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Abstract 

Adequate stewardship of geothermal resources requires accurate forecasting of long‑
term thermal performance. In enhanced geothermal systems and other fracture‑dom‑
inated reservoirs, predictive models commonly assume constant‑aperture fractures, 
although spatial variations in aperture can greatly affect reservoir permeability, fluid 
flow distribution, and heat transport. Whereas previous authors have investigated 
the effects of theoretical random aperture distributions on thermal performance, here 
we further explore the influence of permeability heterogeneity considering field‑con‑
strained aperture distributions from a meso‑scale field site in northern New York, USA. 
Using numerical models of coupled fluid flow and heat transport, we conduct ther‑
mal–hydraulic simulations for a hypothetical reservoir consisting of a relatively impervi‑
ous porous matrix and a single, horizontal fracture. Our results indicate that in highly 
channelized fields, most well design configurations and operating conditions result 
in extreme rates of thermal drawdown (e.g., 50% drop in production well temperatures 
in under 2 years). However, some other scenarios that account for the risks of short‑cir‑
cuiting can potentially enhance heat extraction when mass flow rate is not excessively 
high, and the direction of geothermal extraction is not aligned with the most perme‑
able features in the reservoir. Through a parametric approach, we illustrate that well 
separation distance and relative positioning play a major role in the long‑term perfor‑
mance of highly channelized fields, and both can be used to help mitigate premature 
thermal breakthrough.

Keywords: Thermal performance, Fluid flow short‑circuiting, Enhanced geothermal 
systems, Reservoir management strategies

Introduction
Geothermal energy has the potential to provide carbon-free, baseload and renewable 
energy for several generations to come. However, uncertainty in forecasting the com-
mercial lifetime of a site-specific geothermal system remains a considerable barrier 
to attracting investment capital (e.g., Watanabe et  al. 2010; Pandey and Vishal 2017). 
Among other technical challenges for geothermal energy, thermal interference between 
cold injectors and hot producers, or “short-circuiting”, can result in substantial drops in 
production temperature that endangers the reservoir’s long-term commercial success 
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(Tsang and Neretnieks 1997; Kolditz and Clauser 1998; Hui et  al. 2018). This concern 
is particularly true in Enhanced Geothermal Systems (EGS) as fluid flow is expected to 
concentrate in fractures and other narrow flow channels that reduce the effective inter-
well surface area available for heat transfer (Murphy et al. 1981; Brown 1987; Lu 2018). 
Existing literature addressing this issue has determined the range of uncertainties for a 
single discrete rock fracture with non-uniform fracture aperture (e.g., Fox et  al. 2015; 
Ghassemi et al. 2005; Guo et al. 2016). However, the statistical descriptions of the aper-
ture variability largely reflect small-scale (cm) measurements on rock core, which in 
most cases fail to represent a reasonable representative elementary volume for large-
scale reservoirs (Corbett et al. 1998; Farmer 2002). Alternatively, Neuville et al. (2010), 
Fox et al. (2015), and Guo et al. (2016) evaluate the influence of fluid flow short circuits 
on the thermal behavior of single-fracture geothermal reservoirs using randomly gener-
ated, self-affine or auto-correlated, aperture fields. The sparsity and limited accessibility 
of real permeability datasets represent considerable obstacles when transitioning from 
theoretical investigations to the development of site-specific predictive models.

Another challenge for these types of studies has been the presumption that the spa-
tial heterogeneity of a fracture flow system cannot be well characterized a priori or even 
once wells are drilled and tested. Thus, interpretations of results are often limited in the 
practical operational strategies that can be employed to optimize thermal performance. 
However, recent advances in fracture seismic imaging, analysis of inert and active trac-
ers along with other hydrologic and geophysical observables are beginning to illustrate 
the potential for characterizing subsurface flow systems and the spatial distribution of 
hydraulic fracture aperture or permeability along large-scale fracture systems (e.g., Sick-
ing and Malin 2019; Pyrak-Nolte et al. 2020; Hawkins et al. 2020; Zhao et al. 2021).

Here, we utilize a rare and interesting dataset of fracture aperture variations character-
ized at a meso-scale (~ 14 m) field site (Hawkins et al. 2020). The data exhibit extreme 
channelization, beyond what has been evaluated for in commercial-scale geothermal 
modeling in the past. Thus, we return to the heterogenous fracture flow problem to eval-
uate the effects such an extreme scenario would have on the thermal production of a 
geothermal well pair if upscaled to commercial scale (100’s of meters) and consider the 
influence of different operating conditions and well placement strategies with the under-
standing that the nature of preferential flow channels may indeed be characterizable.

