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A B S T R A C T   

Heat extraction from an enhanced geothermal system (EGS) is a complex coupled thermo-hydro-mechanical 
process. The viability of an EGS is compromised by short-circuiting, a phenomenon resulting from positive 
thermo-hydro-mechanical feedback loops within the reservoir. In this article, the mechanisms by which short- 
circuiting occurs in EGSs are studied and described. EGS well doublets are modelled using a fully-coupled 
thermo-hydro-mechanical finite element model. Flow through the reservoir is restricted to discrete fracture 
planes, which are hydraulically linked via the injection and production wells. The general behaviour of the 
system is modelled, starting from the initially distributed flow through the fractures, through to the dominance of 
flow along a single flow pathway. Both single and multi-fracture EGSs are studied. Short-circuiting is demon-
strated to be a multiscale phenomenon, as both in-plane and inter-plane short-circuiting mechanisms are 
observed. In-plane short-circuiting manifests through flow channeling and, in the studied systems, is the 
dominant mechanism that controls the production temperature of the system. The behaviour of flow channeling 
is characterized with four production regimes. It is demonstrated that the effects of flow channeling are more 
severe in multi-fracture EGSs. Two new inter-plane short-circuiting mechanisms are observed for the first time: 
plane channeling, and bifurcation of the short-circuiting pathway. The inter-plane mechanisms are demonstrated 
to have large impacts on the distribution of flow through the reservoir, but are observed to have little effect on 
the production temperature.   

1. Introduction 

Enhanced geothermal systems (EGS) are emerging technologies that 
provide new methods to access energy generated by the radioactive 
decay within the Earth’s crust. Extracting heat from deep rock forma-
tions has traditionally required a rock mass that is both naturally hot, 
porous and permeable, so that hot fluids could be obtained at 
commercially interesting rates. In an EGS installation (also called a Hot 
Dry Rock (HDR) installation), access to a hot but low permeability rock 
mass is enhanced through the use of hydraulic fracturing, creating a 
fracture network through which fluid can flow. The extracted heat may 
be used to generate power or for direct heating of homes and businesses 
(Grasby et al., 2013; Kinney et al., 2019). However, the long-term 
viability of EGS as a sustainable energy source is impacted by 
short-circuiting — a natural consequence of the positive feedback loop 
created by thermo-hydro-mechanical interaction within the rock mass. 
This article seeks to further understand the process of short-circuiting 

within an EGS. 
Fig. 1 shows a diagram of an EGS well doublet (one injection and one 

production well) in which the wells are hydraulically connected by large 
planar fractures. There are many interacting processes within a 
geothermal reservoir, including: heat transfer within and between the 
rock mass and working fluid; flow of the working fluid through the rock 
mass; and, deformation of the rock mass. Thus, EGS models must be 
coupled and multi-physics. 

Much work has been done exploring the behaviour of EGS systems. 
Existing work can largely be categorized according to: (a) whether or not 
deformations are considered, subdividing existing models into thermo- 
hydro (TH) models and thermo-hydro-mechanical (THM) models; and 
(b) the nature of the fluid flow model. Fluid flow models can be 
generally subdivided as continuum flow, network flow, or dominant 
fracture flow. Continuum flow idealizes the fractured rock mass as a 
porous continuum through which the fluid flows. TH continuum models 
include the works of Zeng et al. (2013), Aliyu and Chen (2018), and 
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Wang et al. (2019a), while THM continuum models include the work of 
Ghassemi and Zhou (2011), Gan and Elsworth (2016), and Salimzadeh 
et al. (2018a). Network flow models assume that the wells are linked by 
a discrete fracture network, which is typically algorithmically generated 
due to the difficulty in mapping an in-situ fracture network. The network 
is generated to emulate natural fracture systems that have non-isotropic 
properties and reflect the presence of different joint sets and their 
non-orthogonal attitudes. TH network flow models include the works of 
Shaik et al. (2011) and Chen et al. (2018), while THM network flow 
models include the works of Fu et al. (2016), Wang et al. (2019b) and 
Zhang et al. (2019). Lastly, dominant fracture flow models assume that 
flow within the fractured rock mass is restricted to some number of 
discrete dominant fracture planes. This flow model is similar to network 
flow, but simplifies the network to discrete planes which are typically 
connected to the injection and production wells, but not to each other. 
This is the assumed EGS flow model adopted for this paper. TH dominant 
fracture flow models include the works of Mohais et al. (2011) and Xia 
et al. (2017) for a reservoir featuring a single fracture plane, and the 
works of Han et al. (2020) and Gong et al. (2020) for multi-fracture 
reservoirs. THM dominant fracture flow models include the works of 
Guo et al. (2016), Pandey et al. (2017) and Salimzadeh et al. (2018b) for 
single fracture plane reservoirs, and the work of Slatlem Vik et al. (2018) 
for multi-fracture plane reservoirs. Dominant fracture flow models have 
also been extended to THMC models, in which chemical dissolution is 
coupled to the THM processes, such as in the work of Salimzadeh and 
Nick (2019). 

Comparison between TH and THM simulations have consistently 
demonstrated that production temperature decreases faster (and there-
fore also energy extraction and economic returns) when thermal 
contraction effects are considered (Fu et al., 2016; Guo et al., 2016; 
Pandey et al., 2017; Slatlem Vik et al., 2018). Despite this, THM 
modelling is less common than TH modelling because of the increased 
modelling complexity and nonlinearity introduced by the mechanical 
coupling. THM modelling has been used to explore the effects of het-
erogeneity within an aperture field (Guo et al., 2016) or fracture 
network (Gan and Elsworth, 2016; Fu et al., 2016; Wang et al., 2019b), 
as well as the impacts of various parameters such as matrix and joint 
stiffness (Pandey et al., 2017; Slatlem Vik et al., 2018), and matrix 
permeability (Salimzadeh et al., 2018a; Pandey et al., 2017). Modelling 
of multi-fracture planar reservoirs is common in TH models (Han et al., 
2020; Gong et al., 2020), but rare among THM models since THM 
models are more difficult to construct, more computationally expensive, 

and model convergence is often difficult to achieve due to the increase in 
non-linearity. Slatlem Vik et al. (2018) explored the THM interactions in 
multi-fracture plane system, demonstrating the effects of fracture 
spacing and thermal gradient. However, their modelling lacked a model 
for well flow, instead opting to divide the flow evenly between planes, 
and so could not account for short-circuiting phenomena studied here. 
Flow modelling by Asai et al. (2018) has also shown that the flow in 
multi-fracture doublet wells is not evenly distributed even with homo-
geneous fractures, highlighting the importance of a well flow model to 
determine the flow partitioning. 

In the presence of thermoelastic effects, at reasonable circulation 
rates, most existing EGS models cannot realistically predict medium- to 
long-term behaviour. Full THM coupling is needed, coupling to well 
behaviour is essential, and transient effects must be addressed. In the 
most general case, starting from any initial configuration in which the 
flow is dispersed into the reservoir, the system will evolve until the vast 
majority of flow is concentrated along a single pathway within the 
reservoir. The development of short-circuiting within the system is 
marked by temperature breakthrough, such as observed during the long- 
term circulation test at the Hijori Hot Dry Rock test site (Yanagisawa 
et al., 2008; Tenma et al., 2008). Existing work on THM EGS models 
have rarely captured the general behaviour of these systems, with sim-
ulations ending before short-circuiting and the accompanying temper-
ature breakthrough occur. The lack of temperature breakthrough is 
likely a consequence of the high in-situ stresses and low flow rates 
typically used in these models. A notable exception to this is Fu et al. 
(2016), who predicted temperature breakthrough accompanying the 
development of a short-circuit along a single dominant path within their 
network flow model. Fu et al.’s THM network flow model is 
two-dimensional and is unable to capture the short-circuiting phenom-
ena studied here. 

