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Abstract

:

This paper reviews the heat transfer model for geothermal reservoirs, the fracture network in reservoirs, and the numerical model of hydraulic fracturing. The first section reviews the heat transfer models, which contain the single-porosity model, the dual-porosity model, and the multi-porosity model; meanwhile the mathematical equations of the porosity model are summarized. Then, this paper introduces the fracture network model in reservoirs and the numerical method of computational heat transfer. In the second section, on the basis of the conventional fracture theory, the PKN (Perkins–Kern–Nordgren) model and KGD (Khristianovic–Geertsma–De Klerk) model are reviewed. Meanwhile, the DFN (discrete fracture network) model, P3D (pseudo-3D) model, and PL3D (planar 3D) model are reviewed. The results show that the stimulated reservoir volume method has advantages in describing the fracture network. However, stimulated reservoir volume methods need more computational resources than conventional fracture methods. The third section reviews the numerical models of hydraulic fracturing, which contains the finite element method (FEM), the discrete element method (DEM), and the boundary element method (BEM). The comparison of these methods shows that the FEM can reduce the computational resources when calculating the fluid flow, heat transfer and fracture propagations in a reservoir. Thus, a mature model for geothermal reservoirs can be developed by coupling the processes of heat transfer, fluid flow and fracture propagation.
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1. Introduction


In recent years, CO2 emissions from human industrial activity have aggravated climate change. However, the energy source of human industrial activity manly originates from fossil fuels. Thus, an effective approach to weaken CO2 emissions is that conventional fossil fuels are replaced by the utilization of renewable energy.



On the basis of statistics of geothermal resources, there are 118 EJ/year at a depth of up to 3 km and 1109 EJ/year to a depth of 10 km [1,2,3,4]. The geothermal system can be divided into hydrothermal systems and enhanced geothermal systems according to the characteristics of underground rock. For hydrothermal systems, the main characteristics of underground rocks are their high permeability and that groundwater is generally presented underground, while the enhanced geothermal system extracts the heat from the hot dry rock to generate power. Hot dry rock has low permeability, and there is no groundwater underground within this depth range. When compared with the hydrothermal system, the enhanced geothermal system can acquire more heat in artificial fractures. The main processes of the construction include: (1) exploration of hot dry rock; (2) investigation of fracture distribution; (3) constructing an injection and production well; (4) implementation of hydraulic fracturing technology for producing a geothermal reservoir; (5) closed loop of injection wells, production wells, and reservoir; (6) implementation of power generation [5,6,7,8]. An enhanced geothermal system is shown as Figure 1. Thus, other than the permeability and the characteristics of hot dry rock, an enhanced geothermal system is similar to a hydrothermal system. The investigation of the geothermal reservoir model is the critical issue for enhanced geothermal systems.



Currently, many countries have developed enhanced geothermal systems.



According to the sustainable development scenario globally, geothermal capacity additions have averaged 500 MW per year in the last five years by the year 2020 [9]. The trend is shown in Figure 2. In Figure 2, emerging economies have the most growth in the world; this is because there is still a large number of untapped geothermal resource availability. Based on IEA statistics, if the target for renewable energy usage is set as the sustainable development scenario level, the capacity of power generation from geothermal resources will maintain a growth rate of 10% per year before 2030. Thus, there is a large potential to develop enhanced geothermal systems.



The first experimental site of an enhanced geothermal system is located in New Mexico, named Fenton Hill [10,11,12]. This projection verified the feasibility of enhanced geothermal systems in 1974; meanwhile, this deep geothermal resource is named as hot dry rock [13]. During this period of development, the key technologies were originated by the oil or gas industry. Relying on this method, a series of projects were implemented, such as Fenton Hill, Rosemanowes, Hijori, Fjällbacka, and Ogachi site [14,15,16,17,18]. On the basis of the statistics over the past years, the local conditions of each site determine the performance of the enhanced geothermal system. Thus, the US government divides the developed technologies into three categories: in-field enhanced geothermal system, near-field enhanced geothermal system and greenfield enhanced geothermal system. For the early sites, most of the sites belong to the greenfield enhanced geothermal system category. More information on the developments of sites can be reviewed in the references.



On the basis of the above experimental projects, the high cost of experiments limits their implementation in many countries, but the numerical simulation has the advantage of investigation in different conditions with a low cost [19]. A completely numerical model includes three parts: the power generation system, the numerical model of injection and production wells, and a geothermal reservoir [20,21,22]. The heat transfer in the geothermal reservoir determines the performance of the entire system; meanwhile, the fracture distribution and the mathematical description can directly impact the results of numerical simulation in geothermal reservoirs [23,24,25]. Therefore, this paper mainly compared the different fracture model, numerical model of hydraulic fracturing, and the models of fracture reservoir for an enhanced geothermal system. According to the introduction of these different models, the characteristics, or the advantage/disadvantage of heat transfer in reservoirs, were analyzed. Firstly, we review the common model of enhanced geothermal systems based on the porous media model in Section 2. Then, the conventional fracture theory method and stimulated reservoir volume method are reviewed in Section 3. The different numerical models of hydraulic fracturing are compared and reviewed in Section 4. At last, a general model for a geothermal reservoir in EGS is summarized in Section 5.




2. The Applications of Enhanced Geothermal System in Porosity Models


If an enhanced geothermal reservoir is implemented successfully, there will be two critical issues for enhanced geothermal system power plant development. First, effective heat transfer fractures with large volume, high porosity, high permeability, and high hydraulic conductivity are formed in the reservoir. The second is to successfully extract the heat from the reservoir for power generation. Both crucial issues are determined by the heat transfer in the geothermal reservoir. A geothermal reservoir consists of fracture and hot dry rock at a depth from 3 km to 10 km, and the porosity model is generally employed to establish the numerical model. The porosity model can be divided into three types according to the characteristics of the fracture network: the single-porosity model, the dual-porosity model, and the multi-porosity model [26,27,28,29,30,31]. The single-porosity model assumes the geothermal reservoir as a homogeneous porous medium, thus, the detailed characteristics of fracture (hydraulic conductivity, fracture distribution, and the fracture structure) are neglected; only the porosity is used as the characteristic parameter for the geothermal reservoir. Thus, porosity in the single-porosity model is obtained by average or approximation [32]. In this section, the single-porosity models, dual-porosity models, and multi-porosity models in enhanced geothermal systems are reviewed.