The objective of this study is therefore to assess at the geothermal commercial scale, 
the implications of extreme flow channeling, as seen in nature, and develop potential 
reservoir management strategies to mitigate resource deterioration resulting from ther-
mal drawdown induced by fluid flow short-circuiting.

For this work, we use a previously published, field-derived fracture aperture distri-
bution which describes a meso-scale fracture that exhibits extreme flow channeling 
(Hawkins et al. 2020). This highly conductive fracture is a research focus of the Altona 
Field Laboratory (i.e., “Altona”), which is located ~ 6  km northwest of West Chazy, 
New York in northeastern New York state near the borders with Canada and Vermont 
(Fig. 1). The fracture is oriented sub-horizontally at a depth of roughly 7.6 m below 
ground surface and is intersected by five separate wells within a 10 × 10  m square. 
This site is well-characterized hydraulically and geophysically, and has been exten-
sively used for studying fracture-dominated fluid flow, heat transfer, and chemical 
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transport processes (Hawkins et al. 2017a, 2017b, Hawkins et al. 2018, Hawkins et al. 
2020). The geologic formation containing the fracture, the Cambrian-aged Potsdam 
Sandstone, is a well-cemented stratigraphic unit that has low porosity (~ 1%) but 
widespread and natural fractures, which makes the crystalline rock formation highly 
permeable at large scale (Rayburn et al. 2005; Olcott 1995).

The fracture aperture distribution for this fracture (Fig. 2A) results from a machine 
learning (genetic algorithm) inversion of pressure drop and tracer time-series data 
from an active dipole injection/production test (Hawkins et  al. 2020). Figure  2B 
shows the measured and simulated tracer breakthrough curves for the inert tracer 

Fig. 1 On the left, a Digital Elevation Map (DEM) of the region surrounding the Altona Field Laboratory in 
upstate New York, USA. White rectangle represents the approximate location of the five‑spot well field (Taken 
and modified from Hawkins 2017). On the right‑hand side, a three‑dimensional schematic of Altona shows 
the 5‑well configuration. Red and blue arrows depict the circulation of fluids being injected into the reservoir 
at high temperatures and being pumped back to the surface to be heated through a tankless water heater 
and re‑injected again (Adapted after Hawkins 2017)

Fig. 2 A: Best fit aperture distribution calibrated by frictional pressure loss and an inert tracer test. Black 
triangles represent the location of the injection and production wells. B: Measured and simulated residence 
time distribution (RTD) curves for inert tracers throughout 6 days of fluid circulation. Note that lighter gray 
lines represent multiple repetitions of the machine learning algorithm, while the black line represents the 
repetition that provided the best agreement with field observations. Highlighted model fit in Panel B used 
the best‑fit aperture distribution in Panel A as input. (Adapted from Hawkins et al. 2020)
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test experiment during roughly 500  min of fluid circulation alongside the model fit 
conducted using the best-fit aperture distribution in Fig. 2A.

The optimized aperture distribution (Fig. 2A) is dependent on the wellbore layout and 
other operating conditions of the circulation experiment, conducted in 2015. As such, 
the optimized aperture distribution constitutes a virtual representation of field data, 
rather than the true fracture aperture at Altona. However, the general highly chan-
nelized nature of the fracture is also corroborated by observations of thermal and inert 
tracer breakthrough in alternative well-pair pumping scenarios, and ground-penetrating 
radar imaging of subsurface tracer transport (Hawkins et al. 2017a, b). It is the high level 
of real-world spatial characterization and extreme fluid flow channelization which make 
this dataset particularly useful as a basis for evaluating potential extreme scenarios in 
geothermal reservoirs.

Methods
To calculate how a real-world, large-scale, extremely channelized fracture aperture 
distribution can affect heat transfer processes in geothermal reservoirs, we employ a 
numerical model that simulates the thermal–hydraulic behavior of a single-fracture res-
ervoir displaying a non-uniform permeability distribution. For this, we use COMSOL 
Multiphysics 5.6., which is a finite element method numerical software that solves par-
tial differential equations of coupled multi-physical phenomena and is employed broadly 
in a variety of scientific and engineering settings (COMSOL 2019). Because COMSOL 
is a general modeling software that can solve a wide variety of different physics, we 
describe our approach and particular governing equations below. For instance, our 3D 
advection–diffusion reservoir model fully couples the heat transfer from the bulk rock, 
assuming 3D thermal conduction in the rock matrix while simultaneously solving the 
governing equations of fluid flow and heat transfer in the 2D fracture are based on the 
tangential derivatives along the internal boundary representing the fracture.

