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Abstract

Continental crust at temperatures >400 °C and depths > 10-20 km normally deforms
in a ductile manner, but can become brittle and permeable in response to changes

in temperature or stress state induced by fluid injection. In this study, we quantify

the theoretical power generation potential of an enhanced geothermal system (EGS)
at 15-17 km depth using a numerical model considering the dynamic response

of the rock to injection-induced pressurization and cooling. Our simulations suggest
that an EGS circulating 80 kg s™" of water through initially 425 °C hot rock can produce
thermal energy at a rate of ~ 120 MWth (~ 20 MWe) for up to two decades. As the fluid
temperature decreases (less than 400 “C), the corresponding thermal energy out-

put decreases toaround 40 MWth after a century of fluid circulation. However, exploit-
ing these resources requires that temporal embrittlement of nominally ductile rock
achieves bulk permeability values of ~ 107"°~107"* m? in a volume of rock with dimen-
sions~0.1 km?, as lower permeabilities result in unreasonably high injection pressures
and higher permeabilities accelerate thermal drawdown. After cooling of the reser-
voir, the model assumes that the rock behaves in a brittle manner, which may lead

to decreased fluid pressures due to a lowering of thresholds for failure in a critically
stressed crust. However, such an evolution may also increase the risk for short-circuit-
ing of fluid pathways, as in regular EGS systems. Although our theoretical investigation
sheds light on the roles of geologic and operational parameters, realizing the potential
of the ductile crust as an energy source requires cost-effective deep drilling technol-
ogy as well as further research describing rock behavior at elevated temperatures

and pressures.

Keywords: Geothermal energy, Enhanced geothermal systems, Superhot rock, Rock
permeability, Numerical modeling

Introduction

Utilization of geothermal fluids at temperatures in excess of the critical point for water
could theoretically multiply power generation compared to conventional geothermal
wells in volcanically active areas, due to higher fluid enthalpies and greater efficiency
in the conversion of thermal energy to electric energy (Fridleifsson et al. 2014). While
temperatures >375 °C can be found at shallow depth in volcanically active areas,
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temperature increases much more slowly with depth in continental crust outside
of volcanically active areas, but rock at temperatures>400 °C can be found at depths
of > 10 km over vast areas of the continents, and at>20 km depth over the entire planet.
Current enhanced geothermal systems (EGS) are limited to brittle rock at shallow depths
(<5 km) and temperatures < 250 °C, but future improvements in deep drilling technology
could enable access to ductile rock at depths of >10-20 km and temperatures >400 °C,
which would greatly increase the EGS resource base. However, the natural permeability
of rock at such depths is low (107%-107®* m?% Manning and Ingebritsen 1999;
Ingebritsen and Manning 2010; Townend and Zoback 2000), and accessing the heat
stored in very deep rock by fluid circulation would require increasing and maintaining
sufficient rock permeability by several orders of magnitude greater than the ‘natural’
background permeability.

Fluid injection in the brittle upper crust forms and reactivates networks of shear
and tension fractures (Armstead and Tester 1987; Tester et al. 2006; Kohl and Megel
2007; Taron and Elsworth 2010; McClure and Horne 2014; Norbeck et al. 2018). The
observation that measured stresses are approximately equal to the stresses predicted
using Coulomb frictional-failure theory indicates a state of near-failure equilibrium
where the upper crust is near-critically stressed (Townend and Zoback 2000; Zoback
and Townend 2001; Sibson 2017). While zones of enhanced permeability formed during
stimulation may be large (up to~2 km? in volume; Garcia et al. 2016), flow between
injection and production wells is often channeled along a few dominant planar faults
(Brown et al. 1999; Vik et al. 2018; Gee et al. 2021). This thermal “short-circuiting”
results in rapidly declining production temperatures since heat conduction through
fracture walls is slow (Gringarten et al. 1975; Bodvarsson and Tsang 1982) and limits the
ability of an EGS to recover the heat of the rock (Fox et al. 2013; Grant et al. 2014). EGS
also face challenges related to induced seismicity. Transiently elevated fluid pressures
associated with injection can trigger slip along pre-existing elongate planar faults in
the critically stressed upper crust, leading to earthquakes (Kraft and Deichmann 2014;
Grigoli et al. 2018).

In contrast, ductile rock exhibits distributed failure mechanisms, including
microcracking and crystal plastic phenomena such as diffusion creep at lower differential
stress levels than required for brittle faulting (Tullis and Yund 1977; Rutter 1986; Meyer
et al. 2019). The temperature and pressure range of the brittle—ductile transition depends
on the geothermal gradient, rock rheological properties and strain rate (Goetze and
Evans 1979; Brace and Kohlstedt 1980; Kohlstedt et al. 1995), and for continental crust it
is believed to occur at 10-20 km depth (Carter and Tsenn 1987; Scholz 1988; Behr and
Platt 2014) and temperatures of 400+ 100 °C (Violay et al. 2017). Presently, our ability to
drill into the ductile crust using conventional methods is practically limited by the forces
of friction and material wear on the drill bits used to mechanically pulverize crystalline
rock, which increase at higher temperatures (Finger and Blankenship 2010; Macini and
Mesini 1994) and lead to exponentially increasing costs with depths (Lukawski et al.
2014). Moreover, there are significant challenges in delivering the potentially very high
required injection pressures downhole without causing damage to well casing (Dusseault
et al. 2001). However, active investigations are currently underway to develop alternative
ways to drill through crystalline rock using thermal spallation (Beentjes et al. 2019; Kant
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et al. 2017; Rossi et al. 2020; Holtzman et al. 2023), electro-impulse (Lehmann et al.
2017), plasma (Oglesvy et al. 2014; Kocis et al. 2015) or millimeter-wave (Oglesby et al.
2014; Houde et al. 2021; Zhang et al. 2023) technologies. If these future advancements in
drilling and stimulation technology enable economic access to deeper and hotter rock in
the ductile crust, this could create the potential for a new type of EGS resource, which
we refer to in this paper as nominally ductile rock EGS (NDR-EGS).