This article explores and describes the newly identified mechanisms 
by which short-circuiting forms in multi-fracture EGS well doublets. The 
general behaviour of the system is modelled, starting from the wellbore 
interaction with a set of initially homogeneous fractures, through to the 
dominance of flow along a single short-circuit pathway. A fully-coupled 
thermo-hydro-mechanical finite element model is developed and 
implemented for enhanced geothermal well systems consisting of one or 
more injection wells hydraulically connected to one or more production 
wells by one or more discrete fracture planes. One- and two-fracture EGS 
reservoirs with parameters based on the Utah FORGE geothermal 
exploration site are simulated for a period of ten years. The development 

Fig. 1. Schematic of an enhanced geothermal doublet well. The image on the left shows the orientation of the system relative to the surface, while the image on the 
right shows a close-up schematic of the system and the fluid flow within the system. 
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of multiple and complex short-circuiting phenomena are observed and 
described. 

In the following section, a detailed description of the mathematical 
model, boundary conditions, and discretization is provided. Section 3 
details the domain and properties of the studied well systems. In Section 
4, a one-fracture EGS installation is studied to assess the behaviour of the 
in-plane short-circuiting mechanism known as flow channeling. The 
temperature response of the circulating fluid is used to identify flow 
regimes that correspond to particular short-circuiting developments 
within the system. In Section 5, a two-fracture EGS installation is studied 
to evaluate the development of short-circuiting in multi-fracture well 
systems, and identify the inter-plane short-circuiting mechanisms at the 
reservoir scale within multi-fracture systems. The effects of fracture 
spacing and well casing size are studied. Section 6 discusses the impli-
cations of short-circuiting mechanisms for naturally fractured rock 
masses, and Section 7 summarizes the conclusions of this study. 

2. Mathematical model 

This section describes the mathematical model for the enhanced 
geothermal system, based on the model developed and verified by Gee 
and Gracie (2021). The formulation is for application to a geothermal 
reservoir in which one or more injection wells are connected to one or 
more production wells by one or more fracture planes. First, the gov-
erning equations of the coupled processes are described. The governing 
equations are presented in non-dimensional form so that the charac-
teristic timescale of each process may be extracted and examined. The 
non-dimensionalization does not limit the formulation to homogeneous, 
isotropic, or linear conditions. Next, the timescale of each process is 
considered to determine which processes may be considered transient, 
and which may be considered quasi-steady state (i.e., whether 
time-dependent terms must be considered within the governing equa-
tions). Last, the discretization and solution methods are briefly 
described. 

2.1. Governing equations and boundary conditions 

Consider a solid rock mass domain, Ω, bounded by Γ, which contains 
some number of discrete fractures, Γc, as illustrated in Fig. 2. There are 
four fields that exist within the domain: the solid displacement field, u ∈

Ω [m], the solid temperature field, θ ∈ Ω [◦C], the fluid pressure field, 
p ∈ Γc [Pa], and the fluid temperature field, T ∈ Γc [◦C]. In non- 
dimensional form, the fields are presented as 

u′

=
1
L

u (1)  

σ′

=
1
E

σ (2) 

p′

=
p
E

(3) 

θ
′

=
θ − T
θ0 − T

(4) 

T ′

=
T − T
θ0 − T

(5)  

in which the ′ superscript denotes the dimensionless version of the 
corresponding field, and σ [Pa] is the total Cauchy stress tensor. The 
displacement field and coordinate systems are normalized relative to L 
[m], which is a characteristic length of the EGS and is assumed to the 
distance between the injection and production wells. Stresses and 
pressures are normalized relative to E [Pa], which is the elastic modulus 
of the rock mass. Temperatures are normalized relative to the maximum 
temperature difference within the system, (θ0 − T), in which T [◦C] is 
the temperature of the injected fluid, and θ0 [◦C] is the initial temper-
ature of the solid rock mass. 

The displacement of the rock mass, u′ , is governed by the equilibrium 
equation: 

βs

t2
u

∂2u′

∂t′2
= ∇⋅σ′

(u′

) + βsg, βs =
Lρs

E
(6)  

in which σ′ is the dimensionless total Cauchy stress tensor, ρs [kg/m3] is 
the density of the solid rock mass, and g [m/s2], is the vector of accel-
eration due to gravity. tu is the time scaling factor for the displacement 
field. The domain is assumed to be under an in-situ stress field, σ0, which 
is in equilibrium with gravity. The in-situ stress field is oriented such 
that the fractures are normal to the direction of the minimum in-situ 
stress, σ3. Linear thermoelasticity is assumed in the rock mass such 
that stress and strain in the rock mass are related by the 4th order linear 
elasticity tensor, ℂ [Pa]. Introducing dimensionless parameters σ′

0 = 1
Eσ0 

and ℂ′

= 1
E ℂ, the constitutive equation relating stress and strain in the 

rock mass is 

σ′

− σ ′

0 = ℂ′

: (ε − εθ) (7) 

εθ = α(θ0 − T)[1 − θ
′

]I (8)  

in which εθ is the thermal strain, and α [m/m◦C] is the coefficient of 
linear thermal expansion. The linear strain tensor is defined as 

ε =
1
2
(∇u′

+ ∇u′⊤) (9) 

Contact across the fractures is enforced using a penalty method. The 

Fig. 2. Illustration of mathematical domains and boundaries. Left: solid domain, Ω, and its boundaries, Γc,Γu,Γt ,Γθ,Γq. Right: fluid domain, Ωf/Γc, and its boundaries 
Γp,ΓQ,ΓT ,Γqf . 
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dimensionless contact traction, t
′

con, is assumed to be a linear function of 
the dimensionless fracture aperture, w′ such that 

t
′

con =

⎧
⎨

⎩

kcon

E
w(u) if w(u) ≤ 0

0 if w(u) > 0
(10)  

in which kcon [Pa/m] is a contact stiffness and w(u) is the change in 
aperture due to thermo-mechanical deformation. The effective aperture 
of the fracture is defined as 

w′

=
w
w0

=
w0 + w(u)

w0
(11)  

in which w0 is an initial effective hydraulic aperture in the fracture. 
While the displacement and coordinate systems are normalized relative 
to L, the aperture is normalized by w0. 

The heat transfer in the rock mass is governed by conservation of 
energy, given by 

L2

κstθ

∂θ
′

∂t′
= − ∇2θ

′ (12)  

in which κs [m2/s] is the thermal diffusivity of the solid rock mass and tθ 

is the time scaling factor for the solid temperature field. κs is defined as 
κs = ks⋅ρ− 1

s ⋅c− 1
ps , in which cps [J/kg◦C] is the specific heat of the solid rock 

mass, and ks [W/m◦C] is the thermal conductivity of the solid domain. 
Heat transfer between the rock mass and fluid in the fractures is incor-
porated through boundary conditions acting on the internal fracture 
surfaces and is discussed below. 

Since the rock mass is assumed to be impermeable, the fluid domain, 
Ωf , is also the fracture boundary, Γc. In this way, the fracture planes are 
modelled one dimension lower than the rock mass, and thus the 
modelled velocity v′ , and fluid temperature, T′ , represent the average 
values across the fracture aperture. Fig. 3 shows the modelled averages 
of fluid flow and temperature within the fracture planes compared to 
their true distributions. The use of average fluid quantities means that, 
in general, a jump in the temperature field occurs between the fluid and 
solid at the crack surface. This is a common approach for the modelling 
of heat transfer in a channel (Bejan, 2013). 