For naturally fractured reservoirs or enhanced geothermal systems (EGS), fluid flow 
and heat transport will preferentially occur along rock fractures since these are usu-
ally orders of magnitude more permeable than the bulk rock matrix (National Research 
Council 1996). The conservation of mass for a Newtonian fluid in a single-fracture reser-
voir is governed by the common equation:

where t is transient time, ρw is the density of water or the circulating fluid, ∇T indi-
cates the gradient operator restricted to the fracture’s tangential plane, uf  is the Darcy 
velocity of the fluid inside the fracture, and Qm is the mass source term. Note that the 
velocity field adopted here is spatially variable in accordance with the aperture field and 
locations of sinks/sources, but is assumed to remain constant over time. The fracture, 
which can have a spatially-variable local aperture, is confined by no-flow boundaries in 
the x-direction meaning no mass flow is allowed through the spatial boundaries of the 
model domain. Hence, the reservoir is assumed to be hydraulically isolated from the sur-
rounding formation.

(1)b
∂

∂t
(ρw) + ∇T

(

bρwuf
)

= bQm
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The heat transfer in this system occurs both in the bulk rock matrix through con-
duction and in the fracture via forced advection. Thermal conduction in the bulk rock 
matrix is governed by the three-dimensional thermal diffusion equation as:

where 
(

ρCp

)

eff
 is the effective volumetric heat capacity for the bulk rock matrix, T is the 

temperature of the rock, φr is the rock porosity, keff  the effective thermal conductivity of 
the bulk rock matrix, ρr and Cp.r are the density and specific heat capacity of the rock, 
respectively, and Qth is the heat flux term that corresponds to a position on the two-
dimensional fracture plane. Moreover, the effective volumetric heat capacity is given by 
Eq. 3:

The heat transfer equilibrium between the bulk rock matrix and the fracture is derived 
from the conservation of energy law and expressed as:

where the subscript f corresponds to fracture properties. The heat source term in the 
fracture Qth.f  is related to the rate of advection along the fracture surface and is coupled 
to the thermal conduction from the bulk rock matrix in Eq. 2. As a result, Eqs. 2, 4 are 
solved simultaneously to determine the surface heat flux between the fracture and the 
bulk rock matrix. Heat transfer between the rock and the fluid is assumed to be at local 
equilibrium, which means that the temperature of the fluid within the fracture aperture 
is in equilibrium with the fracture-matrix interface such that:

where T is the temperature of both the rock and the fluid at time t in a given point in a 
2D space.

Temperature is restricted by the initial and boundary conditions:

Equation 6 implies that at time equal to zero, the rock and fracture fluids are at a con-
stant initial reservoir temperature Tr , whereas Eq.  7 indicates that the injection point 
has a constant injection temperature Tinj for all times greater than zero where the fluid is 
being injected at a constant mass flow rate ṁ . As a result, the thermal output of the sys-
tem Q̇(t) is the key variable of interest, varies over time and is defined as:

(2)
(

ρCp

)

eff

∂T

∂t
= − ρwCp.wu · ∇T − ∇ ·

(

−keff ∇T
)

+ Qth

(3)
(

ρCp

)

eff
= (1 − φr) ρrCp.r + φrρwCp.w

(4)b
(

ρCp

)

eff .f

∂T

∂t
= − bρwCp.wuf · ∇TT − ∇T ·

(

−b keff .f ∇T T
)

+ bQth.f

(5)T
(

x, y, t
)

= T

(6)T
(

x, y, 0
)

= Tres

(7)T
(

xi, yi, t
)

= Tinj , t > 0

(8)Q̇ (t) = ṁCp.f

(

Tprod − Tinj

)
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Fluid density and dynamic viscosity commonly vary as a function of both tempera-
ture and pressure. However, under the typical conditions of low-enthalpy geother-
mal reservoirs, the fluid properties of water are mainly dependent on temperature 
(Bundschuh and Suárez-Arriaga, 2010). As the temperature rises, water becomes less 
dense and less viscous. Our simulations consider the effect of temperature-depend-
ent variations in density (ranging from ~ 920 to 1000 kg ·  m−3) and viscosity (ranging 
from 0.0018 to 0.002 Pa · s) based on the empirical approximations reported by Chan-
drasekharam and Bundschuh (2008) for temperatures between 0 and 150 °C as:

and

The range of pressure conditions modeled in this study ensures that water remains 
in the liquid state, thus, the effects of flashing are not considered.

