed (Kato et al. 1998). While this well did not produce supercritical fluids,
it demonstrated the feasibility of drilling at these elevated temperatures using borehole
cooling techniques, and confirmed that the pluton underlying the Kakkonda geothermal
field was the heat source for the hydrothermal system and had even higher tempera-
tures. This study led to research on the possible utilization of such resources for geother-
mal power generation (e.g., Hashida et al. 2000).

Drilling of supercritical systems in the US

Elevated temperatures have also been encountered in three geothermal systems in the
United States (e.g., Elders 2015). Several high-temperature wells have been drilled at The
Geysers geothermal field and its environs. The Wilson No. 1 well was drilled in 1981
outside of the main field on the flanks of Mount Hannah to a depth of 3672 m (Fournier
1991; DOGGR online well records 1982). While the maximum measured (unequili-
brated) temperature for this well is 325 °C, fluid inclusions recovered in cuttings suggest
bottom-hole temperatures of up to 400 °C. A high-pressure zone was encountered near
the bottom of the well, and a steam entry was observed at total depth. Casing collapse
led to abandonment of the well. The highest temperatures that have been encountered
to date at The Geysers were measured in a well that was deepened in 2010 as part of a
US DOE-funded EGS field demonstration project in the NW Geysers high-temperature
reservoir. A steam entry was encountered in the deepened Prati-32 well at 3352 m with
a measured temperature of 400 °C. Drilling difficulties caused by elevated temperatures
(the well was drilled with air) led to low rates of penetration (ROP, 3 m/h) and extreme
bit wear (the last roller cone bit only lasted 30 m); thus the well was completed at a depth
of 3396 m. This well was used as the injection well for the EGS production-injection well
pair for this project (Garcia et al. 2016).

A temperature of 390 °C was reported for the IID-14 well in the Salton Sea geo-
thermal field (Kaspereit et al. 2016). This well is located on Red Hill, one of the very
young rhyolite domes associated with this geothermal system. This exploration well was
drilled in 1990 to a depth of 2073 m (DOGGR online well records), and was plugged
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and abandoned due to the elevated pressures encountered at depth. Although high, this
temperature does not represent supercritical conditions; given that the Salton Sea fluids
have extremely elevated salinities of 20-30%, supercritical temperatures would need to
exceed 550 °C (Driesner and Heinrich 2007). Several investigators have suggested that
the Salton Sea geothermal field constitutes an ideal target for accessing supercritical
geothermal fluids at reasonable (<4 km) depths because of the very high thermal gradi-
ent resulting from the transition from a continental rift zone to a strike-slip plate bound-
ary (Shnell et al. 2015, 2016).

Very high temperatures were also encountered in wells KS-2 and KS-13 in the Puna
geothermal field in Hawaii. KS-2 was drilled in 1982 down to a depth of 2440 m. Severe
lost circulation was encountered in the uppermost interval and cementing the casing
along the loss zones was difficult. Logging until total depth was not possible because of
obstructions within the well. Extrapolation of temperature and pressure conditions in
well KS-2 suggests supercritical conditions at total depth. Permeable zones are assumed
in the lower part of the well. Hostile well conditions led to several obstructions during
flow testing (Iovenitti and D’Olier 1985). KS-13, drilled as an injector in 2005, inter-
sected dacitic magma at a depth of 2488 m shortly after encountering a diorite intrusion
(Teplow et al. 2009). The temperature of the melt was not measured directly downhole.
Drilling problems resulted in a section of drill string being stuck and the well being com-
pleted at a depth of 2124 m. A petrological study of dacitic glass that was recovered sug-
gests that it had a temperature of ~1050 °C.

Temperatures close to supercritical conditions were reported for well Lanipuna 1
drilled down to 2557 m in 1981 close to the Puulena Crater on Hawaii. During drilling
no lost circulation zones were encountered; however, permeable zones were interpreted
from temperature profiles between 1700 and 1830 m. A temperature log was run about
32 h after the end of circulation, indicating a conductive gradient from 1830 m to total
depths. A bottom-hole temperature of 363 °C was measured, the upper temperature
limit of the probe. Low permeability is consistent with the results from cutting analysis
(Campbell and Gardner 1981).