The fluid flow within the fractures is governed by conservation of 
fluid mass. The fluid is assumed to be incompressible and Newtonian. 
The only sources and sinks of fluid mass within the fractures are the 
injection and production wells. The injection and production wells are 

treated as point sources within the fracture. The conservation of fluid 
mass is given as 

L2w0

Qtp

∂w′

∂t′
+ ∇⋅(q′

) = q′

piδ(Xin) − q′

poδ(Xout) (13)  

in which Q [m3/s] is the prescribed fluid volume flow rate at the in-
jection well at the surface inlet, tp is the time scaling factor for the fluid 
pressure, q′ is the fluid volume flux through the fracture, q′

pi and q′

po are 
the fluid volume fluxes from the injection and production wells 
respectively, and δ(X) is the Dirac delta function evaluated at the inlet 
and outlet positions, Xin and Xout. It is assumed that there is no leakoff of 
fluid mass, such that all the fluid enters the domain via the injection 
wells and leaves via the production wells. The fracture aperture is 
assumed to be small such that the flow is laminar. Neglecting entrance/ 
exit effects, the fluid flux is assumed to be given by Poiseuille flow: 

q′

= w′v′

=
w3

0E
12μQ

w′3(∇p′

− βf g), βf =
Lρf

E
(14)  

in which v′ is the average fluid velocity, ρf [kg/m3] is the density of the 
fluid, and μ [Pa⋅s] is the dynamic viscosity of the fluid. 

Fracture planes are hydraulically connected to the surface and to 
each other by the injection and production wells, which are modelled as 
pipes. High flow rates are pumped through small well casings, and so 
large Reynold’s numbers are expected within the wells. The flow is 
therefore governed by the Darcy-Weisbach equation. The wells are 
modelled as one-dimensional and any interactions with the rock mass 
are neglected. The conservation of mass and fluid flux within the one- 
dimensional wells are given as 

0 =
∂

∂s′ (q
′

p) (15) 

q′

p =
k E
LQ

(
∂

∂s′ p
′

− βf g⋅ns

)

with k =
πD3

2fDρf v
(16)  

in which D [m] is the casing diameter, v [m/s] is the velocity within the 
well, fD is the dimensionless Darcy friction factor, s′ is the normalized 
local spatial coordinate along the well, and ns is the tangent vector to the 
local spatial coordinate s′ . The Darcy friction factor is not constant and 
depends on the flow regime, fD = fD(Re). For low Reynold’s numbers, 
flow is laminar, and the friction factor can be determined analytically. 
For high Reynold’s numbers, flow is turbulent, and the friction factor is 
determined from the empirical Colebrook-White equation (Colebrook, 

Fig. 3. Illustration of the distribution of temperature and velocity across the fracture aperture, Ttrue(z) and vtrue(z), compared with the modelled distributions, T and v. 
T and v represent the average values of the true distributions across the aperture. 
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1939). The friction factor is summarized as 

fD =

⎧
⎪⎨

⎪⎩

64/Re if Re < 2000
1̅̅
̅̅

fD
√ = − 2log(

ϵ
3.7D

+
2.51

Re
̅̅̅̅
fD

√ ) if Re > 4000
(17) 

Re =
ρf |v|D

μ (18)  

in which ϵ [m] is the pipe surface roughness. In the transitionary phase 
between laminar and turbulent flow, 2000 ≤ Re ≤ 4000, the friction 
factor is linearly interpolated between fD(Re = 2000) and fD(Re =

4000). 
Heat transfer in the fluid in the fractures is governed by conservation 

of energy and includes contributions from heat conduction within the 
fluid, heat advection due to bulk motion of the fluid, and heat transfer to 
and from the rock mass. Following existing channel flow modelling 
approaches (Bejan, 2013), conservation of energy is expressed in terms 
of the average fluid temperature, T′ , as illustrated in Fig. 3. The fluid 
interacts with the rock temperature field on both sides of the fracture, Γc, 
through convection. The rate of heat transfer between the rock surface 
and fluid is proportional to the difference between the rock temperature 
at the fracture surface and the mean temperature of the fluid — i.e., it is 
modelled as a convective process (Bejan, 2013). These conditions appear 
as a boundary condition on the gradient of the rock temperature at the 
fracture surface, and as a body source term within conservation of en-
ergy in the fluid. 

w′ ∂T ′

∂t′
= − λ1∇⋅(w′

∇T ′

) + λ2q′ ⋅∇T ′

+ λ3

[
θ
′

|Γ+
c
+ θ

′

|Γ−
c
− 2T ′

]
(19) 

λ1 =
κf tT

L2 (20) 

λ2 =
QtT

L2w0
(21) 

λ3 =
htT

w0ρf cpf
(22)  

in which κf [m2/s] is the thermal diffusivity of the fluid, tT is the fluid 
temperature time scaling factor, cpf [J/kg◦C] is the heat capacity of the 
fluid, and h [W/m2◦C] is the heat transfer coefficient. The heat transfer 
coefficient governs the rate of heat transfer between the fluid and the 
solid, and is determined using the dimensionless Nusselt number, Nu =

2hwk− 1
f . This relation implies that the heat transfer coefficient is a 

function of the fracture aperture, h = h(w− 1). For fully developed 
laminar flow within a duct, the Nusselt number is a constant on the order 
of 100 (Bejan, 2013). It is assumed that the wells are insulated, such that 
heat transfer between the fluid and solid only occurs in the reservoir and 
not through the casing walls. 

The boundary conditions on the solid domain are prescribed such 
that normal displacements on all far-field boundaries are constrained. 
The temperature of all far-field boundaries are fixed at the initial tem-
perature. Three tractions act on the fracture: the in-situ stress, the fluid 
pressure, and the contact traction. The formal definition of the tractions 
on the fracture surfaces is 

σ’⋅nΓ±
c
=

(

σ’
0 − p’I − t’

conI
)

⋅nΓ±
c

on Γ±
c (23)  

in which nΓ±
c 

represent the outward facing normal of the respective 
fracture surface. Convection conditions, which previously appeared as a 
body source in the conversation of energy in the fluid, are used to define 
the heat flux boundary condition for the rock temperature at the fracture 
surface: 

− ∇θ
′ ⋅nΓ±

c
=

hL
ks
(θ

′

|Γ±
c
− T ′

) on Γ±
c (24) 

At the injection well, flow rate and injection temperature, Q and T, 
are prescribed. At the production well, pressure is prescribed at atmo-
spheric pressure. Around the edges of the fractures, fluid flow is 
restricted such that there is no fluid leakoff through the edges of the fluid 
domain. At both the edges of the fractures and the production well, the 
conductive heat flux is restricted such that no energy may leave the 
domain by conductive heat flux. However, this boundary condition does 
not prevent energy from leaving the domain through advective heat 
flux. As fluid flow is restricted around the edges of the fracture, there is 
neither conductive nor advective heat flux out of the domain through 
the edges of the fracture. An advective flux exists only at the production 
well, such that energy within the system may only leave the system via 
advection out of the production well. 

The range of all of the material parameters is shown in Table 1 for a 
low permeability rock mass such as granite, and water as the working 
liquid. Some material parameters, such as viscosity, are highly depen-
dent on pressure and temperature. For this model, all material properties 
are treated as homogenous, isotropic constants such that the nonline-
arity of the system is strictly a result of the coupling between fields. In 
this way, the model includes only the minimum number of sources of 

Table 1 
Range of material properties.  

Variable Symbol Range Units Reference 

Rock mass mechanical parameters 
Density ρs  1800–2750 kg/m3  Somerton (1992) 

Elastic modulus E  70–140 GPa Somerton (1992),  
Kolditz et al. (2012) 

Poisson’s ratio ν  0.11–0.32 [–] Somerton (1992),  
Kolditz et al. (2012),  
Heuze (1983)  

Rock mass thermal parameters 
Thermal 

conductivity 
ks  2–4 W/m ◦C  Somerton (1992),  

Heuze (1983),  
Grasby et al. (2013) 

Specific heat 
capacity 

cps  800–1100 J/kg ◦C  Somerton (1992),  
Heuze (1983) 

Coefficient of 
thermal 
expansion 

α  8–20 ×

10− 6 m/ 
m◦ C  

Somerton (1992),  
Heuze (1983)  

Fluid mechanical parameters 
Density ρf  950–1100 kg/m3  Walsh et al. (2017) 

Viscosity μ  0.2–1.4 mPa⋅ s  Walsh et al. (2017)  

Fluid thermal parameters 
Thermal 

conductivity 
kf  0.6–0.7 W/m◦C  Walsh et al. (2017) 

Specific heat 
capacity 

cpf  3500–5000 J/kg ◦C  Walsh et al. (2017) 

Nusselt number Nu 1–9 [–] Bejan (2013)  

Fig. 4. Representation of the interconnectivity between fields and the methods 
through which they are coupled. 
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complexity for the coupled system so that the study of short-circuiting 
mechanisms could be separated from other phenomena resulting from 
nonlinear, heterogeneous, or anisotropic conditions. The coupling be-
tween the fields is illustrated in Fig. 4, which shows that there is a high 
degree of interconnectivity and dependence between the fields. 