2.1. The Single-Porosity Model


In the single-porosity model, the geothermal reservoir is regarded as the single porosity region to solve the fluid flow and heat transfer between hot dry rock and a fracture. Jiang et al. [33] used the single-porosity model to establish the numerical model of geothermal reservoirs. The numerical calculation region of a geothermal reservoir is treated as the an equivalent porous medium with a single porosity. Thus, the whole model of the geothermal reservoir is introduced in the framing of the porous media model. To maintain the high computational efficiency, the originated calculation region is divided into different sub-regions for numerical calculation. Thus, the assumption of local thermal non-equilibrium is employed to describe the heat transfer between the hot dry rock and fracture. The temperature in the apertures of fractures is not equal to the temperature of hot dry rock. The numerical results showed that this method has matched boundary conditions between sub-regions in traditional multi-domain methods. However, the numerical model of geothermal reservoirs based on the single-porosity model divides the single regions into three subregions for numerical simulation. Thus, the structure of fracture and fluid loss is neglected in the geothermal reservoir. This simplification loses the detailed description of the complex structure of fractures in the geothermal reservoir. This defect obstructs the application of the single-porosity model. Currently, fractures and hot dry rock in most papers can be described by the dual-porosity model for offsetting this disadvantage.




2.2. The Dual-Porosity Model


Single-porosity models are difficult to use to describe the complex fracture network [34,35,36,37] because the single-porosity region is assumed to represent the geothermal reservoir. To improve the single-porosity model, the dual-porosity model or the multi-porosity model is established to divide the geothermal reservoir into different sub-regions for numerical simulation. The dual-porosity model regards the geothermal reservoir as two different porous regions: the fracture network is described as a high-porosity region, and hot dry rock is treated as the low-porosity region.



The dual-porosity model was first established by Barenblatt et al. [38], and Warren et al. [39] investigated the flow behavior in fractured reservoirs with the dual-porosity model. To describe the transport of global fluid in a matrix, the dual-porosity and dual-permeability model were combined to solve matrix-to-matrix and fracture-to-fracture flow [40]. During the early development of the dual-porosity model, it only involved the fluid flow without the heat transfer process. An idealized model was used for studying the characteristic behavior of a naturally fractured or vugular reservoir, which treated these parameters as porosity mediums [41]. To describe the transient flow in each matrix block, Multiple Interacting Continua (MINC) was employed to discretize the matrix blocks. For gravity segregation in individual matrix blocks, the “Subdomain” method was used to vertically discretize matrix block into vertically stacked sub-blocks to allow gravity drainage between them [42]. The dual-porosity model has less computational and conceptual demand, thus, this model has been widely used to calculate the heat transfer or fluid flow in the enhanced geothermal system. For instance, Zeng et al. [43] employed the typical dual-porosity model to establish the numerical model based on well DP23-1 at the Desert Peak geothermal field. Two horizontal wells were used to connect the cycle between the injection well and production well. In this study, local thermal equilibrium was employed to describe the temperature in different porous medium regions. The temperature of fluid in fractures, fractured surfaces, and hot dry rock were assumed as the same temperature, which equaled the temperature of the porous medium. Then, the numerical results were validated by the experimental results, so this approach provided an effective reference and estimation for practical reservoir performance [44,45,46,47]. The main parameters of the study for DP32-1 site are shown in Table 1 and the location of the two horizontal wells in the geothermal reservoir is shown in Figure 3. As shown in Figure 3, this study employed the two horizontal wells to transfer heat between hot dry rock and fractures. The injected cold water flowed into the bottom horizontal well; after heat transfer with hot dry rock, the geothermal reservoir produced hot water, which flowed into the top horizontal wells for power generation. There was no water loss during the heat exchange in the geothermal reservoir. The result showed that the main parameters of heat transfer included the permeability of geothermal reservoir, production rate, and temperature of the injection well. Furthermore, the numerical simulation results proved that the accuracy meets the requirements well based on the Desert Peak experimental data.



The above research only considered the fluid flow and heat transfer in geothermal reservoirs. However, heat extraction in geothermal reservoirs leads to the decrease of temperature; then, the stress distribution is changed with the increase of production time. Furthermore, the structure of a fracture will be changed under the variation of thermal stress. The permeability also has the variation along with the change of fracture. Thus, the coupled relationship between heat transfer, fluid flow and stress is one of the research trends. This coupled model of enhanced geothermal reservoirs is called the THM model (thermal–hydrologic–mechanical). Due to the equation of hot dry rock determining the heat transfer between fluid flow and hot dry rock directly, thus, the governing equation of hot dry rock is a critical issue in the TH (thermal–hydrologic) model. There are various methods to describe the characteristic of rock matrix. Li et al. [48] used the porosity model to describe the geothermal reservoir with fractures. The constitutive relation of hot dry rock was assumed to obey the generalized Hook’s law. To describe the fracture aperture, the fracture constitutive model (proposed by Li et al. [49]) was used to describe the change of the fracture aperture at shear, tensile and stress states; Cao et al. [50] also regarded hot dry rock as a linearly elastic solid, obeying the generalized Hooke’s law. This paper employed the mean total stress as the only primary variable for mechanical processes, meanwhile, the simplified treatment of rock deformation was obeyed by the relation of volumetric strain and mean normal stress. Samardzioska et al. [51] compared three different methods of fluid flow in fractured porous media, including discrete fracture/non-homogeneous, equivalent continuum, and dual-porosity models. The fracture/non-homogeneous model with a discrete fracture network assumed the fractured porous media as being an incompressible non-homogeneous media. The three approaches are shown in Figure 4.