Drilling of supercritical systems in Mexico

Within the Los Humeros geothermal field in Mexico, at least seven deep (>2100 m) wells
have estimated stabilized temperatures higher than >380 °C (Elders et al. 2014b; Espi-
nosa-Paredes and Garcia-Gutierrez 2003; Garcia-Gutiérrez et al. 2002). Two of the wells
(H-26 and H-12) appear to have encountered young intrusions at depth. Most of the
wells with elevated estimated temperatures appear to lie above the boiling point-depth
curve (Garcia-Gutiérrez 2009). Most of the deep reservoir rocks at Los Humeros have
relatively low permeability, making them potential targets for EGS. The supercritical
portion of this field will be studied as part of the recently initiated GEMex project (see
“GEMex project” section ).

Drilling of supercritical systems in Kenya

Wells MW-04 and MW-06 in the Menengai geothermal field were drilled into magma,
resulting in fresh quenched glassy cuttings at 2080 and 2172 m depth, respectively, sug-
gesting the presence of a shallow intrusive heat source below the caldera summit (Mbia
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et al. 2015). The drill string got stuck while drilling these intervals. During production
testing of MW-04, fluid entries were observed from overlying layers and a temperature
of 390 °C was measured after 11 days of flow testing and about 1 month after the end of
drilling. Pressures up to about 140 bar were observed during shut-in. At flowing condi-
tions, bottom-hole pressure was observed to be about 20 bar (Sekento 2012).

The development of the Menengai geothermal field is currently delayed due to drilling
problems. Stuck pipe problems accounted for 12% of the total drilling time in this field
and were often caused by lost circulation at permeable zones and long waits for drilling
water (Makuk 2013). Drilling into liquid magma pushed the drill string up, resulting in a
drop of hook load. Simultaneously, circulation was blocked. Drilling at these high tem-
peratures often leads to metal fatigue. A drill string risk management program was sug-
gested to monitor any defects (Makuk 2013).

Recent and current research efforts

A number of serious issues have been encountered while trying to handle and utilize
fluids from geothermal reservoirs at temperature and pressure conditions exceeding the
supercritical conditions of water. Early experiments in high enthalpy geothermal fields
clearly identified bottlenecks in terms of exploration, drilling, completing, and moni-
toring. The major engineering challenges remain valid today, although a lot of valuable
experience was gained in recent drilling campaigns in Iceland. During some drilling
campaigns, supercritical conditions were unexpected and therefore the well design was
not appropriate to handle fluids at supercritical temperatures. This calls for better explo-
ration and imaging technologies prior to drilling, as well as better reservoir models. To
improve reservoir understanding at supercritical conditions, laboratory experiments at
these conditions and numerical models capable of handling supercritical fluid condi-
tions are also key.

Several drilling issues arose. As is common in geothermal wells, especially in highly
fractured reservoirs, wells were drilled with total circulation loss, and sometimes a very
low rate of penetration (ROP) and high bit wear. In addition, problems arose due to
additives to the drilling fluid. The fluid sometimes coagulated, blocking the drill string
and eventually leading to stuck pipe. Due to the high temperatures and acidic reservoir
fluids, drill string fatigue and corrosion was observed, sometimes leading to breakage
[(Gunnlaugsson et al. 2014; Miller 1980; Sanada et al. 1998) and references given in “Ini-
tial experience with supercritical systems” section]. Consequently fishing, and eventu-
ally side tracking, was performed. Often, cementing a casing across high permeability
fractures is necessary. The high-temperature environment also affects cement setting
kinetics and can lead to cement-job failures. To be able to economically access and to
sustainably utilize supercritical geothermal systems, improved drilling, completion, and
cementing practices have to be implemented. Completion components have to be able
to handle high temperatures and pressures and acidic environments. Monitoring of sub-
surface conditions by measurements while drilling (MWD) can help to predict critical
zones and conditions. Scaling and erosion processes have to be considered. Once a well
is completed, logging and monitoring instruments have to be capable of operating at
ambient downhole conditions.

Various aspects of the geothermal development chain require in-depth investigation:
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+ Exploration methods for better resource assessment.

« Laboratory experiments to investigate in-situ fluid and rock properties.

+ Adapted drilling and completion technologies.

+ Logging and monitoring instruments and strategies.

+ Numerical simulation tools capable of handling supercritical conditions.

+ Field laboratories/wells to gain more knowledge about downhole conditions and test
technological approaches along the entire development chain.