2.2. Characteristic timescales 

In this section, the characteristic timescale of each process within the 
system is considered to determine an order of magnitude approximation. 
The characteristic timescales will indicate which fields have transient 
effects that dissipate quickly relative to the timespan of interest, and 
therefore which processes may be considered as quasi-steady state and 
which must be considered as transient. A simplified one-dimensional 
geometry is considered with a single injection and production well 
and a single crack plane. 

By considering the range of the timescales for processes in an EGS, it 
will be demonstrated that a disparity exists between the rate of heat 
transfer in the rock mass and all other processes. Heat transfer in the 
rock mass is slow, while heat transfer and pressure diffusion in the fluid 
are fast processes. While it is common to model the rock mass as quasi- 
static, it is also common to model both heat transfer in the fluid and 
pressure diffusion through the fracture as transient processes, e.g., Guo 
et al., 2016; Slatlem Vik et al., 2018. The disparity in timescales shows 
that the rock temperature is the only field that must be considered 
transient, and the model can gain efficiency by assuming the heat 
transfer and pressure diffusion in the fracture are quasi-steady state. 
Quasi-steady state does not imply that these processes do not change 
over time, but rather that the time-dependent terms within the gov-
erning equations may be neglected. 

First, consider the temperature in the rock mass. The conservation of 
energy for both the rock and fluid are parabolic partial differential 
equations (PDEs), as is the conservation of fluid mass. Once perturbed, 
these processes will tend towards a steady-state solution over time in an 
exponential manner. In general for parabolic PDEs, the characteristic 
timescale is given by the time scaling coefficient, such that the charac-
teristic timescale emerges naturally from the normalization of the PDE. 
The characteristic timescale of the rock temperature, tθ, is thus given by 

tθ =
L2

κs
(25)  

in which L [m] is a characteristic length for the solid temperature field. 
The length scale for the solid domain is not well-defined, as ideally the 
solid domain is semi-infinite in the out-of-plane direction. The charac-
teristic length of the solid domain is therefore assumed to be the distance 
between the injection and production wells. The distance between wells 
is a design parameter unique to each installation. For the purpose of 
estimating the characteristic timescales, a range of 100 ≤ L ≤ 2000 m is 
adopted. Combined with the range of thermal properties from Table 1, 
the characteristic time for the solid temperature field is 100 ≤ tθ ≤ 2 ×

105 years. 
Next, consider the displacement field. The equilibrium equation is a 

hyperbolic PDE, so the system will never return to rest without the 
introduction of damping, and therefore the characteristic timescale does 
not emerge naturally from the PDE. In an EGS, large amounts of 
damping are provided by the fluid and the fractured rock mass. It is 
therefore assumed that the time required for the system to come to rest 
after perturbation is on the same order of magnitude as wave propaga-
tion through the rock mass. The characteristic timescale, tu, is thus found 
from the elastic wave speed equation and the displacement field time 
scaling factor such that 

tu = L
̅̅̅̅
ρs

E

√

(26)  

in which L [m] is a characteristic length for the displacement field. L is 

again assumed to be at least the distance between the injection and 
production wells, 100 ≤ L ≤ 2000 m. Combined with the range of me-
chanical properties from Table 1, the characteristic time for the 
displacement field is 10 ≤ tu ≤ 390 ms. 

Next, consider the conversation of mass for the fluid. Following a 
methodology similar to Pierce (Peirce and Detournay, 2008), Eqs. (13) 
and (14) can be non-dimensionalized to remove w0, which is generally 
unknown and difficult to estimate. The characteristic timescale, tp, is 
therefore 

tp =
L2

Q

(
12μQ

E

)1
3

(27)  

in which L is a characteristic length for the fluid pressure field. Q is a 
prescribed boundary condition, but is expected to fall within the range 
of 10 ≤ Q ≤ 150 L/s under operating conditions for an economically 
viable well (Xie et al., 2015). Combined with the range of fluid prop-
erties from Table 1, the characteristic time for the pressure field is 
0.2 s ≤ tp ≤ 2 h. 

Last, consider the temperature within the fluid. There are three 
competing timescales in this equation: one for conduction tk, one for 
advection tv, and one for convection th. The governing timescale within 
the fluid temperature is always the fastest of the competing timescales. 
The characteristic timescale of heat transfer in the fluid is summarized as 

tT = min

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

tk =
L2

κf

tv =
L
v→

th =
ρf cpfw

h
=

2w2

Nu⋅κf

(28)  

in which v→ is the fluid velocity, and L is a characteristic length. Let the 
fluid velocity be estimated as the average velocity leaving the well 

v→=
Q

πD w
(29)  

in which D is the diameter of the injection well casing, and w is the 
fracture aperture. A typical geothermal well casing will have a diameter 
in the range of 10 ≤ D ≤ 30 cm (Grasby et al., 2013). tk and tv are both 
functions of L, the in-plane characteristic length scale which is a prop-
erty of the geometry and does not change during the simulation. How-
ever tv and th are both functions of w, the fracture aperture, which 

Fig. 5. Range of competing timescales within the fluid temperature. In general, 
advection is the dominant process within the fluid temperature, though at low 
flow rates and low apertures conduction may be dominant. 
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increases over time. The range of fracture apertures is difficult to esti-
mate without simulating the entire system, so a large range is adopted to 
show that the timescale is small regardless. The range of timescales as a 
function of aperture and the corresponding envelope of the overall fluid 
temperature timescale are shown in Fig. 5. In general, advection is the 
dominant process governing the fluid temperature, but convection may 
be dominant at low apertures. Conduction in the fluid is very slow, and 
practically negligible compared to advection, indicating Pe >> 1. The 
overall timescale envelope for characteristic timescale in the fluid is 
0.2 s ≤ tT ≤ 50 h. 

The timescales for the transient behaviour of all four fields are shown 
in Fig. 6. The characteristic timescales can be summarized as follows: 
inertial effects within the displacement field occur on the order of mil-
liseconds, transient effects within the fluid pressure and temperature 
occur on the order of hours, and transient effects within the rock tem-
perature occur on the order of years. The characteristic timescales of the 
fluid processes can be scaled for different design conditions such as the 
number of independent crack planes or multiple outlet wells. Regard-
less, the difference in timescales between the fields is so large that the 
displacement, pressure, and fluid temperature may be considered quasi- 
steady state. Assuming that the processes are quasi-steady state does not 
imply that they do not change over time, but rather that transient effects 
dissipate quickly relative to the timescale of interest and therefore some 
time-dependent terms which appear in the governing equations can be 
omitted as their contributions to the system response will be negligible. 
Only when considering very short time periods do the transient effects of 

these fields need to be considered. Therefore, for analyses concerned 
with the long-term behaviour of enhanced geothermal systems, only 
heat transfer in the rock mass needs to be considered as transient. 

2.3. Discretization and solution method 

The governing equations are discretized and approximately solved 
using the finite element method. Three dimensional eight-node brick 
elements are used for the solid domain, two dimensional four-node 
bilinear elements are used for the fluid domain, and one dimensional 
two-node linear elements are used for the wells. Fig. 7 shows the as-
sembly of the model. 