In this model, only the finite fracture or fracture region was considered when the approach was applied. Based on an equivalent continuum medium, the difference from the non-homogeneous was that the fractured regions were regarded as a continuum medium with properties calculated by an averaging procedure. The results showed that when compared with the FEM–BEM (finite element method–boundary element method) approach, there was no coupling compatibility of the two models for the BE DRM–MD (boundary element dual reciprocity method–multi domain method) approach. However, this approach assumed that there is no distinction between the fractures and hot dry rock, therefore, when the fractured regions had reached a sufficiently large volume, it was impossible to obtain a correct estimate in a local point of the domain. Aimed at the dual-porosity models, this paper investigated the fluid flow between hot dry rock and a fracture network, and hot dry rock was considered a fully saturated porous medium. The results showed that the dual-porosity model occupied less computational resources than other models. As shown in above numerical model, there are many complex models conceived for describing heat transfer in reservoirs [52].



On the basis of the above references, when a model is established to describe the behavior of fluid flow in the fracture and the heat transfer between fractures and matrix, most of the research is based on the Darcy’s law for porosity media and Hooke’s law for rock matrix in the THM model [53,54,55]. However, the Darcy’s law is applicable under the condition of slow, viscous flow [56,57,58]. The fluid flow in reservoirs is so complex that the Darcy’s law may be not applied in some conditions.




2.3. The Multi-Porosity Model


Although the dual-porosity model has been widely used to describe the geothermal reservoir, the inherent heterogeneity of hot dry rock limits the improvement of accuracy. On the basis of the porosity model, multi-porosity models can describe the primary fractures, the secondary fractures, faults, and micro-fractures; meanwhile, the hierarchical permeability structures or flow paths also can be introduced into this model. Currently, multi-porosity models are still in development. A triple-porosity model is the research focus. Musa D. et al. [36] established a triple-porosity model to represent the heterogeneity of naturally fractured–faulted geothermal reservoirs. On the basis of the Soultz graben formation, the geothermal reservoir was assumed as the porous medium with different regions, including the hot dry rock, faults and fractures. The heat transfer between different porous regions and geothermal fluid was described by the energy conservation equation and Fourier’s constitutive relation. The result showed that the finite element method was in good agreement with the analytical solution. Zhao et al. [59] used the triple-porosity models to establish the numerical model of the gas within shale and the fractures stored in two statuses: adsorbed gas and free gas. This paper employed the analytical solution to solve the gas flow. The constitutive equation used the Laplace transformation to obtain the analytical solution. Huang et al. [60] established a multi-porosity model to describe the shale reservoir. Each matrix grid was divided on the basis of the experimental pore size data [61]. However, the application of multiple porous media in a shale reservoir lead to more uncertainties and complexities in the numerical simulation; thus, the computing resources will be significantly increased.



For the geothermal reservoir in an enhanced geothermal system, there are also other models describing the fluid flow and heat transfer in reservoirs, for instance, the equivalent pipe network model and stochastic continuum or fractured continuum model. The details for the equivalent pipe network model and stochastic continuum or fractured continuum mode can be overviewed in references [62,63,64,65,66,67,68] and references [48,55,69,70,71,72,73,74], respectively. Currently, most THM models employ the dual-porosity model to describe the heat transfer in geothermal reservoirs. The multi-porosity models are mostly employed to describe shale reservoirs or petroleum drilling. Due to the complex structure of fracture in geothermal reservoirs, the multi-porosity model divides the different characteristic of fracture and matrix (mainly considered permeability and porosity) into various multi-porosity regions. Meanwhile, a multi-porosity model can introduce the precipitation–dissolution reaction to simulate the geochemical processes in a geothermal reservoir, therefore, the porosity model has the potential to solve multi-physics fields for enhanced geothermal systems. Based on the characteristic of porosity models, there are a few features as follows:




	
The combination between the multi-porosity model and fracture network in geothermal reservoirs has received extensive attention currently, however, the original intention of the porosity model is to simplify the complicated fracture network; thus, this combination has again complicated the geothermal reservoir. This is mainly due to the improvement of computer computing performance. Due to some parameters in porosity models with statistical features, the selection of these parameters values is the key issue in the establishment of numerical simulations. The parameters with statistical features are not simply equal to the actual experimental value for geothermal reservoirs.



	
Porosity models have neglected many characteristics of geothermal reservoirs, so it is difficult to explain a given heat transfer or fluid flow in a geothermal reservoir unless the N-S equation is employed. Porosity models are more applicable in engineering fields.



	
How to make actual distribution of fracture in geothermal reservoir equivalent into the numerical model is the key factor for numerical simulation.










3. The Numerical Model for Fracture Networks in a Reservoir


Currently, there are two theories of induced fractures for the petroleum or gas industry: the conventional fracture theory based on linear elastic mechanics and the volume-fracturing method. For the conventional fracture theory, the rock is assumed as being a homogeneous medium [75]. The induced fracture is caused by the tensile failure of a fracture and is perpendicular to the minimum in situ horizontal stress [76,77]. However, the theory only considers the physical dimension and fracture-induced direction of the hydraulic fracture. Although various extensions of this method have been developed by this theory, it is difficult to accurate describe the extension and geometry of the hydraulic fracture. On the contrary, the volume-fracturing theory abandons the assumption of conventional fracture theory. The reservoir characteristic factors that determine whether the reservoir can achieve volume fracturing mainly include rock mineral composition, rock brittleness index, natural fracture development status and in situ stress conditions. Volume fracturing can generate secondary fractures in the side direction of the primary fracture. Then, a multistage fracture is generated in the side direction of the secondary fracture. Eventually, a fracture network is composed by these fractures. Thus, this theory can describe the generation of a complex fracture network.