Complementary investigations are currently being carried out in the framework of
recent or upcoming drilling campaigns in Japan, New Zealand, Mexico, and Europe.
Collaborative projects in Europe are being framed with initiatives in individual member
states [(Reinsch et al. 2016); http://www.geothermalresearch.eu]. Below are short sum-
maries of recent and current activities relating to field experiments, numerical simula-
tion methods, and high-temperature instrumentation.

Field laboratories

Recent, ongoing and proposed field studies related to supercritical geothermal systems
include the Iceland Deep Drilling project (IDDP), the Krafla Magma Testbed project
(KMT), the Japan Beyond Brittle project (JBBP), the DESCRAMBLE project (Drilling in
dEep, Super-Critical AMBient of continental Europe) at Larderello, Italy, the Hotter and
Deeper (HADES) project in the Taupo Volcanic Zone of New Zealand, the GEMex joint
EU-Mexico project in Mexico, and the Newberry Deep Drilling project in the USA.

Iceland Deep Drilling project

The current phase of the Iceland Deep Drilling project (IDDP-2) involves deepening
of the RN-15 well in the Reykjanes geothermal field from its original depth of 2507 m
to a depth of ~5 km (Fig. 1). The well was completed on January 25, 2017 at a depth
of 4659 m, where an unequilibrated bottom-hole temperature of 427 °C was recorded
together with a fluid pressure of 340 bar [(Fridleifsson and Elders 2017), see “Initial expe-
rience with supercritical systems” section]; several permeable zones were encountered
below 3000 m . Future plans for this well include petrographic analysis of retrieved core
and cuttings samples to characterize the lithology and alteration of the well, running (as
conditions permit) a comprehensive suite of downhole well logs, injecting cold water
into the completed well to stimulate fracture permeability, and subsequent flow testing
of the well to determine the nature of the formation fluids, their enthalpy, and flow char-
acteristics, and hence their engineering and economic potential. The IDDP consortium
is organized and funded by an Icelandic energy consortium (HS Orka, Landsvirkjun,
Reykjavik Energy, and the National Energy Authority) with additional support from
Alcoa (2007-2013) and Statoil (2007—2011). In 2015, Statoil renewed its commitment
until 2020. In December 2015, the IDDP-2 became part of the European Comission-
supported project DEEPEGS (Deployment of Deep Enhanced Geothermal Systems for
Sustainable Energy Business). The ultimate objective of the DEEPEGS project in Iceland
is to deliver steam for electrical power generation (Fridleifsson et al. 2016). The Inter-
national Continental Scientific Drilling Program (ICDP) and the US National Science
Foundation (NSF) have also provided additional funding for this project.


http://www.geothermalresearch.eu

Reinsch et al. Geotherm Energy (2017) 5:16 Page 11 of 25

H
M
H
2
0

Fig. 1 Conceptual model of the Reykjanes geothermal field showing the existing conventional geothermal
wells (brown) and the IDDP-2 well (blue) (Fridleifsson et al. 2016)

Krafla Magma Testbed project

Whereas the brittle—ductile transition zone was defined as the target for the IDDP pro-
ject, the main goal of the Krafla Magma Testbed project is to closely observe, sample,
and manipulate the transition zone from host rock to magma in order to test the con-
cept of directly harnessing magmatic systems (e.g., Chu et al. 1990). An improved under-
standing of the roots of geothermal systems gained from dedicated research wells will
be used to explore the potential for direct energy extraction from magma. This project
plans to combine information obtained from downhole samples and subsurface meas-
urements with surface geophysical and geochemical observations. Knowledge gained
from the project will also help to establish a holistic model of volcanic systems and hence
allow more reliable eruption forecasts for populated regions worldwide (Sigmundsson
et al. 2016).

Japan Beyond Brittle project

The Japan Beyond Brittle project (JBBP) was initiated to investigate the feasibility of
creating enhanced geothermal systems in the brittle—ductile transition zone [(Asa-
numa et al. 2012, 2015; Muraoka et al. 2014), Fig. 2]. This study grew out of the initial
deep drilling work conducted at Kakkonda. Anticipated advantages of such a system
include a potentially very large geothermal energy resource that could result in eco-
nomic energy extraction, simpler reservoir design and control, reduced parasitic fluid
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losses, and reduced induced seismicity. The Tohoku area of northern Honshu in Japan
has been identified as a promising target for this effort, as data from geophysical surveys
in this region have identified velocity and conductivity anomalies underlying Miocene
and younger calderas, suggesting the presence of shallow magma chambers that would
provide a widespread source of heat (Fig. 2). Evaluation of an uplifted young granite—
porphyry system in this region (Tsuchiya et al. 2016) revealed several episodes of natural
hydrothermal fracturing to form different groups of veinlets (quartz veins, hydrother-
mal breccia veins and glassy veins) in the rock mass under supercritical and subcritical
conditions. Studies of other young uplifted and exhumed plutons in Japan (e.g., Bando
et al. 2003) support the idea that supercritical conditions of 400-500 °C can be found at
depths of 3-5 km in association with cooling and fractured young magmatic intrusions.
Current work is focused on identifying a field site where a deep well can be drilled into
such a supercritical system.