The continental crust at temperatures>400 °C is ‘nominally ductile’ as it can undergo
temporary embrittlement in response to changes in stress, strain rate, temperature, and
fluid pressure, leading to failure and potential permeability enhancement (Rutter 1986;
Sibson 1983; Scholz 1988; Paterson and Wong 2005). This embrittlement of NDR is
evidenced by deep earthquakes (Jackson 2002; Handy and Brun 2004; Ingebritsen and
Manning 2010) and in the rock record, for instance in the form of stockwork veining
in porphyry copper deposits (e.g., Sillitoe 2010), fault-valve behavior in orogenic gold
deposits (e.g., Sibson et al. 1988), and cataclastic rocks originating from lower- to mid-
crustal ductile shear zones (e.g., Wehrens et al. 2016). Experiments have demonstrated
that failure of NDR leads to permeability enhancement of two orders of magnitude
even in the absence of pore fluids (Jones et al. 1997; Meredith et al. 2012; Petrini et al.
2021). In addition to reducing the effective stress, making the rock more likely to fail,
fluid injection into hot rock will trigger the volumetric contraction of the rock and
thermal cracking (Jones et al. 1997; Tarasovs and Ghassemi 2014), which can increase
permeability by up to four orders of magnitude (Wang et al. 2013; Siratovich et al.
2015). As permeability is distributed in a three-dimensional network of permeable
microfractures throughout the rock mass (Watanabe et al. 2017, 2019, 2020; Goto et al.
2021, 2023) rather than planar faults, the much higher tortuosity of the formed fracture
network may enhance heat extraction in NDR.

NDR-EGS have the potential to offer advantages over conventional EGS, such as higher
production temperatures, enhanced fluid penetration into the rock mass, and simpler
design and control of the reservoir owing to more uniform rock properties and the
absence of pre-existing, critically stressed faults. However, in addition to the challenge
of drilling to such depths, NDR-EGS also pose potential risks, including high injection
pressures required to stimulate the rock, potential rapid permeability loss, casing failure
due to ductility (Watanabe et al. 2020; Frost and Ashby 1977), high-temperature fluid—
rock interactions (Moore et al. 1994), and the potential for induced seismicity (Parisio
et al. 2019). Although the decrease in the amount of seismicity (Sibson 1983; Chen and
Molnar 1983) and the transition to higher electrical conductivities (Haak and Hutton
1986) at lower crustal depths was once interpreted as indicating the widespread presence
of trapped over-pressured fluids (Bailey 1990), more recent petrologic (Yardley and
Valley 1997) as well as geophysical (Simpson 2001) arguments suggest that pore fluids
are consumed by hydration reactions and the lower crust outside of orogenic terranes is
essentially dry in the interiors of continental plates (Yardley 2009). The world’s deepest
boreholes, Kola and KTB, which were drilled to ~ 12 km and ~ 9 km depth, respectively,
encountered maximum temperatures ~200 °C, near-hydrostatic pore pressures, and
bulk permeability of 1077-107'® m? (Kozlovsky 1987; Popov et al. 1999; Townend and
Zoback 2000).
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Computational modeling offers an avenue for quantifying the theoretical power
generation potential of NDR-EGS. In this exploratory study, we present the first numerical
simulations of such systems with hypothetical injectors and producers placed beneath the
brittle—ductile transition in normal continental crust with an average geothermal gradient.
Due to the absence of hard constraints from experiments and observations in the current
literature, we treat the absolute permeability response of NDR to failure as uncertain and
test the dependence of the system on different assumptions (e.g., maximum permeability in
the stimulated volume after rock failure) and operational scenarios (e.g., well configuration
and injection rate). The primary aim of these simulations is to clarify the bulk rock
permeability range that would maximize the long-term power generation potential of an
enhanced geothermal system in nominally ductile continental crust at ~ 15 km depth.

Methods

The simulations are performed using an implementation of the Complex Systems Modeling
Platform (CSMP++; Matthdi et al. 2007) for multi-phase hydrothermal fluid flow
(e.g., Weis et al. 2014). We further developed this simulator for our application to NDR-
EGS by combining a well model enabling more realistic simulation of fluid production/
injection around a wellbore (Yapparova et al. 2022, 2023) with a modification of a dynamic
permeability model simulating hydraulic fracturing and the brittle—ductile transition (Weis
etal. 2012).

Governing equations for fluid flow
The governing equations of multi-phase mass and energy conservation are solved using a
continuum porous media approach with a pressure—enthalpy—salinity-based formulation
in a Control Volume-Finite Element Method (CVFEM) numerical scheme, which has been
described in detail by Weis et al. (2014).

Phase velocities of liquid (/) and vapor (v) are obtained using Darcy’s law:

k
vi=——(Vp— pig), (1)
i

where k is the rock permeability, u; dynamic viscosity of fluid phase i (i = /v), Vp
pressure gradient, p; fluid phase density, and g the gravitational acceleration vector. The
pore fluid consists of pure water and all fluid properties correspond to Haar et al. (1984).
The simulator can handle fluid phase separation if two-phase conditions are reached.
Because the modeled conditions of interest for NDR-EGS are above the pressure of the
critical point of H,O, the fluids (f) remain at supercritical single-phase conditions in our
simulations and we simplify the equations accordingly for readability.
For single-phase conditions, conservation of fluid mass is given by:

a(¢p

% = — V- (vpr) + Qmy0s 2)
where ¢ is rock porosity and Qx20 is a fluid source term (representing fluid mass added
or removed from the system from the injection/production wells). Energy conservation

accounts for conduction of heat in the rock and advection of enthalpy by fluid:
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with K as the thermal conductivity of the rock, Q, = Qmu,0hy as a source/sink term for
the energy added or removed through the well fluids with the enthalpy of the fluid A
at given temperature and pressure conditions, and Q, as a source term for the heat flux
across the bottom boundary which maintains the geothermal gradient. Fluid and rock
are assumed to be in local thermal equilibrium, and total enthalpy is distributed over
fluid and rock contained in a control volume such that they are at the same temperature
(Weis et al. 2014).

Well model

The source/sink well model used with the CVFEM approach in CSMP++ is based on the
approach of Peaceman (1978) as described in Yapparova et al. (2022, 2023). Peaceman’s
model is essentially a 2D model that assumes radial Darcy flow in a thin horizontal layer
of thickness / in the near-vicinity of a well, with an analytical solution for pressure in the
vicinity of the well given by:

qH; r
= —_ 1 — 1,
p(r) =pw 2nhpk n (rw ) (4)

where g is the source/sink term representing the well, p,, and r,, are the well pressure
and the well radius, respectively, and r is the distance from the well.