3.1. Conventional Fracture Theory


The conventional fracture theory can be traced back to World War II for solving welding and wing designs [78]. During this period, rock fractures received much research attention. According to the different assumptions of fracture extension direction and height, there are two conventional fracture theories to describe the major fracture.



The PKN (Perkins–Kern–Nordgren) model was established by three contributing researchers (Perkin, Kerns, and Nordgren). Currently, the PKN model is one of the most widely used hydraulic fracture models for the oil and gas reservoirs [78]. For the PKN model, also called the blade-shaped or finger-like model, the fracture length is assumed to be much greater than the fracture height, and the fracture width is calculated by a plane strain elasticity equation and a viscous fluid flow equation. However, the water loss between fracture and rock matrix are not considered. To solve the leak-off in reservoirs, Nordgren et al. [79] considered a one-dimensional model based on Carter’s law to revise the Perkins and Kern’s model for investigating water loss. The numerical model employed the nonlinear partial differential governing equations, which were solved by their analytical asymptotic solutions. Then, this paper investigated the two cases with leak-off and without leak-off. The classic PKN model had been completely established by the above processes. The original PKN model considers the turbulent effect, particle velocity approach, and fluid flux approach [80].



Another conventional theory is called the KGD (Khristianovic–Geertsma–De Klerk) model, which was established by Khristianovich and Zheltov in 1955 [81,82]. This model assumes that fracture height is equal to the reservoir height. The fracturing fluid flows only occurred along the direction of the fracture length under a one-dimensional assumption. In this model, viscous flow theory was employed to relate the mathematical model of the extension of fractures. For the effect of leak-off, the early KGD model introduced the rate of water loss per unit of the exposed fracture surface to show the fluid loss.



On the basis of above references about the PKN model and KGD model, there is a significant difference between the PKN and KGD model in the rectangular fracture section. The KGD model is appropriated for fracture lengths higher than the fracture height [83]. However, when one considers the vertical extension of the fracture, a three-dimensional fracturing numerical simulation is needed to calculate the expansion of the height, width and length of fractures. For the conventional fracture theory, the PKN and KGD models are mainly on the basis of elastic mechanics with the assumptions of continuity, obeying Hooke’s law, homogeneity, and isotropy for reservoirs. Thus, the conventional PKN or KGD models have limitations when a three-dimensional condition is considered. The two models cannot solve the vertical fracture extension. Currently, there are various revised methods based on the conventional fracture theory.



Based on these classical models, the numerical models, such as P3D, PL3D and Full 3D, were developed to describe the fracture height growth in reservoirs. For the P3D model, it was established in the 1980s based on the PKN model to investigate the extension of a vertical hydraulic fracture into a horizontally layered reservoir. In contrast to the PKN model, the height of the P3D fracture is not limited to the reservoirs thickness [82,84,85]. Adachi et al. [86] employed the P3D model as the numerical solution of the variation of the planar fracture in the elastic layers under different assumptions. These assumptions were as follows: water loss into the geothermal reservoir was treated on the basis of Carter’s models; there was enough viscosity for filtrate to fully displace the fluid already present in the fracture aperture. In order to transform the mathematical model to a dimensionless form, the governing equation was expressed as the product of the characteristic quantities and dimension-less variables. Thus, this paper first adopted a continuous equation and scaling of the problem. A nonlinear convection diffusion equation with a delay term was employed to establish the mean fracture aperture. Since the discrete equations are implemented in MATLAB under code colP3D [86], this would provide an implementable design code for industry.



However, two questions need an answer when the P3D model is employed [87]. The first one is how to consistently grow the height in an arbitrary case. The second question is as follows: under which conditions does any extension of the P3D model become inapplicable? In order to solve the two questions, Linkov et al. [87] had established a P3D model in the MATLAB and Python environment. The study had solved the two questions by a combination of the original P3D model and KGD model. For the height growth, the original P3D model was improved by assigning an equal condition. Through the comparison of the bench-mark solution [88], the revised P3D model can be used to contrast arbitrary stresses, including the cases of zero and negative contrasts. However, the speed of the height growth was needed to be identified to describe the extension of the fracture tip. This improved model developed a general correspondence principle between KGD models and the P3D model. Since the classical KGD model does not account for leak-off losses, this model only kept the water loss in the continuity equation. Thus, the leak-off loss needed a further investigation. Yang et al. [89] investigated a novel P3D multi-cluster fracturing model to promote multiple-fracture uniform growth by numerical simulations. Since the previous pseudo-3D models [84,90,91] only considered net pressure and fracture toughness for fracture height, each propagation rate of fracture tip was simulated by its energy release rate [92]. In this study, there were various factors considered: the complex distributions of stress interactions between the fractures, in situ stresses, fracturing fluid leak-off, and fluid dynamic flow distributions into different fractures.



Due to the limitation of the classical P3D model with fracture extension in an impermeable region, there were two dissipative mechanisms that control the fracture extension: the energy release and the viscous dissipation when a new fracture surface was formed. In the classical P3D model, the fracture toughness in the lateral direction was not considered, while the fracture was only propagated in the viscous medium in the horizontal direction. Therefore, if the length of the fracture is nearly zero, the vertical height growth will be overestimated [88]. In order to revise the classical P3D mode, Dontsov et al. [88] employed the viscous height growth to correct the P3D model. For the revised model, it had neglected the inclination of the fracture footprint located within the stress barrier. Thus, each vertical section of a fracture in P3D model can be assumed as a KGD fracture. Currently, the P3D model has been corrected by various methods to increase the accuracy and calculation efficiency. On the basis of the above references, the P3D model can be divided to cell-based or lumped approach [93]. Therefore, this model is widely employed to describe the single fracture growth in oil or gas reservoirs. For heat transfer between fractures and matrix (hot dry rock), P3D model can be introduced to solve the fluid flow in multiple layers. Currently, this model has replaced the PKN or KGD model in the oil or gas industry when a fracture network is described.