DESCRAMBLE project

One of the objectives of the DESCRAMBLE project (Drilling in dEep, Super-CRitical
AMBient of continental. Europe), funded by the European Commission within the
framework of the H2020 funding scheme, is to deepen the existing Venelle-2 well in the
Larderello geothermal field in Italy from 2.2 km (and 350 °C) to a depth of 3-3.5 km in
2017. As in previous attempts in the 1980s, the goal is to characterize and test the deep
high-temperature resource below the currently exploited reservoir horizons (which is

| Hot sprin% \ijdrothermal system |

S Composite volcano /

|
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Up-flow of melt .
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Fig. 2 Conceptual model of the JBBP project for supercritical geothermal systems in northern Honshu, Japan
(Asanuma et al. 2015). These systems lie above shallow magma chambers that are associated with Miocene
and younger caldera complexes in the Tohoku region
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expected to have a temperature of ~450 °C, e.g., Busing et al. 2016; Liotta and Ranalli
1999; Stamnes et al. 2016). If the initial phase is successful, a pilot plant will be devel-
oped. The expectation is that productivities up to ten times those found in standard geo-
thermal wells can be obtained from supercritical resources due to much higher enthalpy
fluids. The main research objectives of DESCRAMBLE are to improve drilling and mon-
itoring methods and to develop better ways to physically and chemically characterize
deep crustal fluids and rocks (Fridleifsson et al. 2016).

New Zealand Hotter and Deeper project

Research efforts in New Zealand have included a study of the deep (5-7 km) geother-
mal resources in the Taupo Volcanic Zone, which are estimated to have temperatures
>400 °C and a potential of 10 GWe (Bignall 2010; Bignall and Carey 2011). A team of
investigators is conducting a comprehensive regional geophysical characterization of the
Taupo Volcanic Zone to examine the links between the shallow hydrothermal systems
and the deeper magmatic heat source. Newman et al. (2015) used full tensor 3D MT
modeling to provide evidence of deep-seated electrically conductive plumes to 10 km
depth. Bannister et al. (2015) conducted a passive seismic broadband survey of the
region to elucidate changes in crustal velocity structure between 3 and 8 km depth. One
of the goals of these surveys is to develop an integrated image of the brittle—ductile tran-
sition zone and identify potential deep drilling targets. Additional work has been con-
ducted on the geochemical links between geothermal and magmatic fluids in this region
(Bégué et al. 2017).

GEMex project

GEMex, a joint geothermal research project launched by Europe and Mexico within
the framework of the Horizon 2020 funding scheme in 2016, aims to assess two uncon-
ventional geothermal sites in Mexico: EGS development at Acoculco and a super-hot
resource in Los Humeros. This project will use innovative techniques and approaches
to reservoir characterization, numerical modeling, and laboratory experiments to make
the renewable energy source cost-effective and affordable for both electricity and heat
production. The project’s objectives include increasing knowledge of these two par-
ticular sites as well as using advanced techniques to identify deep structures to reduce
drilling risks, developing stimulation methods to increase permeability, and carefully
evaluating social and environmental risks associated with development of these types
of resources. In a second stage, drilling into the explored reservoir is anticipated (Bruhn
2017; Lopez Hernandez et al. 2016).