Inside the fracture, we consider fluid flow to be laminar, which allows us to relate 
the effective permeability term in Eq. 4 to fracture aperture b. Laminar flow is gov-
erned by the Hele-Shaw equation, also known as the “cubic law” (Witherspoon et al. 
1980; Zimmerman and Bodvarsson 1996):

where Q is the volumetric flow rate, b is the fracture aperture, w is the fracture width, �P 
is the frictional pressure loss, µ is the dynamic viscosity of the fluid, and L is the length 
of the fracture channel. The use of this analytical solution assumes the fluid to be viscous 
and incompressible. Comparing Eq. 11 with Darcy’s Law,

where uf is specific discharge defined as Q divided by discharge area, k is the permeabil-
ity of the medium, of the fluid, and dp/dL is the gradient in excess pressure, it is possible 
to express the local permeability of a fracture (kf) in terms of the local fracture aperture 
(b) as:

Thus, a fracture bounded by two smooth, parallel plates separated by a constant 
aperture will exhibit a homogenous permeability. In contrast, for non-uniform frac-
tures, permeability is spatially variable. Equation 13 shows how fracture aperture can 
be treated as an analog for permeability in fractured media; thus, these two terms are 
used interchangeably throughout this work when appropriate. It is important to note 
that the fracture apertures derived from Eq. 13 and in the Hawkins et al. 2020 dataset 

(9)

ρ(T ) =

{

1000.0 (1.0− 8.0 · 10−6 · (T − 3.98)2); 0◦C ≤ T ≤ 20◦ C

996.9 · (1.0− 3.17 · 10−4 · (T − 25.0)− 2.56 · 10−6 · (T − 25.0)2); 20◦ C ≤ T ≤ 150◦ C

(10)µ(T ) =

{

10−3 (1.0+ 0.015512 (T − 20.0))−1.572, 0◦ C ≤ T ≤ 100◦ C

241.4 · 10−7 · 10
247.8

T+133.15 , 100◦ C ≤ T ≤ 150◦ C

(11)Q =
b3 w�P

12µL
s.t.w ≫ b

(12)uf = −
k

µ

dp

dL

(13)kf =
b2

12
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are a proxy of the hydraulic performance of the reservoir (i.e., hydraulic aperture), 
which is different from the true actual separation between the fracture surfaces (i.e., 
true or mechanical aperture). As such, in this study, we use the term fracture aperture 
to refer to the hydraulic aperture of the fracture.

Considering field-constrained fracture aperture distributions enables us to evaluate 
the impact of operational design considerations on thermal performance. To do this, 
we up-scale the permeability distribution at Altona using a simple renormalization 
technique by multiplying the spatial coordinates of optimized aperture distribution in 
Fig. 2A by a scale factor of 42.55 such that a previous well separation of 14.1 m at Altona, 
corresponds to a well separation length of 600  m in the upscaled model (Fig.  3). The 
resulting permeability distribution covers a circular area with radius of 500 m and the 
orientation of the fracture is such that due North is aligned with the positive y-axis in 
Fig. 3.

By upscaling the geometry and statistical appearance of the original rock surface, we 
are able to assess extraction parameters appropriate for utility-scale geothermal fields, 
while preserving the original spatial correlation of self-affine rock surfaces (Yavari et al. 
2002). Our local–global up-scaling technique does not aim to represent the regional 
permeability surrounding the Altona Field Laboratory. Instead, it represents a syn-
thetic, self-affine permeability distribution for a large-scale reservoir displaying a highly 
channelized hydrogeological behavior. This approach resembles similar methodologies 
employed by Glover et al. (1998), and Gómez-Hernández and Journel (1990). Nonethe-
less, whereas previous studies have often upscaled high resolution petrophysical and 
geometrical properties directly from the core- or lab-scale (i.e., centimeters) to the field 
scale (kilometers), our upscaling approach is based on observations at the mesoscale 
(tenths of meters).

With the resulting upscaled permeability distribution, we conduct a sensitivity analy-
sis for three attributes that reflect design/operating parameters in a commercial scale 
setting. These attributes are: (1) mass flow rate (ranging from 10 to 40 kg·s−1); (2) well 

Fig. 3 Upscaled permeability distribution from Altona for a synthetic circular region of 500 m of radius. 
The permeability distribution was rescaled using a renormalization technique for the x and y coordinates 
( dx → k · dx , dy → k · dy) where k is 42.55. Permeability is expressed in  m2 units. Orientation of the fracture 
was shifted so due North is aligned with the positive y‑axis
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separation distance (300 to 500  m); and (3) four different flow orientations relative to 
North. The parameter range considered is listed in Table 2.

Model validation

To validate our modeling approach, we compare simulations with our fully numerical 
model against two benchmark solutions reported by Ghassemi et al. (2003) and Fox et al. 
(2015). Both of these studies use an alternative approach to the one implemented in our 
models. They solve for the heat transfer in the porous medium analytically and solve the 
fracture flow equations numerically. In contrast, as described in the previous section, we 
model both fluid flow in the fracture and in the bulk rock matrix numerically.