A backwards Euler method of time integration is used to mitigate the 
development of spurious oscillations in the solid temperature field 
(Harari, 2004; Faragó and Horváth, 2007). The 
Streamline-Upwind-Petrov-Galerkin (SUPG) method is applied to the 
heat transfer in the fluid to prevent the spurious osicllations due to 
advection dominant flow in the fluid temperature (Brooks and Hughes, 
1982). The set of coupled discrete equations is solved using a 
fully-coupled Newton-Raphson iterative scheme. Aitken’s Δ2 relaxation 
method is introduced to the Newton-Raphson scheme to increase 
robustness of the solution (Küttler and Wall, 2008). 

A comprehensive description of the discretization and verification of 
the numerical solution scheme is provided in Gee and Gracie (2021). 

Fig. 7. Assembly of the EGS finite element 
model using three-dimensional rock masses, 
two-dimensional fracture planes, and one- 
dimensional wells. Figure (a) shows the com-
plete assembly of the model. Figure (b) shows 
the solid domain blocks, which are connected to 
each through shared nodes beyond the fracture 
boundary. Fig. (c) shows the fluid domain, 
which comprises of two-dimensional fracture 
planes and one-dimensional wells. The fracture 
planes are connected to each other and the 
surface through the wells. The wells pass 
through the rock mass blocks, but do not 
interact with them.   

Fig. 6. Range of timescales for all physical processes within the system. The rate of heat conduction within the solid rock mass is at least four orders of magnitude 
slower than all the other processes. 
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3. Description of simulated wells 

This section describes the geometry, in-situ conditions, and simula-
tion parameters of the well systems considered in the following sections. 

An EGS well doublet is considered where the injection and produc-
tion wells are hydraulically connected by fracture planes. The wells are 
horizontal and at the same elevation. The fracture planes are aligned 
vertically and normal to the direction of the minimum in-situ stress. A 
constant hydrostatic pressure is assumed within the fracture, and as the 
fluid phase is water, gravity-induced advective effects are small and are 
ignored. 

The injection and production wells are spaced 250 m apart at a mean 
depth of 1800 m, as shown in Fig. 8. The simulated domain is 4 km2 by 
1 km. The fractures are assumed to be planar and circular with a 
diameter of 1000 m. On the exterior faces of the solid domain, normal 
displacements are constrained and the temperature is fixed at the initial 
temperature of 225 ◦C. The boundaries of the domain are placed far 
enough away from the fractures that they have no impact on the 
behaviour of the system. The initial temperature and the in-situ stresses 
are assumed to be uniform. The parameters and in-situ conditions are 
based on the Utah FORGE enhanced geothermal testing site, listed in 
Table 2 (U.S. D. of Energy, 2020). The simulated rock mass is assumed to 
be homogenous and so the mean values of the FORGE site parameters 
are used. The only deviation from the FORGE dataset is that the coef-
ficient of thermal expansion, α, has been increased from 2×

10− 6 m/m ◦C to 8 × 10− 6 m/m ◦C, as the original value was deemed too 
low for a granitoid rock mass. 

In the simulation, 70 ◦C water is injected at 50 L/s for 10 years. The 
injection rate is linearly ramped-up over the first four months, then kept 

Fig. 8. Computational domains for the sample problems with vertical fractures (not to scale). Left: domain for the one-fracture system. Right: domain for the two- 
fracture system. The fracture planes are aligned along the XY plane, such that the Y-axis is vertical. 

Table 2 
Material parameters and boundary conditions for sample problems.  

Parameters Variable Units Sample wells 

Rock mass density ρs  kg/m3  2750 

Rock matrix elastic modulus E  GPa 59 
Rock matrix Poisson’s ratio ν  [–] 0.28 
Rock mass thermal conductivity ks  W/m ◦C  3.05 
Rock mass heat capacity cps  J/kg ◦C  790 
Coefficient of thermal expansion α  ×10− 6 m/m ◦C  8  

Fluid density ρf  kg/m3  1000 

Viscosity μ  mPa ⋅ s  1 
Fluid thermal conductivity ks  W/m ◦C  0.6 
Fluid heat capacity cpf  J/kg ◦C  4200 
Nusselt number Nu  [-] 5  

Injection rate Q  L/s 50 

Outlet pressure p  kPa 100 
Well casing diameter D  cm 22 
Pipe surface roughness ϵ  mm 0.25 
Depth LP  m 1800 
Initial fracture hydraulic aperture w0  mm 3 
In-situ stress σV  MPa 39  

σHmax  MPa 31  
σhmin  MPa 26 

Initial reservoir temperature θ0  
◦C  225 

Injection temperature T  ◦C  70  

Fig. 9. Illustration of the unstructured mesh for the two-fracture EGS model. 
Symmetry of the system is used along the plane that is aligned with the wells 
and normal to the fractures. 
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constant. Timesteps of 0.5 months were used for the first 2 years, and 1 
month timesteps thereafter. The meshes used for the fluid and solid 
domains are illustrated in Fig. 9. A coarse mesh is used around the edges 
of the domain while a fine mesh is used around the injection and pro-
duction wells. There are 2172 fluid elements in each fracture plane. The 
smallest elements have a characteristic length of 0.25 m. The fluid and 
solid meshes are conforming so there is an exact correspondence be-
tween the nodes and element faces of the solid and fluid meshes. 

4. In-plane short-circuiting mechanisms 

In this section, the in-plane short-circuiting mechanism of the single 
fracture plane EGS is identified and discussed. The behaviour of the 
system has four production regimes which correspond to specific multi- 
physics processes within the reservoir. 

Fig. 10 illustrates the production temperature and injection pressure 
of the single fracture plane EGS. Fig. 11 shows the temperature at the 
production well plotted on a log-log scale. The logarithmic scale high-
lights the decaying exponential nature of the production curve and al-
lows for the identification of four distinct phases of production: (1) 
dipole flow; (2) transitional flow; (3) short-circuiting flow; and (4) 
quasi-steady state flow. Fig. 12 shows the fluid temperature, fracture 
aperture, and fluid velocity within the fracture for the single fracture 
EGS at four points in time, each illustrating one of the four stages of 

production. The contour plots of temperature and aperture within the 
dipole and transitional regimes show qualitative agreement with pre-
viously published work (Guo et al., 2016; Salimzadeh et al., 2018b; 
Slatlem Vik et al., 2018). 

Dipole flow is the first flow regime that develops within the fracture 
plane. Thermo-mechanical deformation is not significant during this 
first phase, and so the production temperature is nearly identical to that 
of a TH model which neglects deformation. Hot fluid flows into the 
production well from all sides and the flow near the production well is a 
mirror image of the flow around injection well. The flow pattern within 
the fracture plane is similar to a dipole pattern in an electromagnetic 
field, hence the name dipole flow. This production regime is short-lived. 

Transitional flow is the second flow regime and develops after 6 
months for this scenario. The aperture increases near the production 
well, creating a bias for the production well to accept flow from the 
direction of the injection well (Fig. 13a). The fluid velocity contours shift 
away from a dipole pattern, as the velocity on the far side of the pro-
duction well decreases. The rate of production temperature decrease is 
greater than the TH model, demonstrating how any model which ne-
glects mechanical deformation is over-optimistic about the potential of 
an EGS installation. A secondary area of increased aperture, apparent in 
Fig. 13b, develops around the injection well, slowing the velocity 
leaving the injection well. Both areas of aperture growth contribute to 
the development of short-circuiting, but there are different mechanisms 
at work driving the fracture opening. Around the injection well, the 
cooling and contraction are locally axisymmetric. Aperture growth in 
this area is therefore a largely thermal effect as thermal strain overcomes 
the effective in-situ stress which keeps the fracture closed. Around the 
production well, there is a sharp thermal front — the rock mass on the 
injection side of the well is cool but the rock mass on the far side remains 
hot. Non-uniform cooling at the production well induces rotational 
deformation of the rock mass and drives the development of aperture 
growth in this area. The different aperture growth mechanisms are 
evidenced by the difference in the stresses around the wells, as illus-
trated in Fig. 14. The stress state around the injection well is simple; 
normal stress is approximately uniform, and shear stress is low. The 
stress state around the production well is complex, as the sharp thermal 
front creates large shear stresses and high normal stress gradients. 
Aperture growth around the production well is largely a mechanical 
effect from the deformation of the sharp thermal front and is further 
explained through the use of a two-dimensional analogous situation in 
Appendix A. In this specific case, the aperture around the production 
well is much larger than around the injection well, but this is not true for 
all systems as it is dependent on the mechanical and thermal parameters 
and in-situ conditions of the rock mass. At both the injection and pro-
duction wells, the aperture growth mechanisms are driven by thermo- 
elastic effects rather than the effects of fluid pressure. 