Newberry Deep Dirilling project

The Newberry Deep Drilling project (NDDP) aims at drilling into the brittle—ductile
transition zone at the Newberry Volcano, central Oregon state, USA. The main focus
of the project is to study the heat and mass transfer in the crust in view of natural haz-
ards and geothermal energy resource utilization. The Newberry Volcano contains one of
the largest geothermal reservoirs in the western United States with a conductive ther-
mal anomaly at ~320 °C at 3000 m depths (Cladouhos et al. 2016). It is assumed that at
depths <5000 m very high temperatures can be reached (ICDP 2017).
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Conceptual models and numerical simulation studies

There has been extensive work on conceptual models and numerical simulations of
supercritical geothermal systems. Fournier (1999) developed a comprehensive concep-
tual model of the link between magmatic and hydrothermal systems that includes sharp
thermal and fluid-pressure gradients across the brittle—ductile transition near the super-
critical temperature. According to this model, episodic breaches of the higher tempera-
ture plastic zone result in discharge of fluid into the overlying brittle domain, leading to
faulting, brecciation, and hydrothermal alteration and vein mineralization. Early work
focused on developing simulators that could handle temperatures ranging from those
found in hydrothermal systems up to those of magmatic systems (e.g., Hayba and Inge-
britsen 1994). Ingebritsen et al. (2010) provide an overview of numerical modeling of
magmatic hydrothermal systems, looking at the transfer of heat and metals from magma
bodies into the overlying crust through fluid—rock interaction. Yano and Ishido (1998)
utilized the STAR general-purpose geothermal reservoir simulator, incorporating the
HOTH20 equation-of-state package, to model flow to a well from a supercritical res-
ervoir, and noted that complex behavior might be expected due to nonlinear changes
in compressibility and fluid viscosity. Norton and Dutrow (2001) concurred, suggesting
that magma-hydrothermal processes should be thought of as complex dynamical sys-
tems whose behavior near the supercritical region is likely chaotic; this is also consistent
with the ideas of Fournier (1991), who suggested that zones of increased permeability
might be episodic features associated with elevated strain rates. Watanabe et al. (2000)
noted that the high heat capacity of supercritical fluids allows for more effective heat
mining from high-temperature rocks.

More recent work has focused on regions with supercritical conditions, which pose
challenges for many conventional reservoir model simulators due to rapid changes in
the physical properties of water. Croucher and O’Sullivan (2008) updated the thermody-
namic formulation used in TOUGH2 from IFC-67 to the more recent IAPWS-97 formu-
lation to allow this code to handle supercritical conditions. O’Sullivan et al. (2015, 2016)
have made further refinements to the AUTOUGH2 code. Magnusdottir and Finsterle
(2015) developed a new equation-of-state module (EOS1sc), following the approach of
Croucher and O’Sullivan (2008) to extend the applicability of iTOUGH2 to temperatures
and pressures above 800 °C and 100 MPa while obtaining better accuracy and higher
computational speeds. Gunnarsson and Aradéttir (2014) have developed a simple con-
ceptual model that invokes shallow dike intrusions as the heat source for volcanic-hosted
geothermal systems. Weis and Driesner (2013) postulate the presence of a hydraulic
divide between the nonstatic permeability within a supercritical reservoir and more
steady fluid flow within the overlying hydrothermal system, and noted many similarities
between supercritical geothermal systems and porphyry copper systems. Driesner et al.
(2015) describe a modular numerical simulator platform known as the Complex Systems
Modeling Platform (CSMP++), capable of simulating fluid flow and heat transfer while
also capturing geo-mechanical and geochemical processes. Scott et al. (2015a, b) applied
this modeling approach to evaluate processes in the supercritical zone in the IDDP-1
well. Scott et al. (2016) modeled the temporal evolution of high enthalpy geothermal
systems associated with shallow intrusions, and observed that host rock permeability
and composition, intrusion depth, intrusion geometry, and strain rate all play important
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roles in the thermal structure. Scott et al. (2017) noted that, for saline hydrothermal sys-
tems, the depth of the magmatic intrusions powering geothermal systems impacts the
efficiency of heat transfer. In their models, for intrusions >4 km deep, heat transfer is
maximized by phase separation occurring via condensation, whereas less efficient heat
transfer occurs via boiling in shallower (<2.5 km) systems.

Additional modeling work has focused on developing improved geophysical models to
capture the changing physical properties associated with the brittle—ductile transition
(BDT) and supercritical conditions. Carcione and Poletto (2013) proposed an elastic-
plastic rheology to model the BDT based on the Burgers mechanical model, including
the effects of anisotropy, seismic attenuation, and temperature by the Arrhenius equa-
tion. Carcione et al. (2014) presented an algorithm to simulate full seismic wave propa-
gation in heterogeneous media in the presence of the BDT, using the Burgers mechanical
model and the Arrhenius equation to take into account viscoelastic behavior, tempera-
ture dependence, and rock melting conditions. Carcione et al. (2016) extended the the-
ory to include poro-viscoelastic media by explicitly modeling the effects of fluids under
supercritical conditions. Farina et al. (2016) applied this algorithm to simulate full wave-
forms, demonstrating that discontinuities associated with the transition to supercriti-
cal conditions and the presence of magmas can be seismically observable. These tools
can be used for seismic characterization in conjunction with passive seismic, exploration

seismic, and seismic-while-drilling methods (Poletto et al. 2011a, b).

