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ABSTRACT 

Performance of heat production process over a 30-year period is assessed in a conceptual EGS model with a geothermal gradient of 65K 

per km depth in the reservoir. Water is circulated through a pair of parallel wells connected by a set of single large wing fractures. The 

results indicate that the desirable output electric power rate and lifespan could be obtained under suitable material properties and system 

parameters. A sensitivity analysis on some design constraints and operation parameters indicates that 1) the fracture horizontal spacing 

has profound effect on the long-term performance of heat production, 2) the downward deviation angle for the parallel doublet wells 

may help overcome the difficulty of vertical drilling to reach a favorable production temperature, and 3) the thermal energy production 

rate and lifespan has close dependence on water mass flow rate. The results also indicate that the heat production can be improved when 

the horizontal fracture spacing, well deviation angle, and production flow rate are under reasonable conditions. To conduct the reservoir 

modeling and simulations, an open-source, finite element based, fully implicit, fully coupled hydrothermal code, namely FALCON, has 

been developed and used in this work. Compared with most other existing codes that are either closed-source or commercially available 

in this area, this new open-source code has demonstrated a code development strategy that aims to provide an unparalleled easiness for 

user-customization and multi-physics coupling. Test results have shown that the FALCON code is able to complete the long-term tests 

efficiently and accurately, thanks to the state-of-the-art nonlinear and linear solver algorithms implemented in the code. 

1. INTRODUCTION 

1.1 Background 

The concept of Enhanced Geothermal Systems (EGS) (see Batchelor 1982, Cornet 1989), which includes the earlier concept of Hot Dry 

Rock (HDR) (see Smith et al. 1975, Tester et al. 1989, Duchane 1990, and Duchane et al. 2002), originated at the Los Alamos National 

Laboratory (LANL) in the 1970s, and has been widely studied and experimented in many countries over the last three decades. Since an 

abundance of literature that describes the basics of EGS can be found (for example, a comprehensive review on the EGS concept, recent 

development and future challenge is reported in Olasolo et al. 2016), it is not within the scope of this work to reiterate those contents. 

Research and development of the EGS has been increasingly popular recently, largely due to the U.S. Department of Energy’s FORGE 

(Frontier Observatory for Research in Geothermal Energy) program. As pointed out in Olasolo et al. 2016, the key to the EGS financial 

viability is the ability to produce energy over long periods without the need to carry out expensive repairs such as the unplanned drilling 

of additional wells. Therefore an optimal technical design plan must be determined for an EGS plant at all stages of development and 

operation. For example, the correct placement of injection and production wells for the stage of heat extraction process is critical to the 

heat production performance of an EGS plant. However, a number of uncertain factors are still at large regarding the specific technical 

requirement for this stage of the EGS reservoir development, due to the lack of operational experience to date. As a matter of fact, most 

EGS plants are so new that their operations are measured in months rather than years in lots of cases. Owning to the many uncertainties 

associated to the EGS operation (U.S. Department of Energy 2008), the numerical simulation has been recognized and used as a rela-

tively economical, robust, and reliable approach for the design of conceptual EGS models and validation of heat extraction performance. 

1.2 Modeling of Heat Production in EGS 

The interest of the present work is focused on the design of EGS well layout for long-term heat extraction performance. The EGS well 

layout schemes often modeled, simulated, and analyzed include these three types: 1) doublet (an injection and production well pair), 2) 

triplet (an injector flanked by a production well on each side), and 3) five-spot (an injector at the center and a production well at each 

corner of a square). Due to the huge volume of excellent works published on this topic, only some of the recent and related works are 

reviewed here. Sanyal et al. 2005 simulated the 30-year power generation period of a 3D hypothetical EGS model with a five-spot well 

layout, and analyzed its performance in terms of fracture spacing, reservoir permeability, and well geometry. Zeng et al. 2013(a) inves-

tigated the performance of a 2D conceptual EGS model with a horizontal doublet well layout, and affirmed that the energy efficiency 

mainly depends on the reservoir permeability and the water production rate. Later on, Jiang et al. 2014 designed and simulated the 40-

year heat extraction period of a 3D conceptual EGS with a triplet well layout, and demonstrated that it is able to retain the preferential 

flow in the reservoir and significantly elongate the heat production performance by 10 years over its doublet counterpart. Chen et al. 

2015 conducted a comparative study on long-term performance between the doublet well layout, two triplet well layouts, and a five-spot 

layout. Their numerical results showed that it does not necessarily improve the EGS performance by simply deploying more production 

wells, as an EGS with a triplet well layout can perform better than an EGS with a five-spot well layout or worse than an EGS with a 

doublet well layout. More recently, Chen at al. 2016 performed a detailed sensitivity study of the heat extraction process in a doublet 

well EGS in terms of a series of design parameters, and found that the EGS production temperature and lifetime are tightly related to the 
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flow pattern in the reservoir, while the thermal compensation from rocks surrounding the reservoir contributes little heat to the heat 

transmission fluid if the operation period is shorter than 15 years. Though most of these works were based on a hypothetical or concep-

tual EGS model, the rich experience gained through these studies has substantially advanced our understanding of optimization for EGS 

heat production performance, and paved our way for future research endeavors. 

1.3 Numerical Methods and Simulation Codes 

Numerical design of EGS models requires reliable numerical methods to simulate the coupled thermal-hydraulic-mechanical-chemical 

(THMC), or thermal-hydraulic-mechanical (THM), or thermal-hydraulic (TH) processes, depending on the multiphysics to be resolved 

in specific problems. A review on the recent progress of simulation technologies for coupled THMC and THM processes in EGS can be 

found in Xing et al. 2015. In this section, our focus is limited to some codes and their recent applications for modeling EGS long-term 

heat extraction dominated by the coupled TH processes, where the mechanical interaction between rock and fluid as well as the rock 

thermoelastic effect may be neglected. Zeng et al. 2013(a), Zeng et al. 2013(b), and Bujakowski et al. 2015 used the hydrothermal code, 

TOUGH2 (Pruess et al. 1999), for simulating the heat production from EGS models, respectively. However, the finite difference method 

(FDM) such as in TOUGH2 require high-quality structured meshes to obtain accurate solution, which largely limits the complexity of 

the fracture features to be modeled. Though the FDMs can handle irregular meshes, yet the use of irregular meshes could result in over-

diffused solution with low accuracy (≤ first order) for the convection-dominated heat transport in fractured reservoirs, which might lead 

to significant over-prediction of EGS production lifetime. Somehow, the inconvenience associated to the FDMs triggered people’s de-

sire to resort to unstructured mesh methods, such as the finite volume methods (FVMs) and finite element methods (FEMs). Based on 

the computational fluid dynamics (CFD) solver, Fluent®, Jiang et al. 2014 developed a 3D hydrothermal flow model that uses the cell-

centered FVM for solving the transient incompressible flow and heat transfer with the Navier-Stokes (NS) equations in reservoirs and 

wells. It was then applied in an extensive study of EGS well layouts (Chen at al. 2015, and Chen et al. 2016). However, a caveat with 

this model is that Jiang et al. 2014 did not validate if their use of the first-order upwind differencing scheme for the discretization of spa-

tial derivative terms was able to retain sufficient solution accuracy for simulating a long-term convective heat transport in fractured res-

ervoir, though the first-order scheme essentially guarantees the total-diminishing variation (TVD) condition for the energy solution. Al-

ternatively, the Galerkin FEMs and so-called “Control-Volume” FEM (CV-FEM, nothing but the node-centered FVM) may offer more 

flexibility for reservoir modeling, as they support the implementation of 1D, 2D, and 3D elements in the same model (e.g., in a 3D EGS 

model, the fractures can be represented with 2D planar surfaces embedded in 3D rock matrix, and the wells can be represented with 1D 

curves). Examples of the codes based on those methods include the FEHM code developed at LANL (Zyvoloski 2007), the FRACTure 

code by Kohl et al. 1995 and applied in Held et al. 2014, and the PANDAS code by Xing at al. 2015. Despite the advantages of treating 

complex geometric configurations, most Galerkin FEM and CV-FEM codes are so far not as powerful as the mature FDM code like 

TOUGH2 to model very complex THMC processes. Further numerical methods and code development for the Galerkin FEMs and CV-

FEMs are in urgent demand to overcome their existing weaknesses, and improve our understanding, design, and operation of EGS. 