After 32 months, short-circuiting flow develops within the fracture. 

Fig. 10. Production temperature and surface injection pressure for a single fracture EGS. Production temperature is the temperature of the working fluid from the 
production well at the surface. The total pressure within the fracture is higher than the injection pressure at the surface due to the hydrostatic pressure provided by 
the well depth. 

Fig. 11. Production temperature from a single fracture EGS, plotted on a log- 
log scale. Four production regimes are identified, corresponding to different 
behaviours within the fracture. THM represents the results of the coupled 
thermo-hydro-mechanical model, while TH represents the results of a hydro- 
thermal model in which mechanical deformation is neglected. 
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This production regime is marked by a drastic temperature break-
through in which there is a large decrease in the outlet temperature in a 
short period of time. The cause of this behaviour is flow channeling – a 
positive feedback loop that begins to develop in the transitional regime. 
Short-circuiting is marked by the union of the two regions of increased 
aperture around the injection and production wells, forming a single 
open channel within the fracture plane. This open channel allows the 
fluid to flow out of the injection well and directly towards the produc-
tion well, bypassing the hotter rock regions. The observed temperature 
breakthrough during this phase echoes the results of Fu et al. (2016). 

Short-circuiting flow is relatively short-lived, and the production 
quickly decays into a quasi-steady state regime by 48 months. The quasi- 
steady state regime is so named because there is little change in the 
production temperature or the inlet pressure, such that from the 
perspective of an operator the only two quantities that can be directly 
and continuously measured are in a steady-state condition. The fracture 
aperture slowly continues to increase and the fluid flux follows the 
aperture contours, becoming restricted to the channel and increasing 

over time. While the fluid flux increases in the channel, the fluid velocity 
within the channel decreases over time. As the cold injected fluid is 
confined to the channel, increased heat recovery occurs from the far side 
of the injection well, accompanied by a small recovery in the fracture 
aperture. Quasi-steady state flow is a stable configuration for the system 
— disrupting the open channel configuration will require a change to the 
pumping operations, such as pumping to a new production well, 
injecting heat, or allowing heat recovery. 

5. Multi-fracture short-circuiting mechanisms 

Increasing the number of fracture planes is a tempting method to 
increase the productivity of the EGS. Flow is initially distributed be-
tween the fracture planes, increasing the active area over which heat 
transfer occurs and raising the temperature at the production well. 
However, multi-fracture EGSs exhibit increased thermo-mechanical and 
hydro-mechanical interaction which appear to compromise the viability 
of simply operated multi-fracture EGSs. In this section, the influence of 

Fig. 12. Development of flow channeling in a single fracture EGS. Fluid temperature, fracture aperture, and fluid velocity are plotted over time. The injection well is 
located on the left of each image and the production well is located on the right. Images are taken at 6 months, 32 months, 48 months, and 90 months which fall 
within the dipole, transitional, short-circuiting, and quasi-state steady production regimes respectively. 

Fig. 13. Aperture along the fracture centerline of a single fracture EGS. 12 months corresponds to the transitional flow regime, in which the aperture change begins 
to affect the flow pattern. 42 months corresponds to the short-circuiting flow regime, in which two separate areas of increased aperture around the injection and 
production wells link together a channel with decreased flow resistance. 60 and 90 months correspond to the quasi-steady state regime, in which the channel is open 
and aperture continues to grow over time, restricting flow to a decreasing area. 
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two variables, fracture spacing and well casing diameter, are examined. 
The systems studied demonstrate inter-plane short-circuiting mecha-
nisms, in addition to more complex in-plane short-circuiting 
mechanisms. 

5.1. Fracture spacing and thermo-elastic interaction 

Fig. 15 shows the production temperature for a two-fracture EGS 
where the fractures are spaced at 50, 100, and 150 m. The four pro-
duction regimes are identified. The onset of short-circuiting flow is 
defined as the point at which the rate of production temperature 
decrease exceeds − 4 ◦C/month, and the onset of the quasi-steady state 
regime is defined as the point when the rate of heat decrease is less than 
− 1 ◦C/month. These threshold values are only applicable to this system 
with the specified flow rate. With these definitions, there is a power-law 
relationship between the production phase timing and the fracture 
spacing, given by 

tSC = 7S0.19 (30) 
tQSS = 11.5S0.20 (31)  

in which S [m] is the fracture spacing, tSC [months] is the time to the 
onset of the short-circuiting regime, and tQSS [months] is the time to the 

Fig. 16. Aperture along the crack centerline during different production phases in the two-fracture EGS with 100 m spacing. 12 months corresponds to the tran-
sitional flow regime. 18 months corresponds to the short-circuiting flow regime. 60 and 90 months correspond to the quasi-steady state regime. Apertures around the 
injection well are much higher than the one-fracture EGS due to increased thermal contraction in the rock mass between planes. 

Fig. 14. Stress along the fracture surface centerline of a single fracture EGS. Normal stress, σzz, is the total stress normal to the fracture along the fracture centerline. 
Shear stress, σxz, is the total stress component along the plane normal to the fracture and aligned with the wells. Shear stress around the production well in the early 
phases indicates that aperture growth around the production well is the result of rotational movement of the rock mass due to the sharp thermal front. 

Fig. 15. Flow regimes for a two fracture EGS with variable spacing. The onset 
of the short-circuiting regime is defined as the point when the rate of heat 
decrease exceeds − 4 ◦C per month, and the onset of the quasi-steady state 
regime is defined as the point when the rate of heat decrease is less than − 1 ◦C 
per month. 
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onset of the quasi-steady state regime. The similar exponents in Eqs. (30) 
and (31) indicate that fracture spacing has little impact on the duration 
of the short-circuiting regime. 

The production temperature of the two-fracture EGS is initially much 
higher than the single fracture EGS. Transitional flow begins at roughly 
the same time as the one-fracture EGS. Short-circuiting occurs between 
17–20 months, which is sooner than the 32 months observed in the 

single fracture EGS. The reason for this disparity is the increased amount 
of thermal contraction occurring within the rock mass. The rock mass 
sandwiched between the two fractures experiences heat loss on both 
sides, resulting in increased contraction, which creates higher apertures 
within the fracture planes, which in turn causes short-circuiting to 
develop sooner. The higher apertures are illustrated in Fig. 16. The 
development of the fluid temperature, aperture, and velocity profiles 

Fig. 17. Development of flow channeling within a two-fracture EGS with 22 cm wells and 100 m spacing between fracture planes. Fluid temperature, fracture 
aperture and fluid velocity are plotted. The injection well is located on the left of each image and the production well is located on the right. Images are taken at 6 
months, 18 months, 29 months, and 90 months which fall within the dipole, transitional, short-circuiting, and quasi-state steady production regimes respectively. 

Fig. 18. Proportion of flow in Plane 1 for 50, 100, and 150 m fracture spacing and well casing diameters of 18, 20, 22 cm. In all cases, the two-plane flow decays to 
flow in Plane 1 only. 
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within the two-fracture EGS are illustrated in Fig. 17. 

5.2. Plane channeling – reservoir scale short-circuiting 

Fig. 17 illustrates both in-plane and inter-plane short-circuiting 
mechanisms that arise in multi-fracture EGS. Plane channeling is a 
reservoir scale inter-plane short-circuiting mechanism in which the 
multi-plane flow devolves to single plane flow. Plane channeling only 
manifests when considering an interconnected fracture and well flow 
model. Plane channeling forms a positive feedback loop with flow 
channeling, as increased flow through a single plane exacerbates the 
development of flow channeling, which leads to more flow through that 
plane. 

