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The Xiong’an new area in northern China is rich in geothermal resources. The Gaoyuzhuang Formation in the Proterozoic Jixian system is an important recently discovered geothermal reservoir. The Gaoyuzhuang reservoir has been affected by multiple stages of tectonic movement. The fractures are very well developed, resulting in strong heterogeneity in the reservoir’s porosity and permeability. Few studies have been conducted on the fractures and heterogeneity of the Gaoyuzhuang reservoir. In this study, interpretation of data from image logs was used to summarize the characteristics of the fractures, including the fractures’ strikes, dips, and lengths. The permeability distribution of the reservoir in the vicinity of the borehole was predicted. The hydro-thermal (TH) coupling model was used to reproduce the process of pumping tests, and the simulation results were found to be in good agreement with the field test data. In addition, the relationship between the fracture aperture and length was obtained, [image: image]. The results of this study provide data and technical support for further reservoir research and evaluation of the geothermal resources of the Gaoyuzhuang reservoir.
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1 INTRODUCTION
Solving the problem of energy shortage and optimization of the energy structure is the key to sustainable global development (Dincer, 2000; Ahmad et al., 2020). Geothermal energy has become a hotspot in research on new energy sources due to its wide distribution, large reserves, good stability, and clean and environmentally friendly characteristics (Lu, 2018; Zhang et al., 2019; Gong et al., 2020; Wang et al., 2020; Dincer and Ozturk, 2021). Research has shown that geothermal energy can provide 3.9% of global energy and reduce CO2 emissions by 800 million tons by 2050 (Pan et al., 2019b). Globally, for both hot dry rock and hydrothermal geotherm type geothermal energy, deep geothermal reservoirs are often fractured. A large number of densely distributed fractures control the flow path of the underground fluid. The existence of fractures not only changes the mechanical parameters of the surrounding rock, but it also controls the distribution characteristics of the hydraulically fractured fracture network.
China is rich in geothermal resources, especially high-temperature hydrothermal geothermal energy resources (Chen, 1988; Wang et al., 2017; Wang and Lin, 2020). The best geothermal fields in the Beijing–Tianjin–Hebei region are distributed in the Xiong’an New Area. The Wumishan Formation in the Jixian system is the most representative hydrothermal reservoir in northern China (Pang, 2018; Wu et al., 2018; Ma et al., 2020). Since 2018, the China Geological Survey has conducted detailed exploration of the deep geothermal reservoir in the Xiong’an New Area and has found a second reservoir in the Gaoyuzhuang Formation (Wang et al., 2018; Ma et al., 2020). The Gaoyuzhuang Formation contains a large number of natural fractures, and the reservoir is very heterogeneous, which greatly effects future geothermal development. For example, the water production rate of well D22 in the original state is very low and cannot meet the requirements for development. It is urgent that a regional model be developed to guide the next stage for exploitation.
Discrete fracture network (DFN) models are commonly used to describe fracture networks. It uses deterministic or stochastic methods to generate a series of discrete fracture patches in order to quantitatively describe the size, strike, and strength of the fractures (Pan et al., 2019a; Barcelona et al., 2020; Giuffrida et al., 2020). The number of fractures in the reservoir is large, and the fractures range from a few microns to tens of meters, which cannot be simply described in a deterministic manner. The stochastic method uses the statistical results to describe the fracture network. There is no exact correspondence between individual fractures in reality, but in a representative body, the overall properties of the fracture network are the same as the real situation (Li et al., 2016; Gottron and Henk, 2021). The DFN model usually consists of three models: a distribution model, a dimensional model, and a spatial distribution model (Dowd et al., 2009). The normal vector is usually used to describe the strike and dip angle of the fractures. The probability density functions mainly include the Fisher distribution, Bingham distribution, binary normal distribution, and empirical probability distribution (Gottron and Henk, 2021). In practical applications, the Fisher distribution is the model that is most commonly used to describe the fracture direction. The model parameters mainly come from statistics of field observation data. For example, Pan et al., 2019a established a local fracture network model of a limestone mine using outcrop fracture measurements obtained using non-contact measurement techniques (such as 3D laser scanning and photometry). For deep reservoirs, image logging can be used to identify fractures more accurately and can provide important parameters such as the linear fracture density, direction, and pore diameter (Ozkaya, 2021; Nian et al., 2022). Tang et al. (2020) obtained statistics of the distribution characteristics of image logging fractures and gained a better understanding of the fractures in the Wumishan geothermal reservoir in the Jixian system in the Xiong’an new area. However, the fracture characteristics of the Gaoyuzhuang Formation have not been reported.