To improve the accuracy of numerical simulations, PL3D models consider the full 3D elasticity equations to describe the width of fractures. However, these models obviously demand more computational resources than P3D models. Thus, PL3D has not been widely employed in numerical simulations currently. In order to compare the above models, the detailed characteristics of models are shown as follows. The one-dimensional classical PKN model is propagated along the direction of the x-axis and is contained in a horizontal layer with an elliptical vertical cross-section and a constant height h. Thus, the region of fracturing is developed within h. For the constant height, the above references also have employed various methods for their revision, and more methods can be found in references [94,95,96,97]. The structure of this model is shown in Figure 5.



The KGD model assumes two simple propagation models for the fracture extension: the radially symmetrical extension caused by a point source and rectilinear propagation originating from a line source. For the fracture width, the model employs the elasticity theory to describe the width of fractures and an arbitrary normal stress. The significant characteristic of the KGD models is that the linearly expanding fractures are assumed to possess plane strain conditions, and the height of the fracture is not assumed as constant. The structure of the KGD methods is shown in Figure 6.



The P3D model is based on the PKN model and builds on the similar basic assumption such as continuity, isotropy, homogeneity, and obeying the Hooke’s law. The P3D fracture is shown in Figure 7. The cell-based and lumped approach for P3D model is shown in Figure 8 and Figure 9. For the fracture height in reservoirs, both P3D and PKN models treat the height as a constant over all layers. This model extends the PKN models to solve the multi-layer reservoir. However, P3D models still have difficulty in describing specific types of fractures. For instance, when there is a non-monotonic relationship between the layer confining stresses and the function of depth, or when unconfined height growth occurs, the P3D model tends to diverge numerically [93].



For the reservoirs in the oil or gas industry, the constitutive equation based on a hydraulic fracturing model contains the fluid flow equation, the elasticity equation, the leak-off term, the proppant transport equation, and the fracture growth condition. All the equations also couple together to generate the solution of the fracture tip, the pressure of fluid, the width of the fracture, and the proppant concentration [93]. These equations are manly introduced to solve the fluid flow in the various structure of the oil or gas reservoirs. The heat transfer process is not considered in these models in general. However, an enhanced geothermal system is mainly designed to extract heat from the geothermal reservoir to generate power. The heat transfer has a significant influence on the performance of a system. In addition, the fluid flow in reservoirs mainly employs the porous medium equation to describe the complex heat transfer and fluid flow. Although the porosity model reduces the computing resources to resolve the fluid flow and heat transfer, this model neglects the details for the two processes. Thus, if a fundamental study of heat transfer in geothermal reservoirs is investigated, the currently porosity media theory cannot provide the effective measures to understand the mechanism of fracturing. On the other hand, for the oil or gas reservoirs, the fluid flow and structure of the reservoirs can be appropriately described by various models such as the KGD model, PKN model, the P3D models, and the PL3D models. However. these models rarely take account heat transfer in reservoirs; there is no mature models to accurately describe the extension of fracture in geothermal reservoirs. Therefore, on the basis of oil or gas reservoirs and hot dry rock reservoirs, there is a contradiction between the two kinds of reservoirs: the conventional model for oil or gas reservoirs can accurately describe the fluid flow in reservoirs but heat transfer has difficulty in being taken into account, while the porous media model for the geothermal reservoirs can describe the heat transfer and fluid flow but cannot provide detailed characteristics to help in understanding the fundamental mechanism of heat transfer and fluid flow.




3.2. Stimulated Reservoir Volume


In the oil or gas industry, the early mining mode further expanded the multi-fracture along the primary fracture. Thus, the convention fracture theory had a great development in this period. However, with the depletion of an oil or gas reservoir, this mining mode cannot provide enough capacity for demands. Thus, stimulated reservoir volume technology was developed to increase production. This technology uses a hydraulic fracturing method to generate shear slip along a primary fracture for obtaining a micro-fracture, resulting in a fracture network to connect the entire reservoir. This technique was later applied to EGS. Obviously, the conventional fracture theory can only solve the single fracture extension in a reservoir. However, there are many fractures in a geothermal reservoir, and thus the conventional fracture theory is not applicable in this case. A geothermal reservoir with a single fracture leads to a large deviation when compared with the actual geological condition. In order to solve this problem, some researchers introduce probability theory to describe the complex fracture distribution based on the equivalence principle. On the basis of this approach, the most widely used model is the DFN (discrete fracture network) model.



The DFN (discrete fracture network) model is a mature method to simulate the complex fractures in reservoirs. This model can employ the discrete method to explicitly describe each fracture in the domain and different cases of heat extraction from fractured formations [98,99]. For example, the distribution of fractures is calculated by the Monte-Carlo stochastic method. Through the comparison between the numerical result and experimental result, the real fracture distribution can be expressed as the equivalent to the numerical model based on the Monte-Carlo stochastic method. Therefore, this model makes up for the disadvantage of conventional fracture theory. According to this approach, the mechanic mechanism in geothermal reservoirs can be investigated. Salimzadeh et al. [100] investigated a strongly coupled THM model to simulate the geothermal extraction from an enhanced geothermal system with 3D DFN models. This study accounted for the hydraulic, mechanical, and thermal sub-models in the coupling algorithm. Because of the complexity of flow fluid, the pipe-network method (UPM) was employed to calculate the fluid flow in geothermal reservoirs. On the basis of the 20 years of modeling the geothermal extraction for the Habanero EGS reservoir, the proposed model was verified to be robust and effective for the THM-coupled process in three-dimensional fractured reservoirs. For the mesh generation in thermal/hydraulic and mechanical simulations, this study used the mesh methods established by Wang et al. [101], which had the most considerable computational intensity.