In CSMP++, wells are 1D line element regions embedded in a 3D volumetric element
mesh, and are represented as internal model boundaries. Wells are set up either with rate
or pressure control, with injection/production rate or well pressure fixed at the well nodes,
respectively (Yapparova et al. 2022). For each mesh node containing the well, two pressure
variables (fluid pressure p and well pressure p,,) are used to account for the steep pressure
gradients surrounding an injection/production well. For wells simulated using rate control,
the specified injection/production rate affects the pressure equation in CVFEM through
the mass source/sink term Qp, 0, which can be formulated as:
op kps?

t

k
or[¢Br + (1 — D) B;] YA (lZVp) - ng +Qmo + Qp (5)

for single-phase conditions, with f; and B, as the compressibility of fluid and rock,
respectively, and a pressure source term Q, for temperature-dependent changes in fluid
density (for a derivation of the equation at multi-phase conditions see Weis et al. 2014).
The mass source/sink term Qp, 0 is also considered in Eq. 2 and further used to calculate
the energy source term Q, in Eq. 3 by multiplication with the fluid enthalpy 4, for the
current reservoir pressure and the prescribed temperature of the injected fluids (source
at injection wells) or current calculated reservoir temperature at the well nodes (sink
at production wells). For a given fluid source rate, we divide the additional fluid mass
and energy for a modeling time step across the finite volumes representing the well in
proportion to their respective sizes in the unstructured mesh.
The well pressure is then calculated using a modified version of Eq. (4):
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Quaous, ([ r
w=p+ 2O (1)
Py =Pt S hork "\ 7 ©)

For the injection intervals, we use this rate-controlled formulation and the well pressure
is greater than the reservoir pressure surrounding the well.

We simulate the nodes comprising the production intervals under pressure control,
where the well pressure is specified, and the unknown reservoir pressure appears in the

source term in the pressure equation:

27 hk pr

Qw20 = W;

(7)

where 7, is the analog of the effective radius (Peaceman 1978) and S is the skin factor,
accounting for either formation damage resulting from drilling (positive skin) or flow
enhancement due to hydraulic fracturing or acid treatment of the well (negative skin).
For a well under pressure control, the mass flow into or out of the well is the actual
injection/production rate of a well given the fluid pressure at the well. For a production
well, the well pressure is set to a value less than the reservoir pressure, representing the
steady-state ‘flowing’ pressure at which fluid will flow into the well. Below this minimum,
no fluid will flow into the well.

Dynamic permeability model

To simulate the dynamic permeability evolution during well operation, we modified a
permeability model that has originally been compiled within CSMP++ from published
permeability-related observations and conceptual models to mimic the formation of
stockwork veining at porphyry copper deposits (Weis et al. 2012; Weis 2015) and has
subsequently also been used with HYDROTHERM to investigate distal volcano-tectonic
seismicity (Coulon et al. 2017). This model assumes that fluid pressures exceeding a critical
failure pressure defined for brittle and ductile rock will lead to an increase in interconnected
pore space and permeability after fracturing. By applying the linear Coulomb criterion for
normal-faulting conditions, the failure pressure assuming optimally oriented brittle shear
failure in intact rock with a coefficient of internal friction of 0.75 is given by (Cox 2010;
Weis 2015):

4(ogig — C)

3 . (8)

Pfail = Oy —
where o, is the vertical stress (approximated by the lithostatic load and assumed to
be equivalent to 1), C is the cohesive strength (10 MPa), and o4y = 01 — 03 is the
differential stress. Failure pressures close to the hydrostatic pressure have been observed
during deep drilling worldwide (Zoback and Harjes 1997; Townend and Zoback 2001)
and support the hypothesis that critically stressed faults limit the strength of the crust
(Zoback and Townend 2001; Sibson 2017). For brittle crust, we assumed that the failure
pressure exceeds the calculated initial hydrostatic fluid pressure by 5 MPa (the assumed
tensile strength of the rock).

We can then calculate a differential stress profile for brittle rock by rearranging Eq. 8:
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3 5
Tdifbrittle = (0 — Prailprittle) + §C . 9)

The differential stress at ductile rock conditions is calculated using the power-law
creep relationship (Brace and Kohlstedt 1980):

é
A. exp(—Q/RT) ’ (10)

where ¢ is the strain rate, and Q, A, and # are rheological parameters the values of

Odiff,ductile = n

which were obtained for bulk upper crustal rocks (Zoback and Townend 2001; Zoback
et al. 2002) and are listed in Table 1. In this study, we calculated oggquctile Using
a constant strain rate of 107> s™!, which is two to three orders of magnitude greater
than average strain rates for the upper crust (Zoback and Townend 2001), reflecting
the elevated strain rates likely to be present during injection. The failure pressure is
then calculated using Eq. 8, based on the assumption that the rock deforms under the
minimum differential stress calculated for brittle and ductile rock:

Odiff = Min (gt brittles O diff ductile ) - (11)

Thus, although the failure pressure given in Eq. (8) applies the linear Coulomb cri-
terion for brittle shear failure, we can use this same failure criterion to define failure
pressures in nominally ductile rock by substituting og; ductile into Eq. (8). According to
this model, as the differential stress in ductile rock relaxes to zero with increasing depth
and temperature, failure pressure gradually increases up to the lithostatic value (Fig. 1d).
When 04if ductile < Odiffbrittles the background permeability is calculated using the tem-
perature-dependent approach of Hayba and Ingebritsen (1997), using the depth-depend-
ent permeability at the depth and temperature of the brittle-ductile transition (Fig. 1a).

The original permeability model of Weis et al. (2012) assumed fast permeability decay
if fluid pressures decrease below the failure criterion after hydraulic fracturing, assuming
efficient fracture healing during the formation of stockwork veins by quartz precipita-
tion from high-temperature magmatic fluids. However, in the case of NDR-EGS systems,
cold water is injected into hot rock which would lead to an increase in quartz solubility

Table 1 Values of petrophysical parameters assumed in model calculations

Property Value

Rock porosity (¢) 0.01

Rock density (p;) 2700 kg m?

Thermal conductivity (4) Temperature-dependent
according to Whittington et al.
(2009)

Rock isobaric heat capacity (¢p,) 880 Jkg™' C

Rock compressibility (8,) 5x1079Pa”!

Stress exponent (n)® 3.1

Activation energy (Q)* 243 kJ mol™!

Flow parameter (A)® 0.08

@ Representative value for upper crust from Zoback and Townend (2001)
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Fig. 1 Model assumptions describing the structure of the upper continental crust. A Temperature—
depth profiles assuming basal heat fluxes of 75 mW m™2, and temperature-dependent thermal
conductivity representative of bulk crustal materials (Whittington et al. 2009). Measured temperatures
from Kola superdeep (Popov et al. 1999) and German Continental Deep Drilling Program KTB (Clauser

et al. 1997) are shown with green and orange lines. B Permeability—depth profile. The solid black line
shows the initial permeability, which is depth-dependent (Ingebritsen and Manning 1999) in brittle

rock, and temperature-dependent (Hayba and Ingebritsen 1997; Scott et al 2015) in ductile rock. After
failure, permeability increases by two to four orders of magnitude (grey area) above the background
depth-dependent value, shown by the dashed line. C Differential stress profile assuming optimally
oriented shear failure for compressive effective normal stress conditions in critically stressed crust (Sibson
2017), and power-law creep (Kohlstedt et al. 1995) at ductile conditions. D Fluid pressure, failure pressure
(thin-dashed-dot) and lithostatic pressure (thick-dashed) with depth. Initial fluid pressure is hydrostatic in
the brittle upper crust and over-pressured in the ductile regime. In the upper crust, rock fails with small
overpressure values corresponding to the tensile strength of the rock (Cox 2010); in the ductile crust,

our model assumes that failure pressure increases as the differential stress relaxes. The grey arrows show
the variations of properties during rock stimulation, including cooling by fluid injection (A), permeability
enhancement (B), rock embrittlement (C), and pressurization (D)

as well as thermal stress cracking. For this study, we therefore assume that elevated fluid
pressures can maintain interconnected pore space and fracture networks after stimula-
tion, even if they have decreased below the failure pressure. This assumption also infers
that potential ductile deformation, which may also lead to permeability decay but is not
resolved by our model, is subordinate to the processes considered in this model.