1.4 Objectives 

The main objectives to be discussed in the present work are two-fold. First, the performance of heat production process over a 30-year 

period from a conceptual EGS model is evaluated. In this model, the water is circulated through two horizontal wells connected by a set 

of single large wing fractures in a fully saturated geothermal reservoir field. The effects of some design constraint factors, such as the 

fracture horizontal spacing, flow rate, and well horizontal deviation angle on the EGS heat production performance are assessed. The 

production characteristics as well as the design and optimization of the doublet well layout are investigated in detail. Second, an open-

source, space-time second-order Galerkin FEM based geothermal reservoir simulation code, namely FALCON (Fracturing And Liquid 

CONvection), is developed and employed for the simulation test cases in this work. Originally introduced in Podgorney et al. 2010, the 

closed-source FALCON code features a massively parallel, fully implicit, and fully coupled THM modeling capability for predicting the 

dynamics of fracture stimulation, fluid flow, rock deformation and heat transport in a singly integrated code. The new open-source ver-

sion of the code is a completely renovated subset of the legacy one that solves the coupled thermal-hydraulic process (i.e., Darcy’s flow 

and heat transport) in compressible fractured/un-fractured porous medium. 

The novelties of this work mainly include these three aspects. First, this study has proposed a mixed-dimensional rock–fracture model, 

in which the fractures are represented with 2D elliptical surfaces embedded in 3D rock matrix. Unlike the 2D single fracture model used 

in Zeng et al. 2013, our 3D model takes into account the inter-fracture interference with respect to the fracture horizontal spacing, whose 

long-term impact on the production wellbore temperature cannot be neglected for a 30-year production period. Second, an exceptionally 

large geothermal gradient of 65°C per km depth is used in our reservoir model, according to the geothermal data measured in the Snake 

River Plain, Idaho (Blackwell et al. 1992). Therefore, unlike in a normal reservoir of relatively lower geothermal gradient (25~30°C per 

km depth), where the horizontal orientation might be optimal for a doublet well layout, this work also considers an alternative doublet 

well layout that has a downward well deviation angle, whose potential effect on heat production performance is exclusively analyzed in 

the present study. Third, compared with most existing codes that are so far either closed-source or only commercially available in this 

area, the newly developed open-source FALCON code has demonstrated a reservoir code development strategy with an attempt to pro-

vide an unparalleled easiness for user customization and multi-physics coupling. 

The rest of this paper is organized as follows: Section 2 presents the governing equations for the coupled fluid flow and heat transport in 

a geothermal reservoir environment, and the constitutive models for calculating the water thermodynamic properties. Section 3 briefly 

describes the Galerkin FEM formulation and numerical methods implemented in the FALCON code. Section 4 introduces the set-ups of 

our conceptual EGS model. Section 5 reports the numerical results of the simulation test cases and sensitivity analysis. Finally, Section 

6 gives concluding remarks and outlook for future work. 
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2. MATHEMATICAL MODEL 

The mathematical models that describe the geothermal reservoir systems can be found in an abundance of literature. This section will 

briefly summarize the formulations in the literature for geothermal systems (Brownell et al. 1977; Faust & Mercer, 1979). 

2.1 Governing Equations 

A pressure-temperature (P-T) based formulation for the single-phase simulation of water-saturated systems is adopted in this work. The 

mass conservation for the fluid phase in the porous medium may be written as: 

𝜕(𝜙𝜌w)

𝜕𝑡
+ ∇ ∙ (𝜌w𝐪) − 𝑞́w = 0 (1) 

where 𝛻 is the vector differential operator, 𝐪 the Darcy flux vector (unit: m⋅s-1), 𝜌w the density of water (unit: kg⋅m-3), 𝜙 the porosity 

of the reservoir, and 𝑞ẃ the mass source/sink term (unit: kg⋅m-3⋅s-1), respectively. When considering the momentum conservation of the 

system, we assume that Darcy’s law is valid, and that the momentum balance for the fluid phase may be represented as: 

𝐪 = −
𝑘

𝜇w
(∇𝑝w + 𝜌w𝑔∇z) (2) 

where 𝑘 is the intrinsic permeability of reservoir (unit: m2), 𝜇w the viscosity of water (unit: kg⋅m-1⋅s-1), 𝑔 the acceleration due to gravity 

(unit: m⋅s-2), and 𝛻𝑧 a vector of components (0, 0, -1) when gravity is taken to be aligned in the negative vertical direction. Combining 

Eq. (1) and Eq. (2) yields the following equation for liquid-phase water flow in a deformable, compressible geologic medium: 

𝜕(𝜙𝜌w)

𝜕𝑡
− ∇ ∙ (

𝑘

𝜇w
𝜌w(∇𝑝w + 𝜌w𝑔∇z)) − 𝑞́w = 0 (3) 

If we assume that the thermal equilibrium exists between the fluid and solid phases, the energy conservation can be described as below: 

𝜕[𝜙𝜌w𝑐w + (1 − 𝜙)𝜌r𝑐r]𝑇

𝜕𝑡
− 𝛻 ⋅ (𝐾m𝛻𝑇) + 𝜌w𝑐w𝐪 ⋅ 𝛻𝑇 − 𝑄́ = 0 (4) 

where 𝑐w and 𝑐r are the specific heat capacity of water and rock (unit: m2⋅s-2⋅K-1), respectively, 𝐾m the average thermal conductivity of 

the medium (unit: kg⋅m⋅s-3⋅K-1), and 𝑄́ the energy source/sink term (unit: J/s, or kg⋅m-1⋅s-3). Eq. (3) and Eq. (4) serve as the governing 

equations for the coupled flow and heat transport in geological porous medium. Furthermore, if we assume 𝜙, 𝑘, and 𝐾m to be constant 

user-input parameters by default, Eq. (3) and Eq. (4) can be reduced to Eq. (5) and Eq. (6), respectively as below: 

𝜙
𝜕𝜌w
𝜕𝑝

d𝑝

d𝑡
+ ∇ ∙ 𝐪M − 𝑞́w = 0 (5) 

𝐶m
d𝑇

d𝑡
− 𝐾m𝛻 ⋅ 𝛻𝑇 + 𝐪E ⋅ 𝛻𝑇 − 𝑄́ = 0 (6) 

where 𝜌w𝐪 is replaced by 𝐪M (unit: kg⋅m-2⋅s-1), 𝜙𝜌w𝑐w + (1 − 𝜙)𝜌r𝑐r is replaced by 𝐶m (unit: kg⋅m-1⋅s-2⋅K-1), and 𝜌w𝑐w𝐪 is replaced 

by 𝐪E (unit: kg⋅s-3⋅K-1), respectively, for simplicity. Eq. (5) and Eq. (6) are the default pressure-temperature based governing equations 

being used in the present work. 

2.2 Fluid Thermodynamic Properties 

In the present work, two different constitutive models are presented for the calculation of the thermodynamic properties and viscosity of 

the liquid-phase water: 

1) Based on the IAPWS-97 formulation (Wagner et al., 2000), the water-steam equation of state (WSEOS) approach can be applied in 

the water, steam, and supercritical regions. In this approach, the WSEOS is used to calculate and return the phase thermodynamic prop-

erties (i.e., density, internal energy) of water and steam, based on pressure (≤ 100 MPa) and temperature (≤ 800° C) as input variables. 

Based on the density and temperature as input variables, the viscosity formula in IAPWS-97 (Cooper 2008) is then used to calculate and 

return the viscosity of either water or steam, depending on the input density value. 

2) Alternatively, two temperature based functions can be used to calculate the liquid-phase water density and viscosity in a limited range 

of temperature between 0°C and 300°C (Graf 2009). Assuming the water pressure is below the critical point, the dependency of water 

density and viscosity on water temperature can be described in the following equations, respectively: 

𝜌w = 1000 [1 −
(𝑇 − 3.9863)2

508929.2

𝑇 + 288.9414

𝑇 + 68.12963
] , for 0℃ ≤ 𝑇 ≤ 300℃ (7) 
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𝜇w =

{
 
 

 
 1.787 × 10

−3𝑒(−0.03288+1.962×10
−4𝑇)𝑇 , for 0℃ ≤ 𝑇 ≤ 40℃

10−3(1 + 0.015512(𝑇 − 20))
−1.572

, for 40℃ < 𝑇 ≤ 100℃

10−4 (0.2414 × 10
247.8

𝑇+133.15) , for 100℃ < 𝑇 ≤ 300℃

 (8) 

3. NUMERICAL METHODS AND CODE DEVELOPMENT 

3.1 Galerkin Finite Element Discretization 

Using the standard finite element spatial discretization, the weak forms of Eq. (5) and Eq. (6) are 

∑∫ (
d𝑝

d𝑡
𝜙
𝜕𝜌w
𝜕𝑝

𝑊ℎ − 𝐪M ⋅ ∇𝑊ℎ − 𝑞́𝑊ℎ) d𝛺
𝛺𝑒

𝑛𝑒𝑙

𝑒

 + ∫ 𝐪M ⋅ 𝐧𝑊ℎ  d𝛤
𝛤

= 0 (9) 

∑∫ (
d𝑇

d𝑡
𝐶m𝑊ℎ + (𝐾𝑚∇𝑇 − 𝑇𝐪E) ⋅ 𝛻𝑊ℎ − 𝑄́𝑊ℎ) d𝛺

𝛺𝑒

𝑛𝑒𝑙

𝑒

+∫ (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧𝑊ℎ d𝛤
𝛤

= 0 (10) 

In Eq. (9) and Eq. (10), 𝛺𝑒 is the volume of element e, 𝛤 denotes the boundary of the domain, n represents the unit vector normal to the 

boundary, and 𝑊ℎ is the interpolation functions in the finite element space. 