High-temperature instrumentation and method development

A critical challenge confronting the commercial utilization of supercritical geothermal
systems is the need for drilling systems, well completion methods, power plants, logging
tools, and characterization methods that can withstand high temperatures and aggres-
sive fluids. Several European Commission funded projects addressed and are currently
addressing these issues. The HiTI project (High Temperature Instruments for supercriti-
cal geothermal reservoir characterization and exploitation) focused on developing high-
temperature tools and methods (Asmundsson et al. 2014; Sanjuan et al. 2010). This work
focused on the development and testing of a high-temperature distributed temperature
sensing (DTS) cable (Reinsch and Henninges 2010; Reinsch et al. 2013) and a wireline
temperature tool, the MultiSensor memory tool that records temperature, pressure,
fluid flow and casing collar locations, high-temperature borehole televiewer and resis-
tivity logging tools, and new Na/Li geothermometers (Sanjuan et al. 2010, 2014), and
high-temperature tracers (Gadalia et al. 2010; Juliusson et al. 2015). The DESCRAMBLE
project developed a slick-line temperature and pressure logging tool by SINTEF that
can withstand downhole conditions of 450 °C and 450 bar for up to 8 h. The IMAGE
(Integrated Methods for Advanced Geothermal Exploration) initiative led to the devel-
opment of new seismic and electromagnetic investigation methods for characterizing
supercritical systems (van Wees et al. 2015), and these methods have been employed
at the IDDP sites in Iceland. One approach involves adaption the seismic-while-drilling
method to geothermal systems (Poletto et al. 2011a,b). In addition, new laboratory set-
ups were developed to investigate rock properties at supercritical conditions (e.g., Kum-
merow and Raab 2015a, b). The objective of the GeoWell project is to develop reliable,
cost-effective, and environmentally safe well completion and monitoring technologies to
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accelerate the development of geothermal resources for power generation in Europe and
worldwide. These technologies were deployed in traditional production wells as well as
deeper wells, where the pressure may be as high as 150 bar and temperature can exceed
400 °C. These technologies include all aspects of the well completion process, such as
optimization of cementing and sealing procedures, selection of materials and coupling
of casings, temperature and strain measurements in wells using fiber optic technologies
to monitor well integrity, and development of risk-assessment methods.

Conclusions

Supercritical temperature conditions are often found at the roots of high-temperature
geothermal systems. Supercritical pressure conditions are found in sufficiently deep
wells or where impermeable layers were capable of trapping high-pressure conditions.
Supercritical temperatures have been observed in shallower wells in cases where molten
magma was hit, as in two wells in Menengai, Kenya, the IDDP-1 and K-39 wells in Ice-
land, and the KS-13 well in Hawaii. Pressure conditions in these wells were likely or
reportedly lower than supercritical conditions. Wells encountering molten magma have
been found to have a reasonable permeability in reservoir layers above the magma. For
deeper high-temperature wells like the IDDP-2 and K-36 wells in Iceland, several wells
at Los Humeros, Mexico, the Prati 32 well at The Geysers, IDD-14 at Salton Sea, KS-2 in
Hawaii, USA, and Sasso 22 and San Vito 1 in Italy, no molten magma was found. How-
ever, zones of permeability were reported close to the bottom of some of these wells. In
contrast, the deep (conductive) portion of the WD-1a well at Kakkonda or Lanipuna 1
on Hawaii did not encounter significant permeability.

For most of the wells where supercritical conditions were encountered, permeable
zones were observed at depths and an inflow could be measured. For wells that encoun-
tered a magmatic intrusion, fluid emanated from the zone surrounding the magma layer,
likely in a brittle state. For sites without recent intrusion, where proximity to a larger
(solidifying) magma body can be assumed to be the heat source, observed permeabilities
are often lower (e.g., at Kakkonda, Japan or Los Humeros, Mexico). Here, EGS-type con-
cepts have to be considered, including stimulation technologies, thermally or hydrauli-
cally. Such concepts are currently being developed in the DEEPEGS, JBBP, and GEMex
projects. Different stress regimes and rock types may impact the ability to create and
sustain open fractures under supercritical conditions.