We assume that permeability decay has a log-quadratic dependence on the modified

pore fluid factor (4 = iff“_if; Weis et al. 2012; Weis 2015). The modified pore fluid factor is

normalized to values between 0-1 by assuming that a hydrostatic fluid pressure
corresponds to a modified pore fluid factor of 0 and pquiq < pfail- Then, at fluid pressures

intermediate between the failure pressure and the initial (‘hydrostatic’) pressure,

permeability is calculated as:
log, (k) = loglo(/<m.<,x)).2 + (1 - )Lz)loglo (kbkg)r (12)

where kmay is the maximum permeability and Ay is the background permeability.
Where ogifductile < Odiffbrittler Kbkg is calculated using the log-linear temperature-
dependent approach initially introduced by Hayba and Ingebritsen (1997):

logm (kmin)(T — Tonset) + loglo(konset)(Tend -T)

10g10 (kbkg,ductile) = (T q— T t)
en onsel

(13)

Page 8 of 26
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In this study, Touser and koyser reflect the temperature and permeability conditions
at the onset of the brittle—ductile transition (i.e., where oqifprittle = Odiff,ductile) and
Tend and kmin (assumed to be 550 °C and 102> m? in this study). At brittle conditions,
the background permeability is calculated using the depth-dependent formulation of
Manning and Ingebritsen (1999):

loglo (kbkg,brittle) = _3'210g10 (2) — 10g10 (kbkg,ref)r (14)

where z is in km and kpyg ref is assumed to be 107'* m? for average continental crust at
1 km depth. The maximum permeability uses the same type of equation:

loglo (kbkg,brittle) = _3'210g10 (z) — loglo (kbkg,max)r (15)

with Kprg max being 2—4 orders of magnitude higher than kpyg ref, depending on the model
configuration.

Figure 2 shows the relationship between permeability and fluid pressure for ductile
(Fig. 2a) and brittle (Fig. 2b) rock at 15 km and 17 km depth, according to our dynamic
permeability model and the initial conditions considered in this study. Increasing
permeability by two to four orders of magnitude relative to the depth-dependent
value (~107!® m?) corresponds to maximum permeability of ~1071¢ m2 ~1071> m?,
or~10"* m? as shown by the blue, black and red lines, respectively. The verti-
cal dashed lines labeled pi1ducrie indicate that the failure pressure for ductile rock
ranges between ~ 350 and 450 MPa over this depth range, approaching lithostatic at
17 km depth. Permeability does not increase further with increasing fluid pressure
above the ductile failure criterion, and there is a log-quadratic relationship between
pore fluid factor and permeability at fluid pressures intermediate between the hydro-
static fluid pressure and failure pressure, as defined by Eq. (12). If maximum perme-
ability is~107'* m? (red lines in Fig. 2a), fluid pressures>300 MPa and >400 MPa
are required to maintain permeability >107'® m? in ductile rock. In contrast, brittle

A. PE— T B- T T ; T
=144 v Maximum permeability ' — 14 I !
E P — ~10"*m? ' < : !
g 7151 1 1 — ~0tme | £ ! !
£ (- ——T S ; 2 s |
I - 4 & T 1
gl : g | !
° Lo, B - ° : :
5 171 £ % y ° Q )
S 3z 3 S 164 & s
8 e 23 : g e g
£ | h = vl e Vol e
8T R T aEREEE ;cmwel §-{ ) E Vg
£ . g £ v E v E
52010 g 8 )= e
1 1 ) 1 1 1
Koo
1 e bhgductile” =T T T T T T T - - - me - - 184} | “bkgbritle ¥
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Fig. 2 Relationship between permeability and fluid pressure for A ductile and B brittle rock at 15 and 17 km

depth. In A, the vertical dashed lines represent hydrostatic fluid pressure (phydrostatic), ductile failure pressure

(Prail ductile), and lithostatic pressure (Pjithostatic) and the horizontal dashed lines background permeability

in ductile rock (kpkg ductile)- The grey region in A shows the area expanded in B. In B, the vertical dashed

lines represent the hydrostatic fluid pressure and the brittle failure pressure (pgiiprittie), With the grey region

showing background depth-dependent permeability in brittle rock (kpkg ritte)- In our models, permeability

increases by two to four orders of magnitude relative to the depth-dependent value, resulting in maximum

permeability of about 107" m? (blue lines), 107" m? (black lines), or 107'* m? (red lines)
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rock fails at fluid pressures only slightly more than the initial hydrostatic value. If
fluid pressure drops below the failure pressure in brittle rock, permeability rap-
idly approaches the depth-dependent value according to a similar log-quadratic

(2024) 12:10

relationship.

This parameterization mimics a pressure- and temperature-dependent dynamic rock
behavior between brittle and ductile in a simplified form using a continuum porous
medium formulation. Although we use some available constraints from the literature,
additional complexities such as poroelasticity, thermal and/or reaction-driven cracking,
and explicit fracture growth are not yet considered in this model. In that sense, our
modeling should be considered as a first reconnaissance study. Once the processes

and properties relevant for these types of systems can be further constrained with new

experimental studies, the numerical model can be adapted accordingly.

Model set-up

A typical model configuration is shown in Fig. 3. The 3-dimensional computational
domain is 15 km x 15 km x 15 km in extent, consisting of roughly 28,000 elements. The
resolution of the elements increases in the vicinity of the wells, which are modeled as a
series of 1-dimensional line elements embedded in the tetrahedral mesh. Initially, the
porous medium is saturated with water and thermally equilibrates with a basal heat flux,
which is set to 75 mW m ™2 Assumed values for petrophysical properties used in model

calculations are listed in Table 1.