3.2 Stabilization for Heat Transfer 

In an energy conservation equation, e.g., Eq. (6), the element Peclet number 𝑃𝑒ℎ can be defined as: 

𝑃𝑒ℎ =
ℎ|𝐪E|2
2𝐾𝑚

 (11) 

where h is the characteristic element size. Since the 𝐾𝑚 does not vary hugely in fractured reservoirs of different solid medium, the value 

of 𝑃𝑒ℎ is mainly determined by the |𝐪E|2, which can be very high near the injection and production wellbores (e.g., 2 ~ 4 orders of 

magnitude higher than in the rest of the reservoir. As it has been theoretically proved, the numerical oscillations of the energy variable 

(i.e., temperature) will occur when 𝑃𝑒ℎ > 1. This is a notorious numerical downside of the standard Galerkin FEM when used to model 

convection-dominated problems. In the present work, the famous Streamline/Upwind Petrov Galerkin (SUPG) scheme (Hughes at al. 

1986a) is adopted to achieve a stabilized formulation of Eq. (10). Following the SUPG scheme, Eq. (10) can be recast by adding an ex-

tra term in the volume integral as below,  

∑∫ (
d𝑇

d𝑡
𝐶m𝑊ℎ + (𝐾𝑚∇𝑇 − 𝑇𝐪E) ⋅ 𝛻𝑊ℎ − 𝑄́𝑊ℎ + 𝜏1𝑅𝐸𝐪E ⋅ 𝛻𝑊ℎ) d𝛺

𝛺𝑒

𝑛𝑒𝑙

𝑒

+∫ (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧𝑊ℎ d𝛤
𝛤

= 0 (12) 

where 𝑅𝐸 = 𝐶m
d𝑇

d𝑡
−𝐾m𝛻 ⋅ 𝛻𝑇 + 𝐪E ⋅ 𝛻𝑇 − 𝑄́ is the strong-form residual of Eq. (6); and 𝜏1 = ℎSUPG/2(|𝐪E|2 + 𝜀), where 𝜀 is a small 

number to avoid dividing by zero if 𝐪E is close to zero, and ℎSUPG is an element characteristic length (e.g., we use the minimal nodal 

spacing of the element). The 𝐾m𝛻 ⋅ 𝛻𝑇 is equal to zero when the linear approximation polynomial solution is used. The formulation of 

𝜏1 may vary depending on the shape of element (e.g., triangle or quadrilateral in 2D; tetrahedron, or prism, or pyramid, or hexahedron in 

3D). But we did not encounter outstanding trouble by using the presented formulation in our simulations. The SUPG scheme in Eq. (12) 

is able to deliver stabilized and low-diffusion numerical solution of coupled flow and heat transport for smooth problems. However, it 

cannot eliminate the local over- and under-shoots in the energy variable solution if there exist local discontinuities or large thermal gra-

dients, due to the absence of a control mechanism of thermal gradients in the directions other than the streamline. To the best of our 

knowledge, a TVD scheme does not exist for the Galerkin FEM. Nevertheless, the SUPG Discontinuity-Capturing scheme (Hughes et al 

1986b), termed SUPG-DC, is adopted in this work with an attempt to remove most but not all of the local under- and over-shoots of the 

temperature solution. Following the SUPG-DC scheme, Eq. (12) can be further recast by adding one more extra term: 

∑∫ (
d𝑇

d𝑡
𝐶m𝑊ℎ + (𝐾𝑚∇𝑇 − 𝑇𝐪E) ⋅ 𝛻𝑊ℎ − 𝑄́𝑊ℎ + 𝑅𝐸(𝜏1𝐪E + 𝜏2𝐪E∥) ⋅ 𝛻𝑊ℎ) d𝛺

𝛺𝑒

𝑛𝑒𝑙

𝑒

+∫ (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧𝑊ℎ d𝛤
𝛤

= 0 (13) 

In Eq. (13), 𝜏2 = max (0, 𝜏∥ − 𝜏1), where the “max” function is used to guard against 𝜏∥ − 𝜏1 becoming negative, which can occur in 

distorted element geometries. The rest of the two coefficients are  

𝜏∥ =
ℎ∥

2𝐪E ⋅ 𝛻𝑇
|𝛻𝑇|2

+ 𝜀
 

(14) 

𝑞𝐄∥ =
𝐪E ⋅ 𝛻𝑇

|𝛻𝑇|2
2 𝛻𝑇 (15) 
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where the subscript || denotes the direction of the local streamline. Our numerical experiments have shown that, the SUPG-DC scheme 

can work effectively if the initial discontinuity in temperature field is in the fractured reservoir. But it could lead to divergence if the ini-

tial discontinuity is on the domain boundary, for example, the injection of cool water into a hot fractured reservoir from an injection 

wellbore boundary surface. More advanced stabilization schemes aimed to consistently remove the local over- and under-shoots, for ex-

ample, in Do Carmo & Galeão 1991, and Codina 1998, will be attempted in future. 

3.3 Boundary Conditions 

The three most frequently used BCs for the mass conservation in Eq. (9) include: 1) The Dirichlet pressure BC, with which a pressure 

value can be prescribed at either the injection/production wellbore boundaries, or far-field boundaries. 2) The Neumann mass flux BC, 

with which a mass flux normal to a boundary surface, – 𝐪M ⋅ 𝐧, can be prescribed either at the injection/production wellbore boundaries, 

or the no-flow boundaries or symmetry plane by setting 𝐪M ⋅ 𝐧 = 0. 3) The Neumann free outflow BC, with which the 𝐪M value at a 

quadrature point of a boundary surface is interpolated from its host element. This BC can be used to model a free flow exit. 

The three most frequently used BCs for energy conservation in Eq. (10) include: 1) The Dirichlet temperature BC, with which a temper-

ature value can be prescribed at either the injection wellbore boundaries, or far-field boundaries. 2) The Neumann heat inflow BC, with 

which a heat flux normal to a boundary, (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧, can be prescribed at the injection wellbore boundary. 3) The Neumann 

heat outflow BC, with which the heat flux 𝐪E value at a quadrature point of a boundary surface is interpolated from its host element. 

This BC can be used to model the heat transport at the production wellbore boundary. 

3.4 Source/Sink Terms 

The source/sink terms include both the loss and/or gain of fluid mass and energy due to injection and pumping. There are two ways to 

represent an injection or pumping well as described below, but the best choice is upon specific applications. 

1) Explicitly mesh the well bore. This approach works best for near-wellbore, small-scale models in which the injection or pumping of 

mass/energy can be approximated by a prescribed flux boundary (Neumann boundary). However, for reservoir-scale models, such rep-

resentation will result in too many elements, and quickly become unpractical even with parallel computing. Geometric simplification for 

representing the wells is usually acceptable to use this approach for reservoir-scale models, when the simulation accuracy of near-

wellbore phenomena is not concerned. 

2) Represent the injection/pumping wells as point or line source/sink terms. This approach is also chosen often for large-scale models, 

since the implementation is not constrained by the complexity of geometric representation. In this approach, the injected (or pumped) 

fluid mass and energy is distributed to the nodes of the grid cells where the wellbore is located, and weighted by the distance between 

the well and the neighboring nodes by using finite element basis functions. However, this seemingly convenient approach could lead to 

severe numerical instability and even solution breakdown at the presence of strong flow velocity near wellbores (as discussed in Section 

2.2), if no effective numerical stabilization method is applied. 

3.4 Code Development 

The governing equations and numerical methods described above have been implemented in the open-source geothermal reservoir simu-

lation code, FALCON (Xia et al., 2015a). Some of the core computational capabilities include: 1) fully-coupled, fully-implicit solver, 2) 

dimension independent physics, 3) automatically parallel (largest runs >100,000 CPU cores), 4) modular development simplifies code 

reuse, 5) built-in mesh adaptivity, 6) dimension agnostic, parallel geometric search (for contact related applications), and 7) flexible, 

pluggable graphical user interface. 