In this study, the characteristics of the fractures were analyzed quantitatively using image logging data. Using a geostatistical method, a regional discrete fracture network model was constructed, and the porosity and permeability distributions of the Gaoyuzhuang reservoir were calculated. A hydro-thermal (TH) coupling numerical model was established to validate the accuracy of the DFN model by fitting the field pumping test data.
2 GEOLOGIC SETTING OF THE XIONG’AN NEW AREA
The Xiong’an new area is located in the middle of the Jizhong depression in the Bohai Basin (Figures 1A,B). According to previous studies, the Bohai Basin has experienced four stages of tectonic movement since the Archean (Qi et al., 2003; Chang et al., 2016; Qiu et al., 2017; Wang et al., 2019a). In particular, in the Mesozoic, the strata were uplifted and then strongly eroded (Zheng et al., 1999). The bedrock undulations have resulted in the secondary tectonic units in this area being developed, including the Niutuozhen uplift, Rongcheng uplift, and Gaoyang uplift (Qi et al., 2003; Cai et al., 2007). The faults in this area are well developed, including the Rongdong fault, Xushui fault, Niudong fault, Niunan fault, and Gaoyang fault (Figure 1C). The depths of the faults vary greatly, and some of them even reach the crystalline basement (Zhang et al., 2002). The study area is located in the southern part of the Rongcheng uplift near the Xushui Fault. The Xushui Fault is a normal fault with a dip angle of about 45°, and it is generally W–E trending, with a NE deflection near the Rongcheng uplift (Lu et al., 2019; Hu et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Basic tectonic map of the Bohai Bay Basin; (B) Basic tectonic map of the Jizhong depression (from He et al., 2018); (C) Distributions of the major faults, geothermal fields, and boreholes in the Xiongan New Area.
Many stages of tectonic movement and karstification occurred from the Late Indosinian to the Himalayan, forming a large number of fractures in the geothermal reservoir. For example, the image logging of well Dawang1 shows that two main stages of fracture systems are developed in the Wumishan Formation, which is obviously similar to the trends of the Rongcheng fault and the Niudong fault. The high angle fractures control the vertical migration of the groundwater from bottom to top (Tang et al., 2020). In contrast to the development of the karst fractures in the Wumishan Formation, the Gaoyuzhuang Formation is mainly characterized by structural fractures due to its large burial depth and the weak influence of karstification. Wells D22 and D16 in the Rongcheng uplift encounter the Gaoyuzhuang Formation at a depth of about 3,200 m. The image logging results for well D22 show that the microfracture orientation is consistent with that of the large fault. A detailed analysis of the results will be presented in the subsequent sections.
Based on this, the heat accumulation mechanism in the Xiong’an New Area was determined. Affected by the westward subduction of the Pacific Plate, the eastern part of the North China Craton was obviously destroyed. The thickness of the lithosphere and crust was greatly reduced, and the Moho surface at the bottom of the study area was significantly uplifted, which is conducive to the conduction of mantle heat to the shallow part of the crust (Wang et al., 2019b). Deep faults cut through the upper crust, which is conducive to the upward intrusion of deep mantle thermal materials and magma into the crust. Under the thermal refraction effect, the heat accumulated in the concave area with a low thermal conductivity and was transferred to the convex area with a high thermal conductivity (Wang et al., 2020). The fault structure is very conducive to deep circulation heating of the groundwater (Pang, 2018). In addition, the internal temperature of the reservoir is homogenized due to the density flow of the water. Moreover, the intrusion of magma from the mantle provided radioactive material, and the heat from the subsequent radioactive decay created positive anomalies in the local geothermal field (Li H. et al., 2017a; Pang, 2018; Wang et al., 2021).
3 METHODS
First, we analyzed the image logging results for well D22 in the Rongcheng uplift. In addition, we obtained the fracture density, fracture strike, dip angle, and other parameters. The fracture length was difficult to determine. Even image logging cannot accurately judge the lengths of fractures well. Based on a previous analysis of the entire Jizhong depression (Li et al., 2017b), we assumed that the fracture length had a normal distribution. Research has shown that there is an exponential relationship between the fracture aperture and length. Based on Fisher’s fractal statistical theory, a 3D DFN model of the Gaoyuzhuang reservoir around well D22 was established, and the fracture information was upscaled to a square grid using ODA theory. The random fractures result in great uncertainty. In order to reduce this uncertainty, we established a hydrothermal coupling model. Based on the field pumping test data for well D16 (well D16 is located about 200 m to the east of well D22), the model was verified, which greatly improved the correspondence between the model and the actual geological conditions.