The top boundary is fixed at the hydrostatic fluid pressure and steady-state
temperature at 6 km depth. As shown in Fig. 3, the resolution of the finite element mesh
dramatically increases in the vicinity of the wells, as the maximum resolution (length)
of the 1-D line elements constituting the wells was set to 50 m. The bottom boundary

assumes a no-flow condition, while the side boundaries assume a constant (hydrostatic)
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length of the production and injection intervals was set to 1 km
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pressure gradient. To investigate the effect of this assumption, simulations considering a
no-flow boundary condition for the side boundaries were also performed. However, no
significant differences between simulations with constant pressure gradient or no-flow
side boundary conditions were observed, indicating that the evolution of fluid pressures
in the vicinity of the wells was controlled by the permeability of the surrounding rock,
rather than the boundary conditions.

Figure 3b illustrates a vertical triplet well configuration, featuring an injection interval
located at a depth of 16-17 km. Two directionally oriented production intervals
begin at 15.5 km depth and transition to a more lateral orientation at 15.75 km depth,
characterized by a kick-off angle of 10° and azimuth of 90° relative to the injector.
This particular geometric arrangement was selected based on testing results that
demonstrated that production intervals positioned near and partially above the injector
effectively depressurize the stimulated volume. Additionally, the directional aspect of
the production intervals enhances the size of the stimulated volume, particularly at long
timescales, in contrast to configurations with vertically straight production intervals.
Figure 3c shows a horizontal oriented system with a spacing of 0.25 km depth. While
tests indicate that variable well spacing can modulate the rate of temperature decline in
the stimulated volume, this study discusses results from the configurations depicted in
Fig. 3b and c.

Results

Modeled hydrology with well triplet

Our computational models simulate the dynamic evolution of nominally ductile rock
enhanced geothermal systems (NDR-EGS) during transient embrittlement and conse-
quent permeability enhancement induced by fluid injection. Figure 4 shows the modeled
fluid pressure distribution around vertically oriented wells arranged in a ‘triplet’ configu-
ration, with a centrally located injection interval at 16—17 km depth (blue line, Fig. 4)
flanked by production intervals at 15.5-16.5 km depth (red lines). In this simulation,
we permit a permeability increase by three orders of magnitude compared to the ini-
tial depth-dependent value, leading to a maximum absolute permeability value of about

A. 1 year B. 10 years

Depth (km)
(edIN) @nssaid pini4

Fig. 4 Three-dimensional structure of a nominally ductile rock enhanced geothermal system (NDR-EGS)
showing the fluid pressure distribution around a geothermal triplet, with a centrally located injector (blue)
located between two production intervals (red). Results are shown after A 1 year and B 10 years for a
simulation with an injection rate of 80 kg s™' and a maximum permeability of ~107"° m?
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107'® m? The extent of the potential geothermal reservoir within the boundaries of the
stimulated volume corresponds to the vector field of fluid flow in Fig. 4. Fluid flows
through a stimulated volume (SV) that extends from the injector to the producers. In
this study, the SV is defined as rock with permeability > 107'® m?, which likely delineates
a lower bound necessary for an exploitable geothermal resource since heat transfer is
conduction-dominated below this threshold (Ingebritsen et al. 2006), as also illustrated
by the lack of visible flow vectors surrounding the SV in Fig. 4.

The simulations reveal how fluid flow self-organizes in response to a dynamic
relationship between fluid pressure, permeability, and ductile rock behavior (Fig. 1)
that controls the long-term behavior of NDR-EGS. After one year of operation (Fig. 4a),
fluid pressures close to the failure pressure of the rock (350—400 MPa) develop between
the injector and producers. Establishing a hydraulic connection sufficient to support
advective heat transport between the injector and producer is of critical importance
during this stage, because otherwise the pressure anomaly induced by fluid injection
progresses into the overlying brittle crust, which may trigger seismicity due to the
lower failure criterion (Fig. 1d) under critically stressed conditions (Fig. 1c). After this
hydraulic connection has been established, continued injection cools the SV, which leads
to increasingly brittle rock behavior (grey arrow in Fig. 1c) and a reduction in failure
pressure closer to the hydrostatic pressure gradient, assuming that critically stressed
conditions also apply at these temperatures and depths (Fig. 1d). Once the SV cools
below the brittle—ductile transition temperature, the SV retains permeability at lower
fluid pressures, enabling fluid flow through the SV at pressures well below the failure
pressure of surrounding ductile rock at longer timescales (Fig. 4b), thereby limiting the
risk of unwanted rock stimulation and induced seismicity outside of the SV.

The influence of well configuration and permeability in the stimulated volume
The size and orientation of the stimulated volume controls the efficiency and longevity
of NDR-EGS. Figure 5 shows the simulated temperature distribution around NDR-EGS

A. Vertical - 10 years B. Horizontal - 10 years
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Fig. 5 The temperature distribution around a NDR-EGS after 10 years of fluid circulation. Results are shown
for 3D model cut-outs with A vertically and B horizontally oriented production and injection intervals,

for simulations with an injection rate of 80 kg s~' and a maximum permeability in the stimulated volume
of ~107"° m?
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with vertically (Fig. 5a) or horizontally oriented (Fig. 5b) production and injection inter-
vals. Around vertical injection intervals, fluid injected at depth beneath the produc-
tion interval(s) mines heat from the deeper rocks, ascends through a relatively narrow
(~0.25 km) SV, and flows laterally into the production interval at~16 km depth, close
to where the distance between the injector and producer is minimized (~0.15 km). If
the injection and production intervals are horizontal (Fig. 5b), the injected fluid flows
through a more laterally extensive SV and into an overlying production interval through
a~ 0.2 km wide zone with lower temperatures than the surrounding rock. Thus, although
both vertically and horizontally oriented configurations show a tendency for production
temperatures to decrease due to flow channeling into the coolest areas, maintaining a
vertically extensive and/or broad SV enables heat extraction from a larger volume of
rock and slows the rate of temperature decrease at the production wells. For example,
after 10 years of fluid circulation, the temperature of fluid flowing into the production
intervals is above 300 C for a vertically oriented system and above 350 °C for a horizon-
tally oriented system (Fig. 5).