 Moreover, in addition to the brief introduction of the code in Section 1.3, this subsection further presents an overview of the code in 

terms of design philosophy and programming architecture. The FALCON code has been developed using the open-source finite-element 

Multiphysics Object-Oriented Simulation Environment (MOOSE) framework (Gaston et al., 2009), which has a layered structure, as 

shown in Figure 1. The lower layer interfaces with several open-source libraries. In particular, the libMesh finite element framework 

(Kirk et al., 2006) provides a core set of parallel finite-element libraries. Coupled with interfaces to linear and nonlinear solvers from 

both PETSc (Balay et al. 2014) and Trilinos (Heroux et al. 2005), MOOSE and application codes developed upon it provide considera-

ble flexibility including the abilities to swap out solver libraries and to utilize diverse large scale parallel computing resources. The mid-

dle layer of MOOSE provides a set of core functionalities necessary for the residual and Jacobian (more precisely, the preconditioner) 

evaluations required by a physics-based preconditioning, strongly convergent nonlinear solver such as the preconditioned Jacobian-Free 

Newton-Krylov (JFNK) algorithm, and an efficient linear solvers such the as the generalized minimal residual (GMRES) algorithm 

(Knoll et al. 2004), for fetching the designated test and shape functions, numerical integration using Gaussian quadrature, and coupling 

physics. The top layer of MOOSE, referred to as the kernel, is the interface with physics where the FALCON code is built. It is conven-

ient to think of a kernel as a piece of the residual term in the weak forms of PDEs, for example, the diffusion term, advection term, time 

derivative term in Eq. (10) (see Appendix A for a list of kernels in the FALCON code). Kernels may be coupled together to achieve dif-

ferent application goals. All kernels are required to supply a residual, which usually involves summing products of finite element shape 

functions. Kernels may also provide diagonal and off-diagonal blocks of the (approximate) Jacobian matrix for the purpose of building 

certain preconditioners. Indeed, the adoption of the “kernels” concept from the underlying MOOSE framework has made FALCON 

highly extensible and flexible in terms of the virtual abstract physics and transport interfaces. In addition to the code design and devel-

opment, the developed capabilities in the FALCON code have undergone a critical verification and validation (V&V) process (Xia et al. 

2015b). Numerical results obtained by the code agree well with either the available analytical solutions or experimental data, indicating 

the verified and validated implementation of these capabilities in the code. 
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Figure 1: Hierarchical framework used to build the FALCON code based on the MOOSE library.  

4. THE CONCEPTUAL MODEL 

4.1 Fractured Reservoir 

The characteristics of a multi-dimensional fractured reservoir network, such as the permeability, aperture and fracture geometric shapes, 

may be subject to change during the heat production process of an EGS. Modeling the coupled THM processes in the fractured reservoir 

normally requires an explicit description of fracture distribution that resolves many aspects of the rock physics, for example, variations 

of fracture aperture with respect to local effective stress, rock deformations due to shear failure, and constitutive relationships between 

the fracture aperture and fracture thermal conductivity as well as thermo-elasticity. Modeling the coupled THM processes instead of TH 

may result in a much more accurate but also significantly more complex EGS model for the heat production process. Nevertheless, ac-

cording to a numerical study on the impacts of different coupled processes (e.g., hydro-mechanical and thermo-mechanical) on the EGS 

heat production performance (McDermott et al. 2006), the energy production rate is minimum when the fluid properties in the fractured 

reservoir are functions of only the fluid pressure and temperature while the rock mechanical properties are kept constant, that is, without 

considering the hydroelastic or thermoelastic interactions between the rock and fluid. Hence, a lower limit of the EGS thermal energy 

production rate may be estimated in the case that the physical properties of rock are constant in the system. Therefore, in our conceptual 

EGS reservoir model, we can reasonably assume that after the man-made fractures have been created by stimulation, the mechanical 

properties of the fractured reservoir remain unchanged during the period of heat production process. Furthermore, our reservoir model is 

assumed to be a dual-porosity/dual-permeability system, that is, un-fractured rock matrix blocks separated by fractures, and the matrix 

blocks and fractured reservoirs are assumed to be slightly compressible homogeneous porous medium, in which the coupled fluid flow 

and heat transport processes may be represented by Eq. (5) and Eq. (6). Indeed, these practical assumptions had been adopted in many 

recent studies, for example, see Sanyal et al. 2005, Jiang et al. 2014, Bujakowski et al. 2015, and Chen at al. 2016. 

4.2 Well Layout 

As it has been extensively evaluated, the well drilling process is a very expensive in terms of both capital investment and work hours 

(for example, see Barbier 2002, and Polsky et al. 2008). Thus before the actual well drilling, a well layout design involving a cycle of 

design, assessment and redesign, is absolutely needed until an optimal design is reached. Figure 2a illustrates the symmetry plane of one 

of our 3D conceptual EGS reservoir models, where a pair of horizontal doublet wells is connected by a set of vertically extended single 

large wing fracture planes. Since the potential geotechnical stimulation strategies to create this kind of single large wing fractures had 

been discussed in Jung 2013, we do not attempt to discuss it here. In each of the fracture planes, the vertical distance between the injec-

tion and production wellbores is denoted by 𝑑v, and the horizontal spacing between each two neighboring fracture planes is denoted by 

𝑑h. The fracture planes are enumerated from #1 to #5 along the positive x-direction. We chose the midpoint of the #1 fracture plane to 

be the reference depth below the ground surface, and denote its vertical coordinate by 𝑧ref. Moreover, based on the assumption that a 

large geothermal gradient of 65°C per km depth exists in our imaginary subsurface domain, we specify a reasonable reference fracture 

depth of 𝑧ref = −3000m, and accordingly a reference temperature of 220°C at this depth, and a reference pressure of 30 MPa at the #1 

production wellbore. 

In addition to the regular horizontal well layout in Figure 2a, an alternative doublet wells layout with a downward deviation angle of 

𝛼 = 45° is also considered, as shown in Figure 2b. This deviated well layout is potentially a feasible well drilling strategy to reach a 

greater depth instead of a straightforward vertical well drilling that might be significantly more difficult or even impossible, because of 

the prohibitive stress condition along the vertical direction. In order to make a relatively fair performance comparison between the two 

scenarios, the 𝑑v and 𝑑h are kept identical between the two scenarios. Based on part of the metrics suggested in Jung 2013 (i.e., an in-

dustrial production-level EGS should consist of 30~40 equidistant fractures connecting two 1km long parallel well sections with a well 

separation of about 500m), we specify 𝑑v = 500m in the two scenarios. However, since the computational costs (e.g., computing time 

and storage) for modeling 30~40 fractures in 3D would be very expensive even for supercomputers, we have chosen only five of such 

fractures in this study. Nevertheless, we believe that the reduced-scale models in our study are 1) sufficient to reveal the sensitivity of 

long-term heat production performance upon some design constraint factors, such as fracture spacing, flow rate, and well orientation, 

and 2) scalable to estimate the performance of a full-scale model.  

To complete the water circulation and heat production processes, an injection pump that connects the injection well and a suction pump 

that connects the production well are installed on the ground. The water injection rate at the injection wellbores is kept constant (e.g., 

3.14 kg/s into each fracture plane in our reference test case), while the suction pump draws the heated water out of the reservoir through 
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the production well, and pumps the water into a binary cycle power plant. The outflow from the power plant is cooled down to about 

80°C, and re-injected into the fractured reservoir via the injection well. 

  

(a) (b) 

Figure 2: Illustrations of the well orientation: (a) horizontal, (b) with a downward deviating angle of 𝜶. 

4.3 Geometric Configuration, Domain Discretization, and Material Properties 

Figure 3 illustrates the two steps to create the geometric configuration and finite element mesh for our hypothetical geological system: 

1) creation of a 2D domain and mesh, and 2) creation of a mixed-dimensional 2d-fracture/3d-matrix system. The CUBIT toolkit (Black-

er et al. 1994) is used for the geometry/mesh creation to be described below. Due to the symmetric nature of our model, only half of the 

system domain needs to be modeled. 

For the first, a 2D planar fracture-matrix system is created in the y-z plane with the x-coordinate equal to zero, where the fracture plane 

(red color) is represented by a semielliptical disk with a primary radius of 750m in the vertical z-direction and secondary radius of 500m 

in the horizontal y-direction. As shown in Figure 3a, the fracture is encompassed by the rock matrix (grey color) whose outer boundary 

is represented by a semicircular curve with a radius of 1000m. Due to the absence of actual field data for such a single large fracture, its 

shape and size are thus chosen hypothetically, but reasonably enough to indicate the directions of the minimum and maximum stresses 

when subjected to the initial stimulation process. Moreover, since we are not interested in the flow behaviors close to the wellbores, the 

fluid injection and pumping in the reservoir is modeled using two semicircular boundary curves with a relatively large radius of 2m, and 

aligned vertically with a vertical distance of 𝑑v = 500m. The resulting 2D domain is then discretized using the unstructured quadrilat-

eral elements, where most of the elements are clustered near the injection and production boundaries. As mentioned in Section 3.4, this 

simplification of wellbore geometries will substantially help reduce the total elements of the mesh, and improve the efficiency of solv-

ing. Somehow it should not confused that the physical quantities to be simulated at the injection and production boundaries, such as the 

fluid pressure and temperature, only represent their values in the near-wellbore regions, but not right at the wellbores. 