3.1 Discrete Fracture Network Setting
3.1.1 Geometric Characteristics of Fractures
The disk shape has the greatest advantage in establishing mathematical expressions. In this study, it was assumed that the fractures in the 3D DFN model (rectangular fractures have an equivalent radius) were disk shaped. To quantitatively describe a fracture, its diameter (d), central position (x, y, z), poles (trends and folds), and aperture 1) need to be determined. It should be noted that poles and dip vectors are terms used to define the orientation of a plane in a space. The fractures were modeled as planar polygons and the poles or dips were used to describe their orientations (Figure 2A). The pole is a vector normal to the fracture plane, and it usually (by convention) points downward. The dip vector is a vector normal to the pole, and it lies in the plane pointing in the direction of the maximum slope gradient. The trend and plunge describe the orientation of the vector. The trend is the horizontal angle in the x-y plane away from north (positive y-axis) (Figure 2B). The plunge is the vertical angle in space away from the horizontal (x-y plane) (Figure 2C). The orientation of a dip or pole vector is completely specified by its trend and plunge (Golder Associates, 2019; Gläser et al., 2020).
[image: Figure 2]FIGURE 2 | (A) Vertical fracture dip and pole, both pointing downward; (B) the pole trend in the x-y plane; and (C) a pole plunge in the y-z (or x-z) plane.
It was assumed that the spatial position of the fracture exhibits a Poisson distribution, that is, the center of the fracture is randomly distributed in 3D space. This assumption requires that the rock mass does not contain bedding planes, fault zones or geological structures (Baecher et al., 1977). This process can be described using the Baecher model. The Baecher model (Baecher, 1983) was one of the first well-characterized discrete fracture models. In this model, the fracture centers are located uniformly in space, and using a Poisson process, the fractures are generated as disks with a given radius and orientation. The enhanced Baecher model extends the Baecher model by providing the provision of the fracture terminations and more general fracture shapes. The enhanced Baecher model utilizes fracture shapes that are initially generated as polygons with three to sixteen sides. These polygons can be equilateral (aspect ratio of one) or elongate, and the aspect ratio (ratio of the major to minor axis size and orientation) is defined.
It was assumed that the fracture direction obeys a Fisher distribution. The univariate Fisher distribution is the analog of the normal (Gaussian) distribution on a sphere, and it is theoretically justified when the sum of multiple, uncorrelated variations in the rock’s properties and stress conditions cause variations in the fracture orientation. It is relatively easy to fit and easy to explain. However, its major drawback is that it requires symmetric variation of the orientation around the mean pole.
The Fisher distribution is defined by the probability density function (Gottron and Henk, 2021):
[image: image]
where [image: image] is the distribution parameter, i.e., the concentration, and [image: image] is the angle of the deviation from the mean pole. This distribution is unimodal and symmetric about the [image: image] axis. Increasing [image: image] produces a distribution more concentrated around the [image: image] axis.
The Fisher concentration parameter [image: image] is generally approximately defined as
[image: image]
where [image: image] is the magnitude of the vector sum of the unit vectors for orientation, and [image: image] is the number of fractures. This approximation is only valid for [image: image] values of greater than five. The uniform dispersion corresponds to [image: image].
The fracture length exhibits significant fractal characteristics on the outcrop scale, which has also confirmed in many previous studies (Bertrand et al., 2018; Gong et al., 2021). However, the burial depth of the Gaoyuzhuang reservoir is more than 3,000 m, and the outcrop fractures are poorly representative of the in situ fractures in the reservoir after later karstification and other geological processes. We assumed that the fractures between 5 and 30 m play a major role in the migration of the groundwater (Lu et al., 2019; Tang et al., 2020; Wang et al., 2020), and the fracture length has a lognormal distribution. The lognormal distribution is specified by the probability density function (Golder Associates, 2019; Gläser et al., 2020):
[image: image]
where [image: image] and [image: image] are the mean and standard deviation in log10 space. The truncated lognormal distribution has two additional parameters [image: image], the minimum and maximum values. Although FracMan uses the mean and standard deviation values above (i.e., for the un-truncated distribution), the actual mean [image: image] of the truncated lognormal distribution is
[image: image]
where [image: image], and [image: image].
The term fracture intensity can mean different things to different people, including the intensity, density, and frequency. A wide variety of methods are available for quantifying the intensity of fractures, such as the area of the fractures per unit volume (P32), the volume of the fractures per unit volume (P33), the number of fractures (NF), and the number of fractures per unit length of the borehole (P10) (Golder Associates, 2019; Gläser et al., 2020). The linear fracture intensity is expressed as the number of fractures per unit length. P10 is a 1-D measurement, and it is typically recorded as the position of the fracture intersection along a line in space, such as the core axis for boreholes, the well centerline for image log data, and the scanline on a surface outcrop or tunnel wall. We used P10 to describe the fracture density in well D22, which is the most direct and stable method.
The degree of elongation is specified in terms of the aspect ratio, which can either be set as a constant or specified as a uniform distribution. An aspect ratio of 2.5 was used.