Higher permeability in the SV allows the production intervals to depressurize the SV
more effectively, resulting in a smaller SV that is more confined to the vicinity of the
injector. Figure 6 shows the permeability structure along a vertical slice encompassing
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Fig. 6 The permeability structure around a A-C vertically or D-F horizontally oriented NDR-EGS after 1 year
of fluid circulation. Areas corresponding to the stimulated volume (> 107'® m?) are shaded in red. Results

are shown for maximum permeability increase of A, D two, B, E three, or C, F four orders of magnitude
permeability increase relative to the background depth-dependent permeability, corresponding to
maximum permeability of A, D~10""m?, B, E~10""> m? or C, F~ 10" m2 Black dashed lines show isobars
and the white line the 375 °C isotherm. Rock with permeability less than 107 m? is shown in white and
represents the unstimulated part of the domain
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the plane of the vertically oriented triplet (Fig. 6a—c) and horizontally oriented doublet
(Fig. 6d—f), comparing simulations with maximum permeability of ~107® m? (Fig. 3a,
d), ~ 107> m?(Fig. 3b, e) and ~ 10~* m? (c, f) after 1 year of production. The SV is shaded
in red colors in Fig. 6 and includes the domain with permeability values>107'¢ m? as
defined above. Figure 6 shows that there is an inverse relationship between the per-
meability and size of the stimulated volume. If the maximum permeability in the SV
is~107'® m? (Fig. 6a), the stimulated volume extends over a larger region (up to 0.5 km
away from the injector), with an extensive area featuring fluid pressures>350 MPa. This
indicates that the production intervals fail to adequately depressurize the SV due to its
low permeability. In contrast, if maximum permeability is ~107*° (Fig. 6b) or 10** m?
(Fig. 6¢), a vertically oriented NDR-EGS develops a narrow SV with elevated fluid pres-
sures confined to the area near the injector. While horizontally oriented injection inter-
vals (Fig. 6d—f) tend to produce a larger stimulated volume, permeability decreases near
the production intervals as the injected fluid depressurizes and flows towards the pro-
duction intervals.

While high fluid pressures are necessary to maintain permeability in the SV during
early stages (Fig. 6), at longer timescales the SV is confined to the region that has cooled
to brittle conditions (0qiffbrittle < Odiff ductile)> Which enables the rock to retain perme-
ability at lower fluid pressures (Fig. 2). Figure 7 shows the long-term evolution of per-
meability around a vertically oriented (Fig. 7a—c) and horizontally oriented (Fig. 7d—f)
NDR-EGS with maximum permeability of ~ 107> m? in the SV. After 10 years of fluid
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Fig. 7 The permeability structure around a A-C vertically or D-F horizontally oriented NDR-EGS after A, D 10,
B, E 50, or C, F 100 years. Black dashed lines show isobars. White lines show isotherms. Rock with permeability
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circulation, the SV is nearly entirely confined to the region that has cooled below 375 °C.
In comparison to Fig. 6, fluid pressures in the SV are much lower (150-200 MPa),
approximately corresponding to the brittle failure pressure of the rock. In the verti-
cally oriented system, continued injection causes the SV to gradually expand laterally
below the injection intervals, and the production intervals intercept a larger portion of
the stimulated volume with continued injection (Fig. 7b, c). While downward growth of
the stimulated volume dominates in a vertically oriented system, the SV expands both
laterally away from the injector as well as to greater depths in the horizontally oriented
system (Fig. 7d—f). Due to the ability of the system to progressively mine heat from rock
at greater distances from the injector, fluid temperatures at the production interval
decrease slowly, and are maintained at ~ 200 °C after 100 years of production (Fig. 7d, f).
Moreover, as the SV is a cooler brittle domain embedded in hot, low-permeability, duc-
tile rock, pressurization of the SV does not risk failure of the surrounding rock, as evi-
dent by the lack of elevated fluid pressures at 15 km depth above the vertically oriented
NDR-EGS (Fig. 7a—c).

The influence of maximum bulk permeability on reservoir evolution

We can divide the operational lifetime of a NDR-EGS into three phases: (1) a stimula-
tion phase, (2) a ductile production phase when high injection pressures are required to
maintain permeability in ductile rock, and (3) an extended production phase where fluid
injection has cooled the entire SV below the brittle—ductile threshold. Example simula-
tion results showing the evolution of the size and temperature of the stimulated volume
over a 100-year operational lifetime are shown in Fig. 8 a, b for different maximum per-
meability scenarios. During the first ~20 days of stimulation, the SV is relatively small
(~10° m?), limited to rock which has cooled to~300 °C in the immediate vicinity of the
injector. Once injection has pressurized the surrounding rock to the failure pressure, the
SV begins to grow rapidly. After ~ 50 days of injection, the stimulated volume has grown
to ~ 10® m?, close to the maximum value before continued injection risks triggering rock
failure in the brittle upper crust.

The pressures shown in Fig. 8c are calculated fluid pressures along the injection
interval, rather than the calculated well pressures from the Peaceman model. The latter
are considerably higher than the fluid and reservoir pressure of the model, whereas
the former remain close to the failure pressure as a result of our parameterization.
Arguably, injection pressures should not exceed the failure criterion, because rock
will hydraulically fracture at this value. Hence, the rate-controlled formulation of the
Peaceman model is not directly applicable if well pressure exceeds the failure criterion.
Any further pressure increase would lead to displacement (e.g., fracture aperture
increase, pore space dilation) within the rock mass surrounding the well, which is not
explicitly modeled here. Estimates for fluid pressure are likely better represented by the
failure criterion (indicated by the grey lines in Fig. 8c), while the difference between
calculated and capped well pressure values may serve as an indicator for the expected
degree of damage adjacent to the injection well.

Activating the production wells depressurizes the stimulated volume (Fig. 8c) and
briefly causes it to contract around the injector to~ 10’ m® With continued injection,
however, the stimulated volume grows and maintains a near-constant volume of around
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5x 107-10® m>. The size of the SV starts to grow after ~5 years of production, once its
average temperature decreases below ~400 °C. Along with the decrease in the injection
pressure (Fig. 8c), this signals the transition from a SV controlled by ductile failure
mechanisms to a SV controlled by brittle failure mechanisms. Continued cooling of the
SV results in more gradual expansion, and temperatures >200 C persist throughout
the SV even after~100 years of fluid circulation. Note that while the temperature
histories given in Fig. 8b reflect the average temperature of the SV, feedzone enthalpy
shown in Fig. 8f is calculated as a mass-weighted enthalpy for the entire production
interval. Transient increases in feedzone enthalpy at later times (> 50 years) result from
the expansion of the SV due to cooling that enables heat extraction from a larger rock
volume. In contrast, transient decreases in feedzone enthalpy reflect the development of
preferential flow pathways between the injection and production interval.
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The permeability of the SV is the main control on the efficiency of heat extraction and
the rate of temperature decrease. In our models, we vary the maximum permeability
after rock failure to two, three or four orders of magnitude above the initial depth-
and temperature-dependent value, corresponding to maximum permeability
of ~1071%,~107"%, or~10"'* m? If the maximum permeability of the SV is low
(~107'® m?), the SV is larger (blue lines; Fig. 8a) and maintains higher temperatures
(Fig. 8b), but the power generation potential at earlier times is lower (Fig. 8d and f) and
the required injection pressures are extremely high, in excess of the failure pressure for
ductile rock (Fig. 8c). High permeability (>107'* m?) in the stimulated volume allows
efficient heat extraction from the rock (red lines; Fig. 8f) but results in smaller stimulated
volumes (Fig. 8a) that cool more rapidly (Fig. 8c). A balance between the size and rate
of temperature decrease is achieved when permeability within the SV is~1071° m?
resulting in a higher long-term power generation potential (black lines; Fig. 8f).