For a natural fracture network, a DNF model can be established from stochastic realization, geological mapping, or geomechanical simulation [102]. Currently, the geologically mapped fracture networks were employed to represent the generation of fractures [103]. However, this model was mainly constrained to 2D analysis, while three-dimensional maps of large-scale geological structures may neglect some detailed characteristics such as the segmentation of faults, as well as impede the detection of small cracks widely spreading in hot dry rock. In order to resolve the generation of a completed 3D natural fracture systems, the stochastically generated fracture networks were developed in 1980s to study the fluid flow in complex fracture networks. This approach was based on two-dimensional or three-dimensional networks and treated the frequency, position, size, aperture and orientation as independent random variables to generate the fracture networks. However, due to the independence of these variables, there were large uncertainties for the generated fracture networks. The DFN model cannot guarantee consistency with the same group of parameters. Currently, several improvement methods have been developed. For instance, on the basis of the development of the geological history and the formation mechanism behind field observations of natural fracture systems [104,105,106,107], the linear elastic mechanics in fractures were introduced to simulate the geomechanically grown fracture networks [102,108]. In this approach, the extension of fractures obeyed a growth criterion, which contained the stress corrosion and stress intensity factor. For the two parameters, the analytical solutions, the boundary element method, or finite element method can be used to calculate them. Thus, this model had the advantage of combining the geometry and topology of fracture networks. However, due to the complexity of the real natural fractures, there was still difficulty and uncertainly when coupled hydrological, tectonic, chemical, and thermal processes were considered [102,109,110]. For more detailed overviews of improvements, there are several references that overview the specific approaches [111,112,113].



On the basis of the above references for the DFN model, multi-fractures can be used to describe the fluid flow in a reservoir. The conventional models such as the P3D and PL3D model are limited to represent one fracture located in a single vertical plane, therefore, the DFN model has a greater advantage than conventional fracture theory when the fluid flow is investigated. However, for the geothermal reservoirs, there is no appropriate heat transfer model to describe this discrete fracture network. Currently, some works only simplified the fracture as a rectangular channel to investigate the heat transfer between the rock and fracture network [114]. Since the DFN model has occupied massive computing resources when a fluid flow in a three-dimensional case is considered, this approach will expand the footprint of computing resources. Besides, since the porosity model has proven the accuracy of numerical simulations of heat transfer in reservoirs, some of the characteristics of reservoirs may be appropriately substituted to the permeability and porosity variables in the porosity model if the reservoirs are mainly considered in terms of the heat transfer. The main reason is that heat transfer directly impacts the performance of power generation in enhanced geothermal systems. The DFN model employs the statistical methods to represent the characteristic of fractures. Such an accurate discrete fracture network can be replaced by an equivalent permeability and porosity to resolve the heat transfer under the sufficient accuracy.





4. The Numerical Model of Hydraulic Fracturing


For the above theory of fracture growth and fluid flow, there are various numerical simulation solution methods for solving these nonlinear partial differential equations, such as finite element method (FEM), discrete element method (DEM), and the boundary element method (BEM) [115,116]. For the enhanced geothermal system, the approaches which are employed in oil or gas reservoirs can be generalized to hot dry rock reservoirs. The above numerical simulation solution also can be introduced to solve the similar nonlinear partial differential equations in enhanced geothermal system.



When a model employs the FEM (finite element method), the first step is that the computational domain is divided into a series of elements, then, some point is selected as the node in each element. Then, the discrete equations are acquired by integrating for governing equations. Before the integration of the governing equation, a shape function and a weight function are used to substitute into the governing equation. Therefore, a series of algebraic equation sets are obtained in a node. Thus, the finite element method has an advantage to solve the irregular computational domain. Based on the finite element method, the key issue is the form of shape function. Currently, there are various approaches to construct the shape function, such as in references [117,118]. Since this method can describe the hot dry rock and fracture with the same nodes, the method may have more potential to solve the complex heat transfer between fracture and hot dry rock compared other numerical solution.



DEM (discrete element method) has been widely employed in numerical simulations of hydraulic fracturing. This method treats the rock matrix as a discrete rigid block. For each interconnected rigid block, an explicit difference scheme is used to simulate the extension. Besides, the fracture between discrete blocks allows the fluid flow, therefore, discrete element method can calculate the coupled fluid–structure interaction in fractures. Liu et al. [119] employed the DEM to investigate the fluid-mechanical coupling in a gas reservoir. They used the numerical simulation to calculate the relationships between hydraulic crack initiation pressure, expansion speed, stress wave frequency, maximum principal stress and failure mode. The results showed that the fracture generation deflected towards the direction of the wave transmission. Ghaderi et al. [120] studied the hydraulic fracture generation by DEM and XFEM (extended finite element method). In this paper, they represented the propagation of hydraulic fractures along the natural fracture network with DEM and described the interaction between the natural and induced fractures by using XFEM. For the extended finite element, this model only required the description of geometrical domain without remeshing. The results showed that the two methods can examine the effect of the length of an induced fracture on the production rate in naturally fractured regions and the deformation of natural fractures. This paper generated the hydraulic fractures model via the distinct element method and introduced the extended finite element method to calculate the interaction between the natural and induced fractures. The combined model proved its feasibility by other numerical simulations. Currently, this method only considers the interaction of the induced and natural fractures; the complex fluid flow and heat transfer are not considered. Thus, there is potential to further the implementation in geothermal reservoirs.