For the second, the 2D planar domain is first extruded in x-direction for a total horizontal length equal to 4𝑑h + 2𝑑ex, with an optional 

downward deviating angle, 𝛼 (= 0° or 45°), as shown in Figure 3b. The resulting 3D block domain is then cut split for five times by a 

plane normal to the x-direction at locations x = 𝑑ex (tagged #1), 𝑑ex + 𝑑h (tagged #2), 𝑑ex + 2𝑑ℎ (tagged #3), 𝑑ex + 3𝑑h (tagged #4), 

and 𝑑ex + 4𝑑h (tagged #5), respectively, as shown in Figure 3c. Thanks to the mixed-dimensional finite-element modeling capability 

inherited from the underlying MOOSE framework, the FALCON code allows the five zero-thickness semielliptical planes resulted from 

the cuts to be used for representing the fracture planes imbedded in the 3D block. It was shown in a similar work by Reichenberger et al. 

2006, the use of lower-dimensional fractures in a higher-dimensional reservoir could not only reduce the computational costs, but also 

improve the efficiency of the implicit solver. The 𝑑ex is the extra horizontal space beyond the first and last fracture planes, and it has to 

be wide enough so as not to let the cooling fronts reach the far-field boundary at the end of simulations. Finally, the resulting sub-blocks 

are meshed with the unstructured hexahedral elements extruded from the existing quadrilateral elements, at a fixed element interval of 

10m within the inter-fracture horizontal spacing, 𝑑ℎ (𝑑ℎ= 30m or 50m) and 15m within the extra space, 𝑑ex (𝑑ex = 60m). Thus in the 

present work, a 3D mesh with any combination of 𝑑ℎ and 𝛼 will have the same total number of elements (111,160) and points (118,570). 

Proper boundary conditions (BCs) are required for the coupled fluid flow and heat transport to be simulated on the generated meshes. 

For the mass conservation of fluid flow, a constant mass flow rate, 𝑞ẃ is imposed at all of the injection boundaries, while a constant ref-

erence fluid pressure of 30 MPa is prescribed at the production boundary of fracture #1, as the horizontal production well is assumed to 

locate about 3000m below the ground surface. The no-flow/no-penetration condition (i.e., zero pressure gradient) is imposed on the 

symmetry y-z plane and far-field boundary. In the present study, the gravitational force can be neglected, since it is a minor resisting 

force compared with the injection fluid pressure in the field. For the energy conservation of heat transport, a temperature of 80°C is 
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fixed at all of the injection boundaries, while the energy outflow condition are set at the production boundaries. The adiabatic condition 

(i.e., zero temperature gradient) is imposed on the symmetry y-z plane and far-field boundary.  

 

Figure 3: The mixed-dimensional geometric configurations and meshes of the EGS model used for simulations: (a) the initial 2D 

geometry; (b) the extrusion from 2D to 3D along the direction of wells; (c) the five 2D planar fractures. 

The material properties of the dual-porosity/dual-permeability system for our conceptual EGS reservoir model are summarized in Table 

1, where both the 2D fractured reservoir planes and the 3D un-fractured rock matrix blocks are considered as fully-saturated homogene-

ous porous medium with their own physical properties. However, unlike some prior research works in which the sensitivities of the key 

reservoir material properties such as reservoir permeability and thermal conductivity were evaluated in a detailed manner (e.g., see Zeng 

et al. 2013a and Zeng et al. 2013b), the present work only adopts one set of typical property values within their observed ranges accord-

ing to the actual field data of the Snake River Plain in Idaho (Blackwell et al. 1992). We acknowledge that those properties may have a 

huge impact on the lifespan of the EGS heat production, and are hence worth being carefully assessed for a specific EGS reservoir site. 

For example, a high fracture permeability may lead to the unwanted early thermal breakthrough; and a high thermal conductivity of the 

un-fractured rock matrix may result in accelerated cool-down of the produced fluid temperature at the late production stages, owing to 

the thermal interference between the neighboring fractures. Although those sensitivity studies of the material properties are straightfor-

ward to conduct in our conceptual model, we believe that they are more practically meaningful when considered based on an actual res-

ervoir fracture network instead of a hypothetical one. 

Table 1: Simulation settings used in the test cases 

Parameters Values 

Density of the rock 2700 kg/m3 

Density of the fluid Computed from IAPWS-97 

Viscosity of the fluid Computed from IAPWS-97 

Permeability of the matrix zone 1.0 × 10−20 m2 

Permeability of the fractured zone 0.5 × 10−12 m2 

Porosity of the matrix zone 0.01 

Porosity of the fractured zone 0.1 

Specific heat capacity of the matrix zone 790 J/(kgK) 

Specific heat capacity of the fluid 4818 J/(kgK) 

Medium average thermal conductivity of the matrix zone 3.0 W/(mK) 

Medium average thermal conductivity of the fractured zone 1.5 W/(mK) 
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4.4 Initial Conditions 

Proper initial conditions are necessary in order to overcome the possible start-up difficulty for simulating a fully-coupled fluid flow and 

heat transport process, where the temporal scale of the temperature field variation is often orders of magnitude lower than that of the 

pressure field variation. Thus in this work, a steady simulation is first conducted for the mass conservation equation of fluid flow with 

the constant thermodynamic properties of the fluid at the average reservoir conditions, in order to obtain an initial pressure solution in 

the field. Secondly, an unsteady simulation is started for the coupled fluid flow and heat transport, where the initial pressure distribution 

is taken from the result of the first simulation. A linear distribution of the initial temperature along the z-direction is specified in the filed 

based on the reference depth of 𝑧ref = 3000m, and a geothermal gradient of gradient of 65°C per km of depth measured from the Snake 

River Plain in Idaho. As a result, the initial temperature at 𝑧 = 𝑧ref is set to 220°, and the temperature difference between the injection 

and production boundaries in each fracture plane is 32.5°. Note that though the mean geothermal gradient is 25~30°C per km of depth 

near the surface in most of the world due to the flow of heat from within the earth (Banks 2012), there are also several other areas like 

Idaho’s Snake River Plain in the United States, where the geothermal gradient is considerably greater (Conti et al. 2011).  

5 NUMERICAL RESULTS 

With the main objective to assess the sensitivity of some primary design constraints, four test cases are designed using combinations of 

these three parameters: 1) the fracture horizontal spacing, 𝑑ℎ, 2) the downward deviating angle of the horizontal wells, 𝛼, and 3) the 

production mass flow rate per fracture, 𝑞ẃ, as listed in Table 2.Also as mentioned in Section 4.3, most of the physical properties of the 

water and rock are kept constant, while the density and viscosity of the water is calculated based on to the IAPWS-97 formulation. By 

doing so, it allows us to focus on the interplay of the parameters being assessed. 

According to the three geometric scenarios in Table 2, three meshes are generated and used for simulations, respectively. The injection 

of cool water is started at time = 0, and terminated at time = 30 years. An initial time-step size, 𝛥𝑡 = 10s, is specified for all the test cas-

es, which has to be a small value initially because of the large local element Peclet numbers of the convection-dominated heat transport 

near the injection boundaries. An adaptive algorithm for 𝛥𝑡 is employed for the time stepping, in which a maximum allowable 𝛥𝑡 is cal-

culated in each time step. As shown in Figure 4, the 𝛥𝑡’s are gradually increased from seconds to days, weeks, and months, as the cool-

ing fronts are propagated further into the reservoir, and became more diffused. It is interesting to note that the average 𝛥𝑡 in the case of 

(𝑑ℎ = 50m, 𝛼 = 0°, 𝑞ẃ = 3.14kg/s) is the largest out of the four, mainly because the use of 𝑑ℎ = 50 minimizes the inter-fracture inter-

ference. Meanwhile, as it is also constrained by the doubled flow rate, the average 𝛥𝑡 in the case of (𝑑ℎ = 30m, 𝛼 = 45°, 𝑞ẃ = 6.28kg/s) 

is much smaller than in the other three cases. Nevertheless, those time histories of 𝛥𝑡’s have demonstrated the superior efficiency of the 

implicit solver in the FALCON code. 

Table 2: Configuration parameters used in the four simulations. 

 Test Case Fracture horizontal spacing, 𝑑h (m) Well deviating angle, 𝛼 Mass flow rate per fracture, 𝑞ẃ (kg/s) 

1 30 0° 3.14 

2 50 0° 3.14 

3 30 45° 3.14 

 4 30 45° 6.28 

 

Figure 4: Time histories of the time-step sizes used in the simulation test cases. 
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5.1 The Example Case 

In this subsection, we choose Test Case 1 (i.e., 𝑑ℎ = 30m, 𝛼 = 0°, 𝑞ẃ = 3.14kg/s) as an example for assessing some of the resulting 

performance metrics of the presented conceptual EGS model. 