As shown in Fig. 4, our purely numerical COMSOL simulation results of production 
temperature over time closely correspond to the hybrid numerical-analytical models of 
both Fox et al. and Ghassemi et al. Throughout our study, we normalize temperature T 
for plotting and analysis purposes to a dimensionless value that is bounded between zero 
and 1, following equation:

Figure 4.A compares results of our model with those of Fox et al. (2015) considering 
a circular fracture with a radius of 500 m, an inter-well separation distance of 600 m, 
and a variety of different mass flow rates. Similarly, Fig. 4B shows the comparison with 
the model of Ghassemi et al. (2003) for which mass flow rate is fixed at 80 kg/s but two 
different fracture sizes and inter-well separation distances are considered. The first simu-
lation considers a fracture size R of 200 m whereas, in the second simulation, the frac-
ture size is increased to 300 m. Injection and extraction wells are located at ±R/2 on the 
x-axis in both cases. These parameters and the remaining modeling parameters for both 
simulations are specified in Table 1.

Results and discussion
After validating our modeling framework, we proceed to evaluate the influence of 
three operating conditions on the commercial-scale thermal performance of a two-well 
open-loop geothermal system. In particular, we vary: mass flow rate (10 to 40 kg · s−1 ), 
well separation distance (300 to 500 m), and well relative placement along four differ-
ent orientations. Table  2 describes the parameters defining our 14 simulation cases. 
Table 3 describes the additional model parameters that remain constant among all the 
simulations.

Homogenous vs heterogenous permeability fields

We first compare the thermal performance results of a base case (case 0) with a homoge-
neous fracture aperture to a heterogeneous case, with an equivalent mass flow rate, but 
uses Altona’s upscaled permeability distribution (case 2). For both cases, we assume a 
constant mass flow rate of 20 kg/s, an initial reservoir temperature of 200 °C, reinjection 
temperature of 50 °C, and an inter-well spacing of 500 m from West to East. At initial 
time, both case 0 and case 2 provide a production well thermal power of 12.5   MWth. 

(14)Tnd =

(

T − Tinj

)

(

Tr − Tinj

)
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This initial thermal power production is governed by the initial reservoir temperature 
and equivalent injection rates. However, at the end of the 10 year heat extraction period, 
both case 0 and case 2 experience declines in production well temperatures from 200 °C 
down to 152 °C and 160 °C, respectively (Fig. 5). These temperature declines correspond 
to a thermal power output that drops from 12.5  MWth to 8.5 and 9.2  MWth, respectively. 
In the thermal exchange maps (Fig. 5), the regions that remain at high temperatures (in 
red) after one year of continuous circulation correspond to areas that did not experience 
fracture-matrix heat transfer during the heat extraction process. In contrast, regions 

Fig. 4 Model validation results with benchmark solutions for single‑fracture reservoirs displaying uniform 
aperture. A Model comparison with Fox et al. (2015). The graph shows simulations for four different mass flow 
rates (20, 40, 60, and 80 kg/s). B Model comparison with Ghassemi et al (2003). Graph shows simulations for 
two fracture lengths (200 and 300 m). The rest of modeling parameters for both validations are contained in 
Table 1
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that are cold (blue) are zones in which heat extraction occurred. Thermal exchange maps 
for this pair and all other simulations are expressed in normalized temperature (Eq. 14).

Figure 5A exhibits ideal dipole flow along a uniformly permeable fracture, whereas the 
thermal exchange map in Fig. 5B is characterized by highly irregular patterns reflective 
of flow channeling. The creation of these irregular patterns has a direct influence on the 
effective heat transfer surface area and, as a result, determines the thermal performance 

Table 1 Summary of the modeling parameters for the cross‑validation with benchmark solutions

Values specified in the third and fourth columns correspond to values reported by Fox et al. (2015) and Ghassemi et al. 
(2003), respectively

Parameter Symbol Values for Fox et al. 
(2015) validation

Values for Ghassemi 
et al. (2003) 
validation

Uniform fracture aperture b 5 mm 5 mm

Specific heat capacity of the fluid Cp.f 4184 J/(kg · K) 4050 J/(kg · K)

Specific heat capacity of the rock Cp.r 1000 J/(kg · K) 1100 J/(kg ·K)

Thermal conductivity of the fluid kf 0.6 W/(m · K) 0.6 W/(m · K)

Thermal conductivity of the rock kr 2.40 W/(m · K) 2.58 W/(m ·K)