The BEM (boundary element method) is another numerical method widely used in fracture propagation simulation. The BEM only discretizes the boundary and fracture surfaces for its calculation. Therefore, this model costs less computational time and resources when generating new elements in fracture growth. Furthermore, the BEM has been considered as accurate in fracture growth, especially when mixed mode fracture propagation is taken into account [121,122]. To improve the efficiency and accuracy in this model, Crouch et al. [123] employed the displacement discontinuity method and Green’s functions to revise the BEM. For multiple fracture propagation, various BEM models were introduced in the paper. Multiple crack-hole interactions [124,125] and multiple crack interactions had been successfully employed. However, these models neglected the coalescence and localization phenomena. Leonel et al. [126] developed a two-dimensional BEM model to investigate multiple random fracture generation in brittle materials. In this study, they employed the dual boundary element formulation to analyze arbitrary fracture growth. After the verification of three examples of multiple and simple fracture propagation, the results showed that this approach provides a reference to model multiple fracture growths in the two-dimensional structures.



The recent references of the above numerical model are displayed at Table 2.



For the heat transfer in reservoirs, there are various numerical methods for governing equations. The main methods conclude the finite difference method, the finite volume method, the finite element method, and the finite analytic method. In these methods, the finite volume method is the most widely used in the description of heat transfer. This method divides the computational domain into series of control volumes. For each control volume, the nodes are represented the control volumes, and the control volumes are integrated by conserving governing equations. For the finite difference method, this method is the earliest and the simplest approach used to calculate the fluid flow and heat transfer. The computational domain is divided into a series of points of intersection by grid lines. For each point of intersection, the Taylor expansion is used to generate the algebraic equation that is used to calculate the numerical solution. For the finite analytic method, this method used similar grid lines to divide the computational domain. The different characteristic for the finite analytic method is that the nonlinear term in the governing equation is converted into local linearization form.



For a numerical simulation of geothermal reservoirs, FEM has been widely employed to solve the geothermal reservoir in CFD commercial software. This is because a CFD commercial software must consider the generality of the numerical method when it encounters different scenes. There may be other numerical methods suitable for solving geothermal reservoirs. Besides, if the THM model is used to describe the geothermal reservoir, the unstructured dynamic gird is needed to solve the expand of fracture width. Thus, the required computing resources will increase with the improvement of the number and complexity of fractures. Currently, the geothermal reservoir has no perfect approach which can balance the solution of heat transfer, fluid flow, fracture mechanics and geochemistry.




5. General Models for Geothermal Reservoir in EGS


Currently, with the development of exploration technology, the detailed geological conditions of the target layer have been easier to obtain. The combination between geothermal reservoirs and hydraulic fractures has become one of the research trends. Thus, in this section, a general model for a geothermal reservoir and hydraulic fracture in EGS is summarized on the basis of the porosity model.



5.1. Physical Model of Geothermal Reservoir and Hydraulic Fracture


Geothermal resource exploration is the first step to establish a physical model. Hot dry rock, as the geothermal heat source, is dominated by granite. Generally, granite is considered as an anisotropic medium with porosity of zero. After the hydraulic fracturing of such a medium, a fracture network is generated in the region of hot dry rock. According to the porous medium model, this geothermal reservoir can be considered as an anisotropic medium with a porosity of zero, and the fracture network is the only flow region of geothermal fluid.




5.2. Mathematical Model of Geothermal Reservoir Coupled with Hydraulic Fracture


According to the characteristics of physical models, the governing equation can be divided into a matrix (hot dry rock) and fracture.



Based on the porous medium model, unlike fluid mechanics, flow rate and density are not solved by continuity equations and momentum equations for the mechanics of flow through porous media. Generally, the momentum equation is replaced by Darcy’s law to describe the seepage in a porous medium. For the convenience of engineering, Darcy’s law is substituted into the continuity equation to compose the governing equation of seepage. With water as an example, the governing equation can be written as:


    ∂ ( ϕ  ρ )    ∂ t    +  ∇ ⋅  (   ρ V   )   = 0   



(1)






   V =  −  K μ  ∇ p  



(2)




where ρ is the density of geothermal fluid, ϕ is the porosity of the geothermal reservoir, K is the permeability tensor, μ is the dynamic viscosity, p is the pressure of geothermal fluid, t is time, and V is seepage velocity. In Equations (1) and (2), the gravity effect is neglected and there is no source term because there is no mass increase or decrease inside the local region of the geothermal reservoir.



Generally, water is considered as a sightly compressible fluid, thus, the state equation can be written as:


     ρ = ρ   0     [ 1 + c   f     ( p   −   p   0   ) ]   



(3)






  ϕ  =   ϕ 0    [ 1 +    c ϕ     ( p   −   p   0   ) ]   



(4)




where cf and cϕ is the compression factor.



Then, the seepage governing equation can be written as:


  ϕ  μ c    ∂  ( p )    ∂  t       =   ∂    ∂ x      ( K   x    ∂ p   ∂ x    ) +   ∂  ∂ y      ( K   y    ∂ p   ∂ y    ) +   ∂  ∂ z      ( K   z    ∂ p   ∂ z   )  



(5)




where c is the system compressibility.



For the energy conservation equation, the fluid in the fracture and matrix (hot dry rock) can be written as Equations (6) and (7), respectively.


  ϕ      ( ρ c   p  )  f    ∂ T   ∂ t      + ( ρ c   p   ) f   ( V  ⋅ ∇  ) T =  ϕ  k f   ∇ 2   T +  ϕ  q f   



(6)






   ( 1 −  ϕ    ) ( ρ c   p   ) s    ∂ T   ∂ t    = ( 1 −  ϕ    ) k   f   ∇ 2   T + ( 1 −  ϕ    ) q   s   



(7)




where subscripts f and s are the fluid and matrix, respectively.




5.3. Meshing, Discretization and Software


When the mathematical model has been established, meshing is needed to divide the calculated domain. If a fracture network is inserted into a geothermal reservoir, the discrete fracture network is generated according to Monte Carlo method. Thus, each grid will include the fracture and matrix. Then, according to the numerical method based on Section 4, the corresponding discrete equation is obtained by Equation (1) to Equation (7). Ultimately, the temperature and pressure field are obtained by the calculation of the discrete equation.