5.1.1 Production Temperature and Thermal Energy Production Rate 

For each fracture (i.e., #1, #2, #3, #4, and #5), the thermal energy production rate, 𝑄pro (J/s), can be calculated using the following area 

integral equation at the production boundary: 

𝑄pro = ∫ (𝑇pro − 𝑇inj)𝐪E ⋅ 𝐧 d𝛤
𝐴b

 (16) 

where 𝑇inj is the temperature of the injected fluid, 𝑇pro the temperature of the produced fluid that changes with time. In the present study, 

we assume that no further electricity power can be produced when 𝑇pro drops down below 160°C. If we suppose only a fraction of the 

produced thermal energy extracted at the reservoir production boundary can be converted into the useful electric power through a binary 

plant, and further on, a fraction of the resulting useful electric power can be transmitted to the end consumers, the final effective electric 

power rate, 𝑄eff, can be approximated as follows, 

𝑄eff = 𝑐eff𝑄pro (17) 

where 𝑐eff is an approximate ratio of conversion efficiency, and a modest value of 𝑐eff = 10% is assumed in the present study. Figure 5a-

b show the time histories of 𝑇pro at the five production boundaries, and their corresponding 𝑄eff, respectively, over a 30-year production 

period. The whole heat production process can be divided into two stages: 1) a stable stage, and 2) a declining stage. At the beginning of 

the first stage, 𝑇pro keeps increasing from its initial value of 203.75°C until it reaches 212°C after about 7 years, and gradually drops 

down to 203.75°C at the end of the 13th year since the production is started. The initial increase of 𝑇pro is mainly due to the geothermal 

gradient in the reservoir, where the fluid hotter than at the production wellbore is being pumped. Accordingly, 𝑄eff maintains above 

0.165 MW per fracture at the same time, experiencing an increase at first, and then a decline back to its initial rate. Thus in the first 

stage, the thermal energy production stays above its initial rate, and output electricity power can be steadily transmitted. However, in the 

second stage, 𝑇pro declines from 203.75°C since the 14th year and finally to 176 ~ 188°C at different production boundaries at the 30th 

year. Correspondingly, 𝑄eff continues to drop from 0.165 MW to 0.125~0.14 MW per fracture, dropping by 12.7%~22.4%. Note that in 

the late period of the second stage, the increasing difference of 𝑄eff between the fractures is mainly due to the fracture horizontal spac-

ing, which is not wide enough to avoid the inter-fracture interference. Above all, the reservoir temperature near the production wellbores 

is decreasing significantly during the second stage, and the thermal energy in the reservoir is also remarkably decaying, resulting in a 

continuous dropping of 𝑄eff. 

According to the suggested reference metrics of an industrial production-scale EGS, a doublet-well layout connected by large single 

wing fractures should consist of 30~40 equidistant fractures connecting two 1km long parallel well sections with a well separation of 

about 500m; and a system of these dimensions should operate for at least 25 years at a flow rate of 0.1 m3/s, and an electric power out-

put between 5 and 10 MW and pumping power of less than 1 MW (Jung 2013). Correspondingly, if we perform an up-scaling calcula-

tion based on the least performing fracture #3, an average 𝑄eff of about 5.6 MW can be obtained with 40 of such fractures for a 30-year 

production period, indicating the acceptable performance of our conceptual EGS model. While there is not a consensus on the standards 

of those performance metrics, some other set of reference metrics can also be considered (e.g., see Evans 2010). Moreover, it is worth 

noting that the no-flow/no-penetration and adiabatic BCs are prescribed at the far-field boundaries of our reservoir domain. However, 

the thermal conduction from the surrounding rock is ever-present, especially the terrestrial heat flux from the earth crust. Therefore the 

actual stable stage could last longer than 13 years, and the actual production temperature during the decline stage would be higher than 

the presented simulation results. As a result of these factors, the actual 𝑄eff would be higher too. In addition, according to the findings in 

McDermott et al. 2006, the thermal energy production rate could be further improved if the rock deformation due to thermo-elasticity is 

considered. Above all, the presented conceptual EGS model can be regarded as a good one in terms of energy production rate. 

5.1.2 Spatial Temperature Distribution 

Figure 6 shows the evolution of low-temperature regions in the reservoir over the 30-year production period, where the low-temperature 

regions are highlighted using the solid volume with the lower and upper threshold values to be 80°C and 160°C, respectively, indicating 

the inability of these regions to further produce effective thermal energy. Since the production begins, the low-temperature region in 

each fracture plane grows gradually from the injection boundaries in an annular shape (Figure 6b-c). During the first 13 years of stable 

production, the annular low-temperature regions enlarge steadily, except when the cooling fronts reach the lower end of the fracture-

matrix interface. Meanwhile, the thermal energy near the injection wells are extracted first, and the temperature around the production 

wells remains above 203.75°C. From the 14th year on, the outer boundaries of the low-temperature regions begin to bulge out toward 

the production wellbores (Figure 6e-f). Consequently, the temperature near the production wellbores starts to decline below 203.75°C, 

and the thermal energy near the production wells is being extracted, which marks the beginning of the decline stage. 

5.2 Sensitivity Analysis of Design Constraints on Heat Production 

Besides the presented results of test case 1, the time histories of 𝑇pro and 𝑄eff, and the evolution of low-temperature regions for the other 

three test cases listed in Table 2 are shown in Figure 5 - Figure 10. With the results obtained from these four test cases, it is now possi-

ble to consider the sensitivity of heat production in our conceptual EGS model to the following design constraints and parameters: 1) 
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fracture horizontal spacing, 𝑑ℎ; 2) downward deviating angle of the horizontal wells, 𝛼; and 3) production mass flow rate per fracture, 

𝑞ẃ. It is important to note the #3 fracture is the least performing one at the end of the 30-year period in each test case. Thus we choose 

the results obtained from those #3 fractures as baseline production metrics per fracture for the comparative studies as follows. 

5.2.1 Sensitivity to 𝑑ℎ 

The sensitivity of heat production to 𝑑ℎ  can be assessed by increasing 𝑑ℎ from 30m to 50m, while keeping 𝛼 = 0° and 𝑞ẃ = 3.14kg/s as 

constant between Case 1 and 2. Figure 13a-d show the dependence of 𝑇pro, 𝑃inj, 𝑄eff, and cumulative electric power production, ∑𝑄eff𝛥𝑡, 

on 𝑑ℎ, respectively, where 𝑄eff and ∑𝑄eff𝛥𝑡 are multiplied by an upscale factor of 40 to measure the performance of a full-scale model 

containing 40 of such fractures. The stable production stage during which 𝑇pro stays above the initial 203.75°C in Case 2 is about 16 

years, which is 3 years longer than that in Case 1 (Figure 13a). Noticeably, 𝑇pro reaches the peak value of 212°C in both cases at the 7th 

year, but declines faster in Case 1 since the 8th year, because of the earlier occurrence of inter-fracture interference (Figure 6d). In com-

parison, inter-fracture interference in Case 2 is much weaker, as 𝑇pro in the #3 fracture is only 4°C lower than that in the best performing 

fracture at the 30th year (Figure 7a), whereas it is 11.5°C in Case 1. This leads to a difference in ∑𝑄eff𝛥𝑡 by 125×106 kWh over the 30-

year period (Figure 13d). Besides, the total increase of 𝑃inj is 25% lower in Case 2 than that in Case 1 (Figure 6b), indicating the slightly 

lower impedance for water reinjection and thus higher system efficiency. Above all, 𝑑ℎ has been demonstrated as an important design 

constraint in our conceptual EGS model. A larger 𝑑ℎ  means less inter-fracture interference that accelerates the decline of 𝑇pro, but 

meanwhile it requires substantially more capital investment and work hours for the horizontal well drilling process, as noted in Section 

4.2. Besides, the choice of 𝑑ℎ may be also subject to many other constraints, such as the possible total length of the horizontal wells size 

(for example, it will be more than 2km if 𝑑ℎ = 50m for a full-scale model that contains 40 fractures), and the rock stress distributions. In 

conclusion, 𝑑ℎ has profound impact on the long-term performance of heat production, and the optimal 𝑑ℎ for an EGS project should be 

estimated considering both the extra profit by increasing 𝑑ℎ and the additional costs in investment. 

5.2.2 Sensitivity to 𝛼 

The sensitivity of heat production to 𝛼 can be assessed by changing 𝛼 from 0° to 45°, while keeping 𝑑ℎ = 30m and 𝑞ẃ = 3.14kg/s as 

constant between Case 1 and 3. Figure 14a-d show the dependence of 𝑇pro, 𝑃inj, 𝑄eff, and ∑𝑄eff𝛥𝑡, on 𝛼, respectively. Again, 𝑄eff and 

∑𝑄eff𝛥𝑡 are both upscaled by a multiplier of 40 to indicate the performance of a full-scale model that contains 40 of such fractures. It is 

worth noting that we ignored the varying depths of the 40 fractures for upscaling Case 3, which means an under-prediction of the total 

thermal energy to extract than the actual case. Nevertheless, Case 3 can be regarded as a conservative estimation for the effect of 𝛼. In 

Case 3, 𝑇pro is initially 7.8°C higher than that of Case 1, owing to the lower position of the #3 production boundary in this case (Figure 

14a). But the evolution of 𝑇pro in Case 3 follows a pattern similar to that in Case 1, along with the 𝑄eff modestly improved by 0.2~0.6 

MW (Figure 14c). The initial 𝑃inj in Case 3 is higher than that in Case 1 also because of the depth of the wellbores, but the increment of 

𝑃inj does not diff much between the two cases (Figure 14b). The reason to make such a comparison lies in the assumption that the initial 

vertical drill may not be able to reach as deep as 3km below ground surface for the creation of horizontal wells in Case 1. The major 

challenge for drilling deep boreholes is to overcome the increasing rock stress along the vertical direction. Indeed, it is quite common 

that the vertical wells cannot be drilled deep enough to reach the desirable temperature, despite the state-of-the-art drilling techniques. 