Testing and eventually producing high-temperature geothermal fluids from the cur-
rent field laboratories in Iceland and Italy will help to validate new technology to handle
the hostile downhole conditions.

Current developments to utilize supercritical geothermal reservoirs are mainly driven
by the momentum from ongoing H2020 projects funded by the European Commission.
To further accelerate the development of high-temperature geothermal systems world-
wide, a closer collaboration between associated research institutions and the geothermal

industry is key.

Future steps
Research activities along the entire geothermal value chain, as identified in “Field labora-

tories” section, are underway in several regions worldwide, including
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1. Exploration methods for better resource assessment

()
(b)
(©)
d

Geophysical exploration methods
Field stress measurements
High-temperature geothermometers
High-temperature tracer tests

2. EGS reservoir characterization and stimulation

(a)

(b)
(c)

High-temperature logging and downhole monitoring tools, including optical
methods
Microseismic monitoring methods

Soft stimulation methods

3. High-temperature drilling and completion methods

()
(b)

Improved drilling methods for high-temperature systems
Improved well completion methods for high-temperature systems

4. Surface systems

()

(b)

Scrubbing and fluid-handling strategies for dealing with supercritical fluids and
corrosive gases

Optimized designs for surface fluid handling, power conversion, and cooling
systems for supercritical fluids

5. Modeling and laboratory characterization of supercritical systems

()
(b)
(c)

THMC modeling of supercritical systems
Geologic and geophysical modeling of the brittle—ductile transition zone
Calibration of models using laboratory measurements of rock and fluid proper-

ties

6. Enabling international collaboration

()
(b)
(©)
(d

Data sharing

Sharing lessons learned from field experiments

Workshops

Exchange opportunities for students, postdocs, and research.

To promote the successful development of supercritical geothermal systems, we identi-

fied three main areas of future international collaboration: (1) data sharing; (2) coupled

process modeling; and (3) underground field laboratories.
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Data sharing

The US DOE Geothermal Technologies Office (GTO) now requires that data created by
all funded projects be uploaded to the Geothermal Data Repository (GDR), a node of
the National Geothermal Data System (NGDS) (Allison et al. 2013; Weers and Anderson
2015, 2016). As part of the NGDS initiative, large amounts of existing data and reports
were also catalogued and uploaded into this system. The system also includes a num-
ber of data visualization and query tools, such as Geothermal Prospector (Getman et al.
2015). These data and tools are freely accessible to any interested party and can also be
accessed via the geothermal energy page of the OpenEl website (http://en.openei.org/
wiki/Gateway:Geothermal), a wiki page that allows interested parties to contribute
information.

One of the activities of the Integrated Methods for Advanced Geothermal Exploration
(IMAGE) project has been the development of an international petrophysical property
database (P®) that can provide inputs for numerical models. This open-access repository
contains peer-reviewed hydraulic, thermo-physical, and mechanical property data along
with electrical resistivity and magnetic susceptibility data for rocks of geothermal inter-
est (Bar et al. 2017).

Data sharing for supercritical systems could be expanded to include drilling experi-
ences at elevated temperatures, as well as subsurface characterization and sampling.
Sharing of lessons learned from past projects could help improve the success of future

activities.

Coupled process modeling

Numerous research groups in the geothermal community have developed numerical
simulators for use in coupled process modeling. As mentioned in an earlier section, there
are specific challenges associated with modeling supercritical systems. One mechanism
to test and validate these codes is to develop a collaborative network to assist with devel-
oping benchmarking tests and code comparison. The US DOE GTO has been conduct-
ing a geothermal code comparison study to evaluate the ability of numerical simulators
to accurately model coupled thermal, hydrologic, mechanical, and chemical (THMC)
processes associated with enhanced geothermal systems (e.g., Fu et al. 2016; White and
Phillips 2015; White et al. 2017). These efforts are focused on developing a reliable set
of modeling tools for use at the proposed US DOE Frontier Observatory for Research
in Geothermal Energy (FORGE). Moreover, geophysical modeling for detection of deep
structures is included in the GEMex project.