Currently, there is much commercial software for solving geothermal reservoir. Table 3 shows the characteristics of the used commercial software.





6. Conclusions


The enhanced geothermal system is a developing technology to extract the deep geothermal energy. The numerical simulation for the system includes the power generation system, vertical injection and production well model, and the geothermal reservoirs model. The main conclusion as follows:




	
On the basis of the comparison of different numerical models, the porosity model has an advantage when a model only considers the impact of heat transfer for the injection well and production well, but the complexity of fractures is difficult to represent based on the porosity model.



	
The selection of these parameters’ values in the porosity model is the key issue in the establishment of numerical simulations. The parameters with statistical features are not simply equal to the actual experimental value for a geothermal reservoir.



	
For the fracture-generation technology, the stimulated reservoir volume technology has the more accuracy than conventional fracture theory when the multi-scale fracture propagations are described. The revised conventional fracture theory, such as in the P3D model, has introduced the high growth for a single fracture to describe the three-dimensional model of fracture propagation. Due to the stimulated reservoir volume technology based on the statistics data, this model can represent the characteristics of the geothermal reservoirs if the geological data are detailed.



	
After the comparison between different numerical models of hydraulic fracturing, since the finite element method can provide the same mesh and node for fracture propagation and fluid flow in fracture, this model can reduce the computational time and resources. However, all numerical models need to be regenerated in the mesh to calculate the fracture propagation, and this step will occupy large computational resources.



	
The development technology for enhanced geothermal system is based on the experience of the oil or gas industry. In the oil or gas industry, the fluid flow in the reservoir is the main research focus. These mature numerical models have proven the effectiveness for fracture propagation and fluid flow. In contrast, the heat transfer is the most important factor for geothermal reservoirs, therefore, the numerical model for an enhanced geothermal system needs to include the heat transfer, fluid flow, and fracture propagation. Although the porosity model can calculate the heat transfer process to satisfy industrial demand, this equivalent model cannot provide the details of geothermal reservoirs. Thus, if a developed model based on the oil or gas industry contains the heat transfer process, this model can provide a precise description for geothermal reservoirs.
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Figure 1. Schematic diagram of enhanced geothermal reservoir. 






Figure 1. Schematic diagram of enhanced geothermal reservoir.



[image: Energies 15 07148 g001]







[image: Energies 15 07148 g002 550] 





Figure 2. Trend of the installed capacity of geothermal power generation. 
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Figure 3. Structure of two horizontal wells in hot dry rock [43]. 
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Figure 4. (a) Fractured porous media, (b) non-homogeneous representation, (c) dual porosity representation and (d) equivalent continuum representation [51]. 
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Figure 5. Structure of the PKN model of a hydraulic fracture: y-axis is the direction of fracture extension, w is the width of fracture, l is the length of fracture, and h is the height of fracture. 
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Figure 6. Structure of the KGD fracture extension in a hydraulic fracture: l is the length of fracture and w is the width of fracture. 
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Figure 7. Schematics of the P3D fracture: x-axis is the direction of fracture extension; l is the length of fracture and z-axis is the height direction of fracture extension. 
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Figure 8. Schematic of fracture geometry on the basis of P3D model: the direction of fracture is perpendicular to the direction of fluid flow with an ellipse range. 
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Figure 9. Schematic of cell-based P3D fracture extension: the fracture extension range is divided into multiple rectangles within the range of an ellipse. 
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Table 1. The Parameters of the DP32-1 Site [43].
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	The Development Zone
	1610 m × 2606 m



	target depth
	1219 m to 2743 m



	Hot dry rock temperature
	between 207 °C and 216 °C; average value of 210 °C



	porosity
	2% (439 m investigation radius)



	permeability
	0.01 mD (439 m investigation radius)



	reservoir depth
	1219 m to 1619 m



	pressure of reservoir
	9.65 MPa to 13.10 MPa



	fracture spacing
	less than 2 m



	reservoir domain
	400 m × 400 m × 500 m



	injection temperature
	60 °C



	bottomhole pressure of production well
	5 MPa
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Table 2. Some numerical models of hydraulic fracturing.
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	Method
	Reference
	Introduction





	FEM
	Wang et al. [127]
	a 3D homogeneous and isotropic medium with hydraulic fracture and cemented natural fractures



	FEM
	Sun et al. [128]
	a 3D-fractured porous media



	FEM
	Khoei et al. [129]
	A cohesive crack model for nonlinear fracturing process occurring ahead of hydro-fracture tip



	XFEM
	Vahab et al. [130]
	Hydro-fracture interaction scenarios with idealized naturally cemented faults



	XFEM
	Zhou et al. [131]
	a 2D medium with hydraulic fracture and natural fractures



	DEM
	Huang et al. [132]
	2D discrete element modeling was used to investigate the influence of the stiffness and toughness ratio



	DEM
	Zeng et al. [133]
	The coupled CFD–DEM method was applied for proppant transport simulation



	DEM
	Jiao et al. [134]
	A comprehensive THM coupling scheme was conducted in the LBM–DEM



	DEM and XFEM
	Ghaderi et al. [120]
	Comparison between DEM and XFEM



	BEM
	Zhao et al. [135]
	The BEM was applied in off-centered fractured vertical wells



	BEM
	Chen et al. [136]
	Comparison between BEM and FVM



	BEM
	Xu et al. [137]
	A semi-analytical solution of finite-conductivity MFHWs was established and solved by boundary element method
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Table 3. Commercial software for solving geothermal reservoir.
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	Software
	Characteristic





	Ansys
	Advantage of mesh generation, UDF can design the specific boundary and conditions.



	Comsol
	Suitable for coupling calculation of multiple physical fields, the corresponding modules has been integrated for geothermal reservoir.



	Openfoam
	Open-source software, support for custom programming.



	TOUGH2
	Good accuracy for the calculation of geothermal reservoir.
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