As a result, an alternative drilling approach such like the Case 3 may help effectively avoid dealing with the maximum rock stress at a 

reasonably higher extra cost, and reach the desirable depth for production. The benefit in terms of thermal energy production may be 

measured such as comparing Case 3 with Case 1. Overall, 𝛼 has been observed as another primary design constraint. But the question of 

whether or not to choose a non-zero 𝛼, or even a changing 𝛼 at different depths, varies from case to case. Sufficient data of the reservoir 

stress distribution needs to be obtained to aid the determination of a proper 𝛼. 

5.2.3 Sensitivity to 𝑞ẃ 

The sensitivity of heat production to 𝑞ẃ can be assessed by raising 𝑞ẃ from 3.14kg/s to 6.28kg/s, while keep 𝑑ℎ = 30m and 𝛼 = 45° as 

constant between Case 3 and 4. Figure 15a-d show the dependence of 𝑇pro, 𝑃inj, 𝑄eff, and ∑𝑄eff𝛥𝑡, on 𝑞ẃ, respectively. In Case 2, the 

stable production stage can only last for 5 years, due to the doubled flow rate of 𝑞ẃ = 6.28kg/s; since the 6th year, 𝑇pro declines quickly 

below the initial value, and the production life comes to the end as early as at the 17th year (Figure 15c). Meanwhile, the increment of 

𝑃inj in Case 4 is over four times higher than that in Case 3 (Figure 15b), indicating a substantial increase of power required for water 

reinjection. Therefore, despite the doubled 𝑄eff in the Case 4, the overly shortened stable production stage may overshadow the gross 

productivity of our conceptual EGS model. Above all, 𝑞ẃ has been showed as a very most important parameter for heat production. 

Clearly enough, a higher 𝑞ẃ means a higher 𝑄eff for early stages, but it can also result in a greatly shortened stable stage and whole 

lifespan if 𝑞ẃ is too high. In addition, a long-lasting stable level of 𝑄eff is more preferable for operation and management of the power 

plant. When 𝑞ẃ is under a reasonable condition, there will be sufficient time for the hot fractured reservoir to heat the circulating water, 

and thus 𝑇pro may stay at or above the initial level over the whole production period. Moreover, a lower 𝑞ẃ also means a lower 𝑃inj and 

hence lower impedance for water reinjection that consumes less power. In conclusion, the choice of 𝑞ẃ has an significantly effect on the 

output electric power rate and production lifespan; the optimal 𝑞ẃ for an actual EGS project should be determined based on the desired 

𝑄eff and production lifetime, as well as the cost of power for reinjection & pumping. 
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(a) (b) 

Figure 5: Time histories of (a) the produced fluid temperature from the five production boundaries, and (b) the corresponding 

useful electric power rates (𝒅h = 𝟑𝟎m, 𝜶 = 𝟎°, 𝒒ẃ =3.14kg/s). 
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Figure 6: Evolution of the low-temperature regions in the reservoir (𝒅h = 𝟑𝟎m, 𝜶 = 𝟎°, 𝒒ẃ=3.14kg/s).  
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(a) (b) 

Figure 7: Time histories of (a) the produced fluid temperature from the five production boundaries, and (b) the corresponding 

useful electric power rates (𝒅h = 𝟓𝟎m, 𝜶 = 𝟎°, 𝒒ẃ=3.14kg/s). 
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Figure 8: Evolution of the low-temperature regions in the reservoir (𝒅h = 𝟓𝟎m, 𝜶 = 𝟎°, 𝒒ẃ=3.14kg/s).   
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(a) (b) 

Figure 9: Time histories of (a) the produced fluid temperature from the five production boundaries, and (b) the corresponding 

useful electric power rates (𝒅h = 𝟑𝟎m, 𝜶 = 𝟒𝟓°, 𝒒ẃ=3.14kg/s). 
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Figure 10: Evolution of the low-temperature regions in the reservoir (𝒅h = 𝟑𝟎m, 𝜶 = 𝟒𝟓°, 𝒒ẃ=3.14kg/s).   
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(a) (b) 

Figure 11: Time histories of (a) the produced fluid temperature from the five production boundaries, and (b) the corresponding 

useful electric power rates (𝒅h = 𝟑𝟎m, 𝜶 = 𝟒𝟓°, 𝒒ẃ=6.28kg/s). 
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Figure 12: Evolution of the low-temperature regions in the reservoir (𝒅h = 𝟑𝟎m, 𝜶 = 𝟒𝟓°, 𝒒ẃ=6.28kg/s).  
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(a) (b) 

  

(c) (d) 

Figure 13: Sensitivity of the fracture horizontal spacing, 𝒅𝒉, on the performance of heat production over a 30-year period, with 

the well deviation angle and flow rate kept identical.  
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(a) (b) 

  

(c) (d) 

Figure 14: Sensitivity of the well deviation angle, 𝜶, on the performance of heat production over a 30-year period, with the frac-

ture horizontal spacing and flow rate kept identical. 
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(a) (b) 

  

(c) (d) 

Figure 15: Sensitivity of the mass flow rate per fracture, 𝒒ẃ on the performance of heat production over a 30-year period, with 

the fracture horizontal spacing and well deviation angle kept identical. 
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6. CONCLUSIONS 

This work has presented a numerical assessment of the performance of heat production process over a 30-year period in a conceptual 

EGS model with a geothermal gradient of 65K per km depth in the reservoir, in which the water is circulated through a pair of parallel 

wells connected by a set of single large wing fractures. The simulation results have shown that a desirable output electric power rate and 

production lifespan could be obtained under suitable material properties and EGS operation parameters. Observations of a sensitivity 

analysis on some primary design constraints and parameters include the three aspects: 1) the equidistant horizontal spacing between the 

large single wing fractures has a profound effect on the long-term performance of heat production, 2) the downward deviation angle for 

parallel doublet wells may help overcome the possible difficulty of vertical drilling to reach a favorable production temperature, and 3) 

the thermal energy production rate and lifespan of the EGS has close dependency on the production flow rate. The numerical results also 

indicate that the EGS energy production rate and lifespan can be improved when the horizontal fracture spacing, well deviation angle, 

and production flow rate are under reasonable conditions. To enable the geothermal reservoir modeling and simulations in this work, an 

open-source, finite element based, fully implicit, fully coupled hydrothermal code, namely FALCON, has been developed and used in 

the test cases. Compared with most other existing codes that are either closed-source or commercially available in this area, this new 

open-source code has demonstrated a code development strategy that aims to provide an unparalleled easiness for user customization 

and multi-physics coupling. Test results have shown that the FALCON code is able to undertake the long-term tests very efficiently and 

accurately, thanks to the state-of-the-art nonlinear and linear solver algorithms implemented in the finite element framework of the code. 

In future, we are panning to implement a geo-mechanics module in the FALCON code, in order to deliver a fully-coupled, fully-implicit 

thermo-hydro-mechanical (THM) simulation capability in a single open-source code, and thus to support more complex EGS conceptual 

modeling and validation problems. 
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APPENDIX A. FALCON CODE DESCRIPTION 

The FALCON code developed a set of “physics” kernels handling each term in the weak formulation of the mass conservation equation 

in Eq. (9) and energy conservation equation in Eq. (10), as well as a set of ”Auxiliary” and ”Material” kernels for equations of state 

(EOS) and flow-transport properties required for geothermal reservoir simulations. As will be shown in the sections that follow, these 

kernels all have modular, pluggable structures, and can be coupled in arbitrary ways depending on the type of problems of interest. It is 

also worth noting that the MOOSE framework provides a material kernel. Flow and transport properties such as porosity, permeability, 

and relative permeability can all be defined within this material kernel and can be accessed by the physics kernels during each residual 

evaluation. 