Similar efforts could be conducted on an international scale. Coupled THMC process
modeling has been done for a number of benchmarking problems defined by the DEvel-
opment of COupled models and their VALidation against Experiments (DECOVALEX)
project. This international collaboration (http://www.decovalex.org), which began in
1992, has focused on advancing the understanding and mathematical modeling of cou-
pled thermo—hydro—mechanical (THM) and thermo—hydro—chemical (THC) processes
in geological systems related to radioactive waste disposal. The participating groups have
utilized many different modeling tasks, constrained by field data, to compare modeling
approaches and methods—some recent examples include evaluating the effects of ther-
mal, hydrologic, chemical, and mechanical processes on the permeability of fractured
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rocks (e.g., Bond et al. 2016; Hokr et al. 2016; McDermott et al. 2015; Rutqvist 2014). The
geothermal community could emulate this type of international collaboration to advance
the use of numerical simulations in supercritical systems.

Most recently, the development of robust simulators for enhanced geothermal systems
focused on quantifying processes within the reservoir including fault systems (Gentier
et al. 2011; Peter-Borie and Gentier 2011) and induced fractures and well paths (e.g.,
Vogt et al. 2012). These studies coupled existing geomodeling tools to various simula-
tors via open-source meshing software, e.g., Meshlt (Cacace and Blocher 2015). The goal
was to extend the predictive capabilities of existing TH-coupled simulation (Jacquey and
Cacace 2016; Watanabe et al. 2017) on the lifetime performance of a reservoir (Blocher
et al. 2015) by including additional mechanical and chemical feedbacks.

Underground field laboratories

Most valuable for the successful development of high-temperature geothermal systems
is learning from past field activities; these expensive lessons learned provide invaluable
insights that can be applied to new experiments. As a key instrument for knowledge
sharing, the authors propose joint workshops on ongoing and planned high-temperature
underground field laboratories listed in “Field laboratories” section. A number of under-
ground field laboratories at low-enthalpy sites are also being utilized to improve reser-
voir characterization, stimulation, and monitoring techniques for enhanced geothermal
systems. While these facilities do not replicate the temperature and pressure conditions
associated with supercritical systems, they do permit initial testing of new technologies
and approaches that could later be utilized for supercritical geothermal systems, and
provide the opportunity for international collaboration.

The Grimsel Test Site in Switzerland is being used by the Swiss Competence Centre
for Energy Research-Supply of Electricity (SCCER-SoE) for a suite of in-situ hydraulic
stimulation, thermal circulation, and tracer experiments (Jalali et al. 2016; Jung et al.
2016; Vogler et al. 2017). The Sanford Underground Research Facility (SURF) in Lead,
South Dakota, USA, has been used for hydraulic fracturing experiments in crystalline
rock to characterize the stress field, understand the effects of rock fabric on fracturing,
and gain experience in monitoring using a variety of geophysical methods (Oldenburg
et al. 2016); it is the selected site for a new suite of EGS field experiments (the DOE
Collab initiative). A geothermal research well doublet is located in Grof8 Schénebeck
(north of Berlin, Germany). This site is equipped with a thermal fluid loop including an
electrical submersible pump and a research power plant, and is being used to investi-
gate EGS technologies for deep sedimentary basins (e.g., Blécher et al. 2016). The Asp6
Hard Rock Laboratory in Sweden has hosted a series of multi-stage hydraulic fracturing
experiments in boreholes drilled in granodiorite to evaluate how differences in fluid-
injection tactics (continuous, progressive, and pulse pressurization) affect the amount
and intensity of induced seismicity and changes in fracture permeability (Zang et al.
2016). The US Department of Energy’s Geothermal Technology Office has created the
Frontier Observatory for Research in Geothermal Energy (FORGE) to develop and test
the next-generation technologies needed to characterize, access, create, and sustain
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EGS reservoirs. Two sites are currently under study—the Fallon site in Nevada (Blank-
enship et al. 2017) and the Milford site in Utah (Allis et al. 2016), with final site selec-
tion expected in 2018.

The development of supercritical geothermal resources is a global challenge that can-
not be solved by a single country alone. Cross-national research initiatives are required,
where individual researchers are encouraged to implement active scientific exchange.
Such initiatives have the potential to greatly increase knowledge and reduce investment
costs for accessing supercritical geothermal resources. Sharing data and knowledge
about coupled processes and the joint development and operation of underground field
laboratories is therefore key for an efficient deployment of geothermal energy from the
roots of presently exploited geothermal reservoirs.
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