Estimates of thermal energy output

The thermal energy output of these systems depends on the mass flow rate and
specific enthalpy of fluid flowing into the production interval (Fig. 8d-f). During
the ductile production phase, thermal energy output is as high as~150 MWth if the
permeability of the SV is~107-107'* m? If permeability is 107® m?, the production
rate is lower, because not all the injected fluid reaches the production intervals (Fig. 8d).
Throughout the brittle production phase, thermal energy output remains near constant
(~80 MWrth) if the permeability of the stimulated volume is 1071 m?, but decreases
steadily if permeability is~1071*~107'> m? (Fig. 8f), reflecting the decreasing specific
enthalpy of the fluid flowing into the well (Fig. 8e). Thermal energy output decreases
to~10 MW'th after 30 years if the permeability of the stimulated volume is ~107* m?,
but thermal energy production>100 MWth persists for ~20 years if the permeability
of the stimulated volume is~107'> m% The decline rate is gradual, with production
temperatures and thermal energy output exceeding 250 ‘C and >40 MWth, respectively,
for ~ 100 years of operation.

We now consider the influence of well configuration, injection rate, and permeabil-
ity on power generation potential and injection pressure. Over the first~20 years of
operation, the highest thermal energy output is observed in systems with maximum per-
meability of 1071°~1071* m?, Relative to vertically oriented wells (circles in Fig. 9), hor-
izontally oriented wells (stars) result in slightly higher average thermal energy output
(~125 MW'th), particularly if the permeability of the SV is 107'* m?% The thermal energy
output of systems with lower permeability (107!® m?) in the SV is lower (<100 MWth)
and the modeled long-term fluid pressures along the injection interval reach much
higher values (~550 MPa), which likely cannot be realized in practice. Although our
well model calculates injection pressures in excess of the failure criterion (Fig. 6¢), this
is unlikely, as such pressures would introduce failure and permeability enhancement
(hydraulic fracturing), which would decrease fluid pressures at the injector.

If the injection rate is lower (~40 kg s™!, triangles in Fig. 9), the thermal energy
output is also lower (~50-60 MWth), but the injection pressure is similar if maximum
permeability in the SV is 107°~107'* m? The minimum fluid pressure differential
between the injector and producer is governed by the brittle failure criterion and the
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flowing bottomhole pressure. The thermal energy output is ultimately limited by
injection rate, and higher permeability (>107'* m?) can result in lower thermal energy
output due to more rapid thermal drawdown of the SV (Fig. 8). Based on these results,
we conclude that optimal permeability in the SV is 107°~107* m?,

Discussion

Modeled constraints on power production potential

Power production from nominally ductile rock enhanced geothermal systems (NDR-
EGS) can be estimated by multiplying the thermal energy output by a conversion
efficiency describing the ratio of net electric power generated (MWe) to the heat
extracted from the reservoir (MWth). The conversion efficiency in conventional
geothermal power generation is approximately 0.1-0.2, with the higher value
representing wells that discharge pure vapor (Zarrouk and Moon 2014). Figure 9 shows
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that the thermal energy output of a system circulating 80 kg s~ through ~ 425 “C rock
reaches up to 120-140 MWth. Assuming a conversion efficiency of 0.15, we calculate
that the theoretical power generation potential for these systems is~20 MWe. This
calculation assumes a conservative conversion efficiency because increasing pressure
decreases the specific enthalpy of water. If the fluid ascends near-adiabatically in the
wellbore, it will be at two-phase conditions near the surface, given that the specific
enthalpy of water flowing into the production interval is approximately 1.9 MJ kg™
(Fig. 8e). The theoretical power generation potential is lower than the output of wells
that tap supercritical reservoir fluids near shallow magmatic intrusions (up to ~ 36 MWe;
Axelsson et al. 2014), and discharge single-phase vapor. However, our models suggest
that the short-term (<20 years) theoretical power generation per unit mass fluid
circulated in a NDR-EGS system is approximately five times greater than that of
conventional EGS systems with temperatures of 200 “C (~0.25 MWe kg~ s™! compared
to ~0.05 MWe kg~ ' s™; Tester et al. 2006).

To assess power generation possibilities, one can also calculate the power density,
which is defined as the average power generation per unit of land surface area required
for operation (Smil 2015). Assuming a surface footprint of approximately 0.1 km? for the
well-pad hosting the simulated doublet system, our simulations suggest that the power
density of NDR-EGS is 100-200 W m~% which is comparable to high-grade oil and
gas resources (Smil 2015). Based on these values, we can estimate that approximately
3000 km? (an area of roughly 55 x 55 km?) would be required to supply the entire
electricity demand of the USA in 2022 (~4 TWh).

Further considerations on rock behavior

Our numerical models are subject to several limitations and uncertainties. The models
use a continuum porous media approach and assume rock—fluid thermal equilibrium.
While this assumption is likely invalid for conventional EGS in which flow is restricted
to fractures, experimental evidence suggests that fluid injection in nominally ductile
rock generates microfracture networks (Watanabe et al. 2017, 2019, 2020; Goto et al.
2021, 2023). Such “cloud-fracture” networks could provide more uniformly distributed
permeability, allowing injected fluid to diffuse into the hot rock surrounding the injection
well, and enhancing fluid—-rock thermal equilibrium. As our models imply an extended
production phase in brittle rock, this may reintroduce the risk of short-circuiting,
as in conventional EGS, unless such behavior is forestalled by the development of
microfracture networks or the higher confining pressures. However, our model does not
explicitly model the stress state. Instead, we invoke a simplified relationship between
differential stress and rock failure pressure (Eq. 8), as depicted in Fig. 1d. We also assume
idealized and uniform rock properties and behavior, and consider the physics of thermal
cracking in a simplified manner.