Plane channeling is induced by the friction head loss in the wells 

between fractures. Although the initial hydraulic conductivity of the two 
fractures is identical, the addition of well casings creates an asymmetric 
system, and this perturbation leads to the development of plane chan-
neling. The partitioning of flow between planes for fracture spacings of 
50 m, 100 m, and 150 m is illustrated in Fig. 18. Flow partition curves 
are shown for well diameters of 18 cm, 20 cm, and 22 cm. While the 
casing diameters can have large effects on the behaviour of flow within 
the reservoir, these changes are not reflected in the production tem-
perature, as demonstrated in Fig. 19. Therefore, in this system, the 
production temperature of the system is dominated by the in-plane 
short-circuiting mechanism. 

Reducing the casing diameter encourages flow through Plane 1, and 
it is observed that the initial flow partition always favours Plane 1. 
Despite this, flow channeling occurs in Plane 2 before Plane 1 in all 

Fig. 20. Bifucation of the short-circuiting pathway in a two-fracture EGS with 20 cm well casings and 50 m fracture spacing. Fluid temperature, fracture aperture and 
fluid velocity are plotted. The injection well is located on the left of each image and the production well is located on the right. Images are taken at 15 months, 25 
months, 35 months, and 60 months. The fluid in Plane 1 must reroute around the area of decreased aperture created by hydro-mechanical interaction with Plane 2. 

Fig. 19. Production temperature of multi-fracture wells with different fracture spacing and well casing diameters. While well casing size can greatly affect the flow 
distribution in the reservoir, these differences are not reflected in the production temperature. 
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cases, reflected by a decrease in the proportion of flow through Plane 1 
at the onset of the short-circuiting regime. This is due to the higher 
average fluid pressure within Plane 2. The pressure drop across Plane 1 
must be equal to the pressure drop across Plane 2 plus the pressure drop 
in the connecting wells. Therefore, the pressure drop across Plane 2 is 
smaller than the pressure drop across Plane 1, resulting in a higher 
average fluid pressure within Plane 2 that causes initially larger aper-
tures. The higher apertures in Plane 2 are reflected in Fig. 16. 

Although in-plane short-circuiting occurs in Plane 2 before Plane 1, it 
does not become the dominant flow plane. The additional resistance 
offered by the well casings results in a strong preference for Plane 1 to 
become the dominant plane. In all tested cases, in-plane short-circuiting 
occurs in Plane 1 not long after Plane 2, and the flow decays to single- 
plane flow through Plane 1 over time. An exception to this behaviour 
is observed in the 50 m spacing with 18 and 20 cm well casings, in which 
Plane 2 dominant flow persists much longer than all other cases. In these 
cases, plane channeling interacts with flow channeling to create alter-
native (bifurcating) short-circuiting pathways not previously observed, 
discussed in the following section. 

The emergence of plane channeling makes a case for the multiscale 
nature of short-circuiting within such geothermal systems. That is, 
regardless of the scale at which the system is modelled — be it a single 
plane, multi-plane, or discrete fracture network within the rock mass — 
short-circuiting will be observed at every level. By the nature of the 
coupled THM system, any initial configuration with multiple flow 
pathways is unstable, and flow in such systems is expected to always 
degenerate to a single dominant pathway over time, unless some process 
intervention is introduced. 

5.3. Bifucation of the in-plane short-circuiting mechanism 

In most cases that we have studied, the in-plane short-circuiting 
pathway in multi-fracture models appears to be similar to that observed 
in the single fracture model, described in Section 4. However, alternate 
equilibrium branches are observed in the 50 m fracture spacing sce-
narios with 18 and 20 cm well casings. These scenarios show the most 
interesting Plane 2 dominant flows. In these instances, a bifurcation of 
the short-circuiting pathway is observed due to hydro-mechanical 
interaction between planes. The fluid temperature, fracture aperture, 
and fluid velocities for the two-fracture EGS with 50 m spacing and 
20 cm well casings are illustrated in Fig. 20. 

At 15 months, the fractures in Fig. 20 look very similar to those of 
Fig. 17. As always, an in-plane short-circuit begins in Plane 2 before 
Plane 1 which leads to an increase in flow in Plane 2. The increase in 
flow is accompanied by an increase in fluid pressure. Unlike the frac-
tures in Fig. 17, the fractures in Fig. 20 are close together such that the 
pressure in Plane 2 pushes against Plane 1 along the default short- 

circuiting path and closes the fracture aperture in this area, as shown 
at 25 months in Fig. 20. This prevents the development of short- 
circuiting in Plane 1 along the midline between wells, explaining the 
extended duration of Plane 2 dominant flow. The fluid in Plane 1 must 
therefore reroute itself around the region of closed aperture, as illus-
trated in the velocity contours. The fundamental THM feedback mech-
anism of the in-plane short-circuiting applies regardless of the path that 
the flow takes. The aperture along the rerouted path therefore increases, 
creating an open channel around the area of decreased aperture. The 
eventual opening of a channel in Plane 1 is illustrated in Fig. 21, where it 
is observed at the midline that Plane 2 is fully open while Plane 1 is 
closed, but offset from the midline Plane 1 is fully open between the 
injection and production wells. Once a short-circuit pathway opens in 
Plane 1, plane channeling takes over and the multi-fracture flow decays 
over time to Plane 1 flow. 

Well casing size generally has little effect on production temperature. 
The bifurcated short-circuit pathway is the exception to this trend, as it 
causes a smearing of the transition between the quasi-steady state and 
short-circuiting regimes. The onset of the short-circuiting regime is 
governed by the first incidence of in-plane short-circuiting within the 
system and is therefore unaffected by the bifurcated pathway. 

The bifurcation of the fluid pathway only occurs due to the right 
combination of fracture spacing, casing diameter, and initial hydraulic 
aperture. It is possible that bifurcation of the short-circuiting pathway 
may emerge at larger fracture spacings, but would require both smaller 
initial hydraulic apertures and smaller well casing diameters to increase 
fluid pressure and overcome the increased stiffness of the rock mass. The 
bifurcation of short-circuiting pathways is only observed when consid-
ering fully-coupled THM behaviour of the system with hydraulically 
connected fractures. The existence of multiple short-circuiting pathways 
speaks to the complex THM nature of short-circuiting and the potential 
generalization of these findings to non-homogeneous fracture planes. 

6. Implications for EGS projects 

In this model, the rock mass is assumed to have homogeneous 
isotropic properties, and the fracture apertures have been assumed to be 
uniform. These are simplifying assumptions, as true rock masses are 
anisotropic and highly heterogeneous. The fracture apertures will also 
not be uniform, perhaps consisting of a highly heterogeneous and 
tortuous network of smaller fracture pathways. Furthermore, there will 
be self-propping effects because of fracture surface roughness, partial 
irreversibility of aperture opening in all cases, and the potential place-
ment of proppant during the formation stimulation activity to connect 
the wells. The behaviour and performance of the homogeneous systems 
studied here are thus not necessarily representative of the heteroge-
neous conditions present in a rock mass. Nonetheless, if homogenous 

Fig. 21. Deformed shape of the rock mass at sections for the alternative short-circuiting path case at 35 months. The rock temperature is shown with displacements 
amplified × 500. The pressure in Plane 2 closes Plane 1 along the midline, causing the development of an alternative short-circuiting path in Plane 1. Section A-A 
cuts along the midline between the wells. Section B-B is offset 75 m from the midline and does not cut through the wells, but the well positions are shown for 
reference. The injection and production wells are shown in their positions in the undeformed configuration. 
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systems exhibit short-circuiting, then we may surmise that it is of 
concern in reservoirs that are naturally fractured and heterogeneous. 
The observed short-circuiting mechanisms are products of the THM 
coupling of the system. The behaviour and production temperature 
curves from homogeneous fractures are most likely a best-case, and 
poorer responses may be expected in the presence of heterogeneity and 
fracture complexity. Previous studies which have examined the role of 
heterogeneities and heat recovery have shown more a rapid decline in 
heat production compared to the homogeneous case (Guo et al., 2016), 
and we have a similar expectation for the systems studied here. 