Dynamic viscosity of the fluid µ 1E‑3 Pa · s 1E‑3 Pa · s

Fluid density ρ f 1000 kg/m3 1000 kg/m3

Rock density ρ r 2300 kg/m3 2650 kg/m3

Reinjection temperature Tinj 50 °C 60 °C

Reservoir temperature Tr 200 °C 140 °C

Table 2 List of cases simulated

Case 0 represents the base case of an ideal fracture displaying constant aperture. The subsequent cases use Altona’s 
upscaled permeability distribution. Cases 1 through 3 model the influence of mass flow rate. Cases 4 through 9 model the 
influence of well separation distance along the y‑ and x‑axis, and Cases 10 through 13 evaluate the influence of the relative 
well placement. E, W, N, and S denote the four Cardinal points. Note that the direction of fluid circulation in Case 0 can be 
selected arbitrarily, since fluid circulation direction is inconsequential for a uniform permeability field

Case No Mass flow rate, ṁ ( kg · s−1) Well separation distance, Wsd 
(m)

Fluid 
circulation 
direction

Homogenous fracture aperture distribution

 0 20 500 W–E

Heterogeneous fracture aperture distribution; varying flow rates

 1 10 500 W–E

 2 20 500 W–E

 3 40 500 W–E

Heterogeneous fracture aperture distribution; varying well separation

 4 20 300 W–E

 5 20 400 W–E

 6 20 500 W–E

 7 20 300 N–S

 8 20 400 N–S

 9 20 500 N–S

Heterogeneous fracture aperture distribution; varying well pair orientation

 10 20 500 W–E

 11 20 500 N–S

 12 20 500 NW–SE

 13 20 500 NE–SW
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of a given injector-producer well pair. Whereas extreme flow channeling often results in 
short-circuiting and poor thermal performance, in this example the well positioning and 
resulting flow field results in thermal performance which slightly outperforms the ideal-
ized constant aperture fracture (Fig. 5C). As for the influence of the fracture aperture 
on thermal performance in the base case (i.e., case 0), the magnitude of the aperture is 
irrelevant since the mean fracture aperture does not influence thermal performance as 
long as mass flow rate is maintained (e.g., Hawkins et al. 2018). This is because the effec-
tive fluid-matrix heat transfer area is independent of the fracture aperture. However, the 
mean fracture aperture does affect the hydraulic performance (i.e. inter-well pressure 
drop) and reservoir volume.

Mass flow rate

To assess the influence of mass flow rate on thermal performance considering the 
extremely heterogenous aperture distribution, we specify an inter-well separation of 
500 m and circulate in the west–east direction for cases with different mass flow rates. 
Figure 6 shows thermal performance results over 10 years of continuous heat extraction 
for mass flow rates of 10, 20, and 40 kg/s (Cases 1, 2, and 3, respectively). The y-axis to 
the left reflects the normalized production temperature (Eq. 14), whereas the label on 
the right reflects the absolute production temperature in degrees Celsius, where 200 °C 
is the original reservoir temperature (i.e., Tnd = 1) and 50 °C corresponds to the reinjec-
tion temperature (Tnd = 0).

The impact of varying mass flow rates reveals, as expected, that higher production 
temperatures result when lower mass flow rates are specified. Figure  6 might give 
the reader the impression that low mass rates lead to superior thermal performance 
considering that for case 1, 2, and 3, the resulting percent decline in production well 
temperatures after 10  years are 9%, 27%, and 52%, respectively. However, from the 
perspective of thermal power produced (Fig. 7), the highest mass flow rate we con-
sidered (case 3, 40 kg/s) overcomes the effect of resulting in a lower production tem-
perature and yields the greatest thermal power production (25   MWth) owing to its 
considerably higher volumetric throughput. After 10  years of heat extraction, case 
1, 2, and 3 yield thermal power outputs of roughly 6, 9, and 12   MWth, respectively. 
The 10  kg/s circumstance (case 1) shows a nearly constant thermal power output 

Table 3 Summary of the model parameters that remain constant in the 14‑case sensitivity study 
described in Table 2

Parameter Symbol Values

Rock block height H 100 m

Rock porosity φ r 0.1

Specific heat capacity of the fluid Cp.f 4184 J/(kg·K)

Specific heat capacity of the rock Cp.r 1000 J/(kg·K)

Thermal conductivity of the fluid kf 0.6 W/(m·K)

Thermal conductivity of the rock kr 2.4 W/(m·K)

Rock density ρ r 2300 kg/m3

Reinjection temperature Tinj 50 °C

Initial reservoir temperature Tr 200 °C

Well radius wr 0.15 m
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throughout the lifetime whereas the 20  kg/s circumstance (case 2) shows a moder-
ate decline from roughly 13 to 9   MWth. Meanwhile, the 40  kg/s circumstance (case 
3) yields the largest decline in thermal power output (from roughly 25 to 12  MWth), 
but remains the superior case in terms of the cumulative thermal power output. In 
geothermal extraction, optimum mass flow rates are those that ensure long-term gen-
eration of high-temperature production fluids while still delivering sufficient power 
output for a specific need. For instance, according to Clauser (2006), flow rates and 
production temperatures in excess of 50  kg/s and 150  °C, respectively, are consid-
ered optimal for the economic generation of electrical energy. However, even higher 