A.1 Kernels 

As mentioned above, FALCON uses kernels to describe each term to be calculated on the quadrature point (QP) of an element or face in 

the weak formulation of governing PDE. Here we present the kernels written to date, beginning with the primary physics kernels (in-

cluding the Dirac kernels), boundary conditions kernels, material kernels, auxiliary kernels, and lastly postprocessor kernels. 
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A.1.1 Physics and Dirac Kernels 

The physics kernels and Dirac Kernels for the mass conservation equation in Eq. (9) and energy conservation equation in Eq. (13) are 

summarized in Table 3. A total of three kernels can be used to describe each of the governing PDEs. For mass conservation, the govern-

ing PDE is broken into two physics kernels – the time derivative term, PTMassTimeDerivative, and mass flux term, PTMassResidual 
that consists of contribution from fluid pressure gradient and gravitational force; and one Dirac kernel – the point mass source/sink term, 

PTMassPointSource. For energy conservation, the governing PDE is also broken into two physics kernels – the time derivative term, 

PTEnergyTimeDerivative, and energy flux term, PTEnergyResidual that consists of conductive flux, convective flux, and stabilization 

terms; and one Dirac kernel – the point energy source/sink term, PTEnergyPointSource. 

Table 3: Summary of FALCON’s Physics Kernels and Dirac Kernels for mass conservation, and energy conservation. 

Kernel Description 

PTMassTimeDerivative Calculate the time derivative term of mass conservation equation, 
d𝑝

d𝑡
𝜙
𝜕𝜌w

𝜕𝑝
𝑊ℎ, on QP. 

PTMassResidual Calculate the mass flux term of mass conservation equation, −𝐪M ⋅ ∇𝑊ℎ, on QP. 

PTMassPointSource Calculate the point mass source/sink term of mass conservation equation, −𝑞́𝑊ℎ, on QP. 

PTEnergyTimeDerivative Calculate the time derivative term of energy conservation equation, 
d𝑇

d𝑡
𝐶m𝑊ℎ, on QP. 

PTEnergyResidual 
Calculate the flux term of energy conservation equation, (𝐾𝑚∇𝑇 − 𝑇𝐪E) ⋅ ∇𝑊ℎ + 𝑅𝐸(𝜏1𝐪E +
𝜏2𝐪E∥) ⋅ ∇𝑊ℎ, on QP. 

PTEnergyPointSource Calculate the point energy source/sink term of energy conservation equation, −𝑄́𝑊ℎ, on QP. 

 

A.1.2 Boundary Condition Kernels 

Five boundary condition (BC) kernels have been written as part of the FALCON code, as summarized in Table 4. The DirichletBC ker-

nel is directly inherited from MOOSE, requiring no modifications for use in FALCON. To apply these BCs, one must simply specify the 

boundary, the variable, and either a scalar value of the variable or the gradient of the variable normal to the boundary. These kernels are 

easy to implement, and capable of handling most conditions needed for reservoir simulation. 

Table 4: Summary of FALCON’s Boundary Condition Kernels for mass conservation, and energy conservation. 

Kernel Description 

DirichletBC 
Impose a user-input variable value on a specific boundary surface. This BC kernel is provided 

by MOOSE framework, and can be used to specify pressure and temperature, respectively. 

PTMassFluxBC 
Impose a user-input mass flux value, 𝐪M ⋅ 𝐧 normal to a specific boundary surface. A positive 

value means injection, while a negative value means production. 

PTMassFreeBC 
Impose a free flow exit normal to a specific boundary surface, where the 𝐪M value is interpo-

lated from the host element to the surface quadrature point. 

PTEnergyInflowBC 
Impose an energy influx normal to a specific boundary surface, (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧, where 𝑇 

is an user-input, but ∇𝑇 is interpolated from the host element to the surface quadrature point. 

PTEnergyOutflowBC 
Impose an energy out-flux normal to a specific boundary surface, (−𝐾m∇𝑇 + 𝑇𝐪E) ⋅ 𝐧. Both 𝑇 

and 𝛻𝑇 are interpolated from the host boundary element to the surface quadrature point. 

 

A.1.3 Material Kernels 

The material kernels are used to calculate the material properties specific to the physics being resolved. In the FALCON code, the mate-

rial kernel, PTGeothermal, has been developed to calculate 1) material properties of the porous medium (e.g., permeability, porosity), 2) 

thermodynamic properties of the liquid-phase water, and 3) some coefficients required in the stabilization term of the energy conserva-

tion equation, as summarized in Table 5. PTGeothermal is designed such that most of the derived scalar and vector variables required in 
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multiple kernels (e.g., 𝐶m, 𝐪M, and 𝐪E.) are calculated only once in PTGeothermal and stored, which avoids the redundant calculations 

of those quantities in other kernels. 

Table 5: Summary of FALCON’s Material Kernels 

Kernel Description 

PTGeothermal 

User-input material properties include: reference temperature, intrinsic permeability, porosity, 

total compressibility of porous medium, density of rock, density of fluid, viscosity of fluid, 

magnitude of gravity, unit directional vector of gravity, specific heat capacity of rock, specific 

heat capacity of fluid, medium average thermal conductivity, and a constant pressure gradient. 

The default values of these quantities will be used if users do not specify them. 

Three options for the “fluid property formulation” entry are available: 1) “constant”, 2) “com-

pressibility”, and 3) “wseos”. For “constant”, the default or user-input material property values 

are used; For “compressibility”, the density and viscosity of water are calculated by the tem-

perature based functions in Eq. (7) and (8), respectively, and 
𝜕𝜌w

𝜕𝑝
= 𝜌w𝐶t is used, where the to-

tal compressibility of porous medium, 𝐶t is a user-input parameter; For “wseos”, the density 

and viscosity of water are calculated through the WSEOS process. 

Remark 1: If no nonlinear variable name is specified to the “temperature” entry, the default or 

user-input reference temperature value will be used when needed. This makes the use of Eq. 

(7) and (8), or WSEOS possible when the mass conservation equation is being solved in an 

isothermal condition. 

Four options for the “stabilizer” entry are available for the energy conservation equation: 1) 

“none”, 2) “zero”, 3) “supg”, and 4) “supg_dc”. For “none”, the original equation in Eq. (10) is 

solved; For “zero”, the original equation in Eq. (10) is solved, with the convection term being 

neglected; For “supg”, a standard SUPG stabilized formulation in Eq. (12) is solved; For 

“supg_dc”, the SUPG Discontinuity Capturing stabilized formulation in Eq. (13) is solved. 

 

A.1.4 Auxiliary Kernels 

The main functionality of auxiliary kernels is to calculate the physical properties of fluid. Usually, auxiliary kernels are not the required 

components of simulations, but are often used to output the fluid properties for diagnostic purposes, e.g., the Darcy flux, and fluid ve-

locity. The auxiliary kernels that have been developed for the FALCON code are summarized in Table 6. 

Table 6: Summary of FALCON’s Auxiliary Kernels 

Kernel Description 

PTDarcyFluxAux 
Calculate the x-, or y-, or z-direction component of the Darcy flux vector in reservoir, q. Users 

need to specify the corresponding auxiliary variable(s). 

PTFluidVelocityAux 
Calculate the x-, or y-, or z-direction component of the fluid velocity vector in reservoir, 𝐪/𝜙. 

Users need to specify the corresponding auxiliary variable(s). 

 

A.1.5 Postprocessor Kernels 

A postprocessor kernel conducts a "reduction" or "aggregation" calculation based on the solution variables, which results in a single sca-

lar value. Usually, postprocessor kernels are not the required components of simulations, but are often used to output the aggregated in-

formation related to the reservoir performance, e.g., flow rate and total energy production rate of a wellbore. This feature also enables 

the implementation of any numerical algorithm that requires the aggregated data. The postprocessor kernels that have been developed 

for the FALCON code are summarized in Table 7. 

Table 7: Summary of FALCON’s Postprocessor Kernels 

Kernel Description 

PTMassSideFluxIntegral Calculate the flow rate (kg⋅s-1) of a boundary surface specified as an injection or production 

wellbore. 



Xia et al. 

 24 

PTMassSideFluxAverage Calculate the area average flow rate (kg⋅m-2⋅s-1) of a boundary surface specified as an injec-

tion or production wellbore. 

PTEnergySideProductionIntegral Calculate the energy production rate (J⋅s-1) of a boundary surface defined as production well-

bore. 

 

A.2 Program Execution 

FALCON is a complete application and has full control of its execution through a “main” entry subroutine as well a through a flexible 

“executioner” API. A typical program workflow, however, follows a fairly rigid set of operations that can be grouped into two major 

categories: problem setup and execution. Problem setup generally consists of reading an input file and construction of the various ob-

jects used during execution. These functions are all handled by the MOOSE library. During execution the library manages the states of 

dozens of internal variables and data structures necessary for the finite element calculations. 

A.3 Restarting Simulations 

 FALCON support’s a robust restart system. Solution files written during the simulation contain detailed information about each varia-

ble at each node point on the mesh for each time step. When restarting a simulation, variables used in the simulation can be initialized to 

any value from the previous system at any time step. Another advantage to the restart system is the ability to add additional variables to 

be solved. There are a few limitations to this system however. Internal state variables, material properties and other auxiliary values not 

explicitly stored in the solution file cannot be recovered for restart runs. 