Our model assumes that failure of ductile rock requires high fluid pressures due to
the lower differential stress. However, experimental studies of injection into rock at
temperatures of ~450 °C with lower confining pressures (~50 MPa) suggest that the
failure pressure can be described by the Griffith brittle failure criterion, similar to
Eq. 8 (Watanabe et al. 2019, 2020; Goto et al. 2021, 2023). Although the strain rates of
deformational experiments in laboratory settings (107> s™1; Violay et al. 2012; Violay
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et al. 2015; Zoback et al. 2002) are more than ten orders of magnitude greater than
the background strain rate found in continental crust (107°-10"'7 s~!; Zoback and
Townend 2001), causing the brittle-ductile transition temperature to be elevated in
laboratory settings, elevated strain rates are likely to be attained in the vicinity of a deep
injection well in nominally ductile rock. We may be overestimating the temperature of

the brittle—ductile transition by assuming a constant strain rate of 107!° s,

causing
our rock failure pressure and injection pressure to be similarly overestimated. We
assume that rock permeability can be retained at fluid pressures only slightly in excess
of hydrostatic in cooled nominally ductile rock, and that fluid can circulate through the
cooled stimulated volume at pressures well below the failure pressure of the surrounding
rock. Factors that could contribute to permeability loss over time include fluid—rock
interaction and ductile deformation of thermally induced microfractures (Watanabe
et al. 2020; Moore et al. 1994). Lastly, as we assume an over-pressured lower crust with
a finite porosity (Fig. 1), our model deviates from the conceptual model of a dry lower
crust with essentially zero porosity (Yardley 2009).

These uncertainties largely reflect the reality that the time- and path-dependence
of rock permeability is not well constrained at pressure and temperature conditions
representative of NDR-EGS. In nature, rock is heterogeneous, with variations in
properties, stress states, strain rates and pre-existing fractures and fault zones. Direct
in situ measurements of permeability are rare at depths >2-3 km (Ingebritsen and
Manning 1999) and non-existent below 12 km depth, and even laboratory measurements
of permeability are rare at temperatures representative of NDR-EGS (Meyer et al. 2023).
Our models illustrate the need for additional research addressing (i) the dominant
mechanisms of permeability creation and destruction, and (ii) fluid flow dynamics at fine
spatial scales and protracted temporal scales. Further, accurately quantifying the power
generation potential from these types of systems will require explicitly modeling fluid
ascent in the wellbore (e.g., Lamy-Chappuis et al. 2022).

The presented simulations capture the first-order hydrologic constraints governing
these systems, and in particular the need for bulk permeability of 107°~107'* m? in the
stimulated volume. Various observations and theoretical limitations constrain large-
scale permeability values in ductile crust during regional metamorphism and fault
zone fluid-driven processes to~107'¢ m? (Manning and Ingebritsen 1999; Ingebritsen
and Manning 2010; Townend and Zoback 2000). This value is two to four orders of
magnitude above values commonly measured in the laboratory on centimeter-scale
rock samples at ductile conditions (Noél et al. 2021; Petrini et al. 2021; Meyer et al.
2023), and two orders of magnitude above the maximum estimated permeability during
regional metamorphism and fault zone fluid-driven processes (Ingebritsen and Manning
2010). However, bulk km-scale permeability at depth is generally one to two orders of
magnitude higher than that measured in the laboratory (Townend and Zoback 2000;
Zoback and Townend 2001). Moreover, permeabilities as high as~1071%-107°> m?
have been inferred at depths of ~35 km due to fluid migration during a seismic event
(Nippress and Rietbrock 2007). However, for reasons detailed in, e.g., Ingebritsen and
Manning (2010), these earthquake-associated permeability increases are likely local and

transient.
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Drilling challenges and advanced technologies

Unlocking deep NDR-EGS resources presents a formidable challenge, primarily
stemming from the limitations of conventional drilling methods. As mentioned in the
Introduction, new drilling technologies have been proposed that replace the mechanical
tools, electronics, and drilling fluids with novel drilling processes and downhole
equipment less susceptible to failure from the extreme conditions downhole. Millimeter
Wave drilling (Oglesby et al. 2014; Houde et al. 2021; Zhang et al. 2023) and plasma-
bit drilling (Kocis et al. 2015) are two “energy-based” drilling methods that utilize rapid
heating to induce failure or phase change in the rock that reduces it to cuttings that can
be conveyed uphole via circulating drilling fluids. Spallation drilling (Beentjes et al. 2019;
Kant et al. 2017; Rossi et al. 2020; Holtzman et al. 2023) also destroys the rock without
requiring mechanical tools to physically contact the rock, inducing wear. However, the
practical application and effectiveness of these innovative drilling techniques have yet to
be tested under the extreme downhole conditions characteristic of the depths discussed
in this study.

Completion of these wells is another challenge for drilling through hard and hot
ductile rock. Novel drilling technologies must prevent ductile deformation into the
borehole at the drilling front and may also require casing-while-drilling capabilities that
can prevent borehole collapse in the weakened ductile region, whether lining the hole
with high-temperature metal casing or other additive materials that prevent ductile
failure and creep into the borehole.

Conclusions

It has long been recognized that low-permeability, hot rock can be a significant source
of zero-carbon, baseload electricity. Currently, projects investigating the feasibility of
drilling into rock at supercritical temperatures near shallow, upper crustal intrusions
are ongoing in Japan (Asanuma et al. 2021), New Zealand (Chambefort 2023), the
United States (Cladouhos and Callahan 2023) and Iceland (Eichelberger et al. 2021).
Our simulations of nominally ductile rock enhanced geothermal systems (NDR-EGS)
emphasize the potential resources with temperatures in excess of 400 °C that exist at
depths greater than 10-20 km anywhere on the planet. Our models highlight the
dynamic permeability response of NDR as the stimulated volume transitions from
dominantly ductile to brittle behavior with increased cooling. Intermediate permeability
(107°-107" m?) in the stimulated volume is required to achieve practical injection
pressures and ensure sustained thermal energy output of ~100 MWth for up to two
decades and production temperatures >250 °C for up to a century. As the stimulated
volume cools and facilitates fluid circulation at lower absolute pressures than the failure
pressure of surrounding ductile crust, our simulations suggest that the stimulated
volume of NDR-EGS can be effectively isolated from the overlying critically stressed
crust, mitigating the risk of induced seismicity. Higher permeability in the stimulated
volume results in a more rapid drop in production temperatures due to increased
channeling of injected fluid into high permeability conduits. Horizontal injection
intervals can stimulate a more laterally extensive rock volume, slowing the rate of
temperature decrease at production wells.
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Our modeled systems could attain power generation potentials of ~20 MWe (com-
parable to magma-related geothermal systems in the shallow, brittle crust) and power
densities of 100-200 W m™2 (comparable to oil and gas reservoirs). These rough esti-
mates naturally have large uncertainties but can nevertheless support further research
into NDR-EGS as a potential contributor to a decarbonized energy system, provided that
their operation becomes technologically feasible and economic in the future.

The potential of these kinds of geothermal resources depends on the ability for
hydraulic or other stimulation technologies to enable transiently higher permeabilities
in the ductile crust than arise from natural processes, except over short timescales like
seismic events. Integration of interdisciplinary research and collaboration between
academia, industry, and government agencies will be critical to the success of future
deep EGS projects.

Abbreviations

EGS Enhanced geothermal systems
NDR-EGS ~ Nominally ductile rock enhanced geothermal systems
sV Stimulated volume
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