Fig. 5 A and B Thermal exchange maps after 1 year of geothermal extraction, for an injection well in left 
sector (down‑facing triangle) to an extraction well in the right sector (up‑facing triangle). Case 0, on the 
left depicts the dipole model that considers a constant‑aperture fracture. Case 1, on the right, depicts the 
geothermal extraction that occurs for the up‑scaled permeability distribution at Altona (Fig. 3C) Thermal 
drawdown curves over a 10 year period. Both simulations consider the following parameters: mass flow rate 
of 2020 kg · s−1 , reservoir temperature of 200 °C, reinjection temperature of 50 °C, and an inter‑well spacing 
of 500 m from West to East
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production temperatures may still be uneconomical if they drop considerably below 
what was originally intended.

Reducing the mass flow rate leads to smaller temperature drops by the end of the 
ten-year period of evaluation, but the corresponding thermal power output suffers 
as a result. Case 1, for instance, considered a mass flow rate of 10  kg/s which lim-
ited production well temperature drop to 13 °C, but the corresponding thermal power 

Fig. 6 Impact of mass flow rate on the production temperatures at the extraction well. Fluid circulation 
occurred from West to East and the inter‑well separation distance was fixed at 500 m

Fig. 7 Impact of mass flow rate on thermal power generation. Thermal power generation was calculated 
using P = ṁCp�T  where P is thermal power, Cp is the specific heat capacity of the fluid and �T  is the 
difference between the temperature of the working fluid being produced and the reinjection temperature
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output is just 5.8 to 6.3   MWth. In contrast, increasing the mass flow rate leads to 
greater temperature drops, but the corresponding thermal power output begins at 25 
 MWth and remains above 12  MWth for the entire 10 year heat extraction period.

Well separation distance

After evaluating the influence of mass flow rate, cases 4 through 9 evaluate the influ-
ence of varying the inter-well separation distance between 300 and 500  m along 
two perpendicular directions, specified at a mass flow rate of 20 kg/s. In general, it 
is expected that larger separation distances between injection and production wells 
imply larger subsurface reservoirs, which in turn promote larger surface area and 
longer sustained production temperatures. Figures  8, 9 show the thermal exchange 
maps and the thermal drawdown curves resulting from varying the well separation 
distance for the permeability distribution shown in Fig. 3. As expected, varying the 
well spacing along either the W-E or the N-S direction appear to increase the heat 
exchange area thus respecting the prediction of thermal performance improvement 
mentioned above (Fig. 9). However, increases in well spacing along the y-axis appear 
to have a lesser influence compared to the same variations along the x-axis (Fig. 8). 
Varying the well separation distance along the x-axis (E-W) leads to a considerably 
higher variability in thermal performance, yielding final production temperatures in 
the range of 98 to 160  °C. However, conducting the same variation along the y-axis 
(N-S) yields a production temperature range of 122 to 138 °C at the end of the 10 year 
period. As such, the relationship between well spacing and thermal power produc-
tion in heterogeneous fields is not linear because the effective reservoir area available 
for heat extraction does not scale proportionally. Thus, under such conditions and in 
contrast to homogenous reservoirs, thermal performance improvements do not scale 
linearly either.

Fig. 8 Temporal evolution of the thermal front advance for cases 4 through 9. Interwell separation distance 
varies from 300 to 500 m along the x‑axis (first row) and the y‑axis (second row). For the set of panels in the 
first row, fluid circulation occurs from an injection well in the western sector to an extraction well in the 
eastern sector. Fluid circulation for all panels in the second row occurs from an injection well in the northern 
sector to a production well in the southern sector. Tnd represents the reservoir’s dimensionless temperature 
and Wsd represents the inter‑well spacing. Columns depict thermal exchange state after 1 year of continuous 
operation. Image on the bottom right corner represents the up‑scaled permeability distribution
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It is worth noting that, varying exclusively well separation distance, leaving all other 
extraction parameters unchanged, the West to East fluid circulation generates both the 
best-case scenario and worst-case scenario for power generation—for all cases consid-
ered. While the results of variations along the N-S axis were all located in a relatively 
narrow range in terms of thermal power generation. This non-linear relationship con-
stitutes a non-intuitive dependence of heat production on fluid circulation orientation 
relative to the flow channel that is explored in the next subsection.