The EGSs studied here show short-circuiting within 36 months for a 
single fracture EGS and 12–24 months for a multi-fracture EGS. There is 
evidence from the field to support these findings, as short-circuiting was 
also observed within 12 months of operation during the long-term cir-
culation test at the Hijori Hot Dry Rock test site (Yanagisawa et al., 2008; 
Tenma et al., 2008). It is reasonable to ask: can short-circuiting be ex-
pected early-on in the operation of any EGS project? The answer seems 
to be no. In a previous study of a deep EGS system (based on the Ha-
banero project) with larger in-situ stress (σhmin = 70 MPa, σHmax =

100 MPa and σV = 64 MPa), lower injection rate (12.5 L/s), and larger 
distance between wells (500 m) did not show any short-circuiting after 
30 years of injection (Guo et al., 2016; Slatlem Vik et al., 2018). In Gee 
and Gracie (2021), we were able to confirm the results of Guo et al. 
(2016), using the same simulator used in this manuscript. Although 
short-circuiting was not observed, THM effects still had a significant 
impact on the production temperature (Guo et al., 2016; Gee and Gracie, 
2021). These previous studies of deep EGSs differ from the relatively 
shallow EGSs studied here in which in-situ stresses are lower (σhmin =

26 MPa, σHmax = 31 MPa and σV = 39 MPa), the injection rate is higher 
(50 L/s), and the wells are more closely spaced (250 m). Thus, whether 
short-circuiting can be expected early-on in the operation of an EGS 
depends both on the EGS reservoir characteristics (e.g., in-situ stresses) 
and operational considerations (e.g., injection rate and well spacing). 

While short-circuiting has negative implications for the long-term 
viability of an EGS, the model considered does not account for the cre-
ation and opening of tensile daughter fractures normal to the dominant 
planes due to thermal contraction. Daughter fractures would increase 
the ability of the rock mass to distribute thermal strain without 
increasing fracture aperture, in addition to increasing the surface area 
over which heat transfer occurs, and so may have a positive influence on 
the EGS behaviour. 

The ability to withdraw energy from the reservoir prior to creating a 
short-circuit may also be improved through design by optimizing pa-
rameters such as injection rate, injection temperature, and well spacing. 
Furthermore, intelligent operation of the wells may improve the 
viability of an EGS. The multi-scale omnipresent nature of short- 
circuiting lends favourability to the design philosophy of zoning, in 
which short-circuiting is accepted as an inevitability. With zoning, 
production is staggered through the different fractures, and flow con-
trols are introduced to manually partition flow between the fracture 
planes. Production can then switch from one fracture to the next when 
short-circuiting occurs in the current fracture. 

7. Conclusions 

In this article, the short-circuiting mechanisms within single and 
multi-fracture enhanced geothermal systems are explored. EGS well 

doublets are simulated using a fully-coupled thermo-hydro-mechanical 
finite element model in which flow is restricted to dominant fracture 
planes which are hydraulically connected by the injection and produc-
tion wells. 

It is demonstrated that within the range of common material and 
design parameters, only the transient behaviour of the rock temperature 
needs to be modelled, while all other fields can be assumed static or 
steady-state. Short-circuiting is demonstrated to be a multi-scale phe-
nomenon within an EGS system, and both in-plane and inter-plane short- 
circuiting mechanisms have been observed. The in-plane short-circuit-
ing mechanism, flow channeling, dominates the overall production 
temperature of the system. The development of flow channeling has 
been characterised using production flow regimes which correspond to 
the development of specific phenomena within a fracture plane. It is 
demonstrated that flow channeling is worse in multi-fracture reservoirs 
because of the increased amount of thermal contraction that occurs 
between the fracture planes. Two reservoir-scale inter-plane short- 
circuiting mechanisms are described for the first time: plane chan-
neling, and bifurcation of the short-circuiting pathway. These inter- 
plane short-circuiting mechanisms are shown to have large impacts on 
the distribution of flow throughout the reservoir, but relatively little 
impact on the overall production temperature response of the studied 
systems. 

The implications of these short-circuiting mechanisms as they apply 
to naturally fractured rock masses are important. Future work on EGS 
reservoirs will consist of exploring design and production strategies to 
mitigate the development of short-circuiting within the system, as well 
as exploring the effectiveness of zoning to increase the overall produc-
tion life of an EGS project. 
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Appendix A. Aperture development at the production well 

The growth of aperture at the production well is driven by different physical behaviour than the injection well. Aperture at the injection well 
increases due to thermal contraction (uniform cooling), while aperture at the production well increases due to differential thermal contraction at a 
sharp thermal front (non-uniform cooling). In this appendix, the behaviour of the aperture growth at the production well is examined through a 
simplified two-dimensional analogous situation. In the full simulated rock mass, the behaviour is complicated by the fluid pressure, in-situ stresses, the 
three-dimensional temperature distribution, and contact with the opposite face of the fracture. In this simplified simulation, the thermo-mechanical 
deformation of a two-dimensional sharp thermal front is examined without any other external applied forces. This simplified analogous situation 
demonstrates that the behaviour of increased aperture at the production well can be attributed to the effects of thermal contraction at a sharp 
temperature front. 

Consider the thermo-mechanical deformation of the two domains illustrated in Figs. A.22a and b. The domain in Fig. A.22a is subject to thermal 
contraction in a thin strip along the entire width of the domain, analogous to the approximately uniaxial local temperature distribution around the 
injection well. The domain in Fig. A.22b is subject to thermal contraction in a thin strip that only extends half the width of the domain, simulating the 
sharp thermal front observed near the production well. Placement of the vertically constrained node has no impact on the phenomena demonstrated. 
The material parameters of the domains are listed in Table A.3, and are the same as the rock masses simulated in Sections 4 and 5. The domains are 
subject to the same thermal contraction of Δθ = − 140 ◦C, which is approximately the same temperature difference experienced by the simulated rock 
masses. 

The deformation of the two-dimensional domains under the thermal contraction are illustrated in Figs. A.23a and b. As illustrated in Fig. A.23b, the 
non-uniform contraction induces rigid body rotation in the rock mass. Any two horizontally adjacent points in a constrained body which do not 
experience the same amount of thermal strain will induce shear, and since the domains are horizontally constrained, this shear induces rotation. 
Rotation leads to the creation of larger displacements compared to the first case illustrated in Fig. A.23a, in which the deformation is uniaxial. Thus, it 
is demonstrated how differential thermal contraction at a sharp thermal front can lead to the development of greater apertures. 

There is a rotation of the body associated with any thermal front, but the reason that the increased apertures are only observed near the production 
well is because the temperature front is sharp at the production well but diffuse elsewhere. As illustrated by the fluid temperature contours in Fig. 12, 
there is an abrupt change in the temperature at the production well: the temperature on the side of the injection well is cold (about 80 ◦C), while on the 
far side of the production well the temperature returns to 225 ◦C within 5 m. The steep temperature gradient creates larger rotation. Elsewhere in the 
domain, the temperature gradients are much smaller, moving gradually from cold to hot over lengths of 50–400 m. Where the temperature change is 
less abrupt, the relative difference in the amount of contraction experienced by any two adjacent points in the rock mass is smaller, which reduces the 
shear and rigid body rotation of the rock mass. 

Fig. A.23. Vertical deformation of the two-dimensional domains with temperature distributions analogous to the injection and production wells.  

Table A.3 
Material parameters of two-dimensional domains.  

Parameters Variable  

Elastic modulus E  59 GPa 
Poisson’s ratio ν  0.28 
Coefficient of thermal expansion α  8 × 10− 6 m/m ◦C   

Fig. A.22. Two-dimensional domains with temperature distributions analogous to the injection and production wells.  
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