Relative wellbore positioning

The findings of the well separation distance variations described above are indicative of 
the influence of the relative placement of wellbores in channelized fields. Thus, two final 
circumstances are considered to evaluate the influence of extracting heat in the north-
west-southeast orientation (case 12) and in the northeast-southwest orientation (case 
13). For both cases, the well separation is specified to be 500 m and the mass flow rate 
is 20 kg/s. For cases 12 and 13, production well temperatures fell from 200 °C to 99 and 
153  °C, respectively (Fig.  10). These temperature drops correspond to thermal power 
output falling from 12.6  MWth to 4.1 and 8.6  MWth, respectively. For comparison, 

Fig. 9 Impact of well separation distance, along two arbitrary directions, on thermal performance. Diagrams 
in the left column show the thermal exchange map after 1 year of operation with well separation distance 
of 300 m in both cases. Simulated thermal drawdown plots in the second column depict the production 
temperature evolution for 10 years, for cases of 300 m, 400 m, and 500 m distances between the injection 
and production wells
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Fig.  10 also shows the thermal performance results of geothermal energy extraction 
along 4 different directions in a heterogeneous field (cases 10 through 13) against the 
base case with uniform permeability (case 0). We observe how fluid circulation from 
West to East (case 10) and fluid circulation from Northeast to Southwest (case 13) show 
marginal improvements relative to the thermal performance of the base case, whereas 
the production temperatures for cases in which the fluid circulation occurs from North 
to South (case 11) and Northwest to Southeast (case 12) considerably decreases due to 
extreme flow channeling.

These results illustrate the importance of fluid circulation orientation in heterog-
enous reservoirs. As anticipated, we observe that certain circulation orientations are 
more susceptible to thermal performance variability, resulting in greater uncertainty 
in reservoir performance. For instance, in the north–south orientation, we observe 
minimum and maximum temperature drops of 41% and 52% respectively. Whereas, 

Fig. 10 Up‑scaled permeability distribution on the upper left‑hand side of the figure alongside simulated 
thermal exchange maps for Case 0, on the bottom left‑hand side, and Cases 10 through 13, on the right. 
Below, thermal drawdown curves for all cases considering a continuous mass flow rate of 20 kg · s−1 and a 
well separation distance of 500 m over 10 years of geothermal extraction. Thermal exchange maps depict the 
advancement of the thermal front after 1 year of operation
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in stark contrast, the west–east orientations exhibited a much higher variability with 
minimum and maximum temperature drops of 26% and 67% respectively.

Furthermore, thermal performance is critically impacted when fluid circulation 
occurs in parallel to the orientation of the main channel (Case 12; Fig. 10). Although 
logically overlooked when modeling idealized fractures, the orientation in which the 
fluids are circulated in rough fractures has a considerable impact in determining the 
fluid flow distribution and thermal performance.

Summary and conclusions
Overall, our results illustrate the effects that an extremely channelized heterogenous 
fracture system, in this case informed by real-world meso-scale observations, can 
have on geothermal performance. Although such a reservoir is susceptible to short-
circuiting and poor thermal performance, our results reveal that the reservoir also 
has the potential to perform better than expected considering a constant aperture/
uniform permeability fracture depending on well separation and positioning of the 
wells relative to the flow channel. As expected, we find that short-circuiting is worst 
when the injector and or producer are located directly within and/or when their rela-
tive placement is aligned parallel to the high permeability channel. These scenarios 
result in rapid thermal drawdown. However, there are tradeoffs between trying to 
maintain production temperature and sustained thermal power production. As long 
as the production temperature remains with working range, it may be possible to 
maintain large power production for long periods using higher flow rates despite the 
greater negative effect on production temperature.

Our results also illustrate how wells positioned perpendicular or obliquely to the 
main permeability channel can result in flow paths covering large amounts of sur-
face area and less thermal drawdown than expected considering a constant aperture 
fracture. These scenarios provide guidance for operators who may find themselves 
in an uneconomic short-circuiting system due to extreme flow channeling. Before 
abandoning the reservoir completely, our results suggest that investment in charac-
terization of the permeability field using tracers and other observables using what 
wells are available may be worthwhile. As demonstrated here, characterization of the 
permeability field can help elucidate if and where an additional well could be posi-
tioned to increase the heat exchange surface area and enable flow path directions 
that are oblique to main permeable channels such that longer residence time and 
heat exchange is maintained. Overall, this work illustrates why further investment in 
characterizing reservoirs with such extreme flow channels, even if they are not fur-
ther developed, can help in developing best practices for mitigating their effects or 
for optimizing production, potentially with a new well, in a field whenever extreme 
short-circuiting is encountered.
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