3.1.2 Relationship Between Fracture Aperture and Length
The fracture aperture has been demonstrated to control the fluid flow and solute transport. Due to the rough surface of the fracture, the aperture of the fracture is non-uniform and is not the only determined value. In a natural fracture system, it is difficult to describe each of the fracture aperture distributions. Therefore, the maximum aperture ([image: image]) or the average aperture ([image: image]) is often used to represent the aperture of a single fracture. Then, the permeability of the fracture can be calculated using the cubic law (Witherspoon et al., 1980; Ghanbarian et al., 2019):
[image: image]
The determination of the fracture aperture has been a research hotspot during the past few decades. It is generally believed that the fracture aperture follows a lognormal distribution or power-law distribution (Walmann et al., 1996; Renshaw and Park, 1997; Ghanbarian et al., 2019). In nature, larger fractures have larger permeabilities than smaller fractures, so it is reasonable to assume that the fracture aperture is related to the fracture length (Baghbanan and Jing, 2007). However, even if the effects of the shear history, weathering, and filling are ignored, it is difficult to establish the exact quantitative relationship between the aperture and length. Researchers have attempted to obtain a linear (Vermilye and Scholz, 1995) or power-law correlation (Hatton et al., 1994; Renshaw and Park, 1997) between the fracture aperture and length. Olson (2003) proposed a nonlinear power-law relationship:
[image: image]
where [image: image] is the fracture length, and [image: image] is the power law exponent. [image: image] is the parameter related to the mechanical properties of the surrounding rock:
[image: image]
where [image: image] is the fracture toughness, [image: image] is Poisson’s ratio of the rock, and [image: image] is the Young’s modulus of the rock, all of which are constant material properties of the rock. Olson (2003) further pointed out that the mechanical interaction between closely spaced fractures causes the exponent n to vary with the fracture spacing and suggested that a value of [image: image] could result from post-jointing relaxation or other secondary effects.
A large number of statistical measurements (Olson, 2003; Schultz et al., 2008) have revealed that [image: image], with a mean value of 0.5 and [image: image] ranging from [image: image] to [image: image]. We assumed that [image: image], and [image: image] was determined through sensitivity analysis.
3.2 Hydrothermal Coupling Model
3.2.1 Grid Permeability Calculations
Due to the limitation of the scientific computing capability, we could not use the full DFN simulation to perform calculations for hundreds of thousands of fractures. It is most economical and reliable to approximate a reservoir as a porous medium and to coarsen the fracture properties to finite grids.
Oda analysis calculates the permeability and/or hydraulic conductivity tensors in three dimensions and all directions for each cell in a given grid. The Oda tensor represents a simplification of Darcy’s Law for laminar flow through an isotropic porous medium. It works by projecting the fracture’s isotropic permeability ([image: image]) onto the plane of the fracture, then scaling it using the ratio between the fracture volume (from porosity analysis) and the volume of the simulation grid cell. The result is a 3 × 3 matrix describing the directional permeability in each fracture. These matrices can be summed to obtain a net permeability tensor ([image: image]) for the grid cell. The principal permeabilities and flow directions ([image: image], [image: image], and [image: image]) can be found through eigenvector analysis of the net permeability tensor.
Oda’s (1985) method begins by considering the orientation of fractures in a grid cell, which is expressed as a unit normal vector [image: image]. By integrating the fractures over all of the unit normals [image: image], the mass moment of the inertia of the fracture normals distributed over a unit sphere is obtained:
[image: image]
where [image: image] is the number of fractures in [image: image], [image: image] are the components of a unit normal to the fracture [image: image]. [image: image] is the probability density function that describes the number of fractures whose unit vectors [image: image] are oriented within a small solid angle [image: image]. [image: image] is the entire solid angle corresponding to the surface of a unit sphere.
For a specific grid cell with known fracture areas [image: image] and transmissivities [image: image], which are obtained from the DFN model, an empirical fracture tensor can be calculated by adding the individual fractures weighted by their area and transmissivity:
[image: image]
where [image: image] is the fracture tensor, [image: image] is the grid cell volume, and [image: image] is the total number of fractures in the grid cell. [image: image] and [image: image] are area and transmissivity of fracture [image: image], respectively. [image: image] are the components of a unit normal to the fracture [image: image].
Oda’s permeability tensor is derived from [image: image] by assuming that [image: image] expresses the fracture flow as a vector along the fracture’s unit normal. Assuming that the fractures are impermeable in the direction parallel to their unit normal, [image: image] must be rotated into the planes of the permeability:
[image: image]
where [image: image] is the permeability tensor, [image: image] is the fracture tensor, and [image: image] is Kroenecker’s delta.
However, the permeability estimated using Oda method is often overestimated, and the results calibrated using the actual flow model have a higher reliability.
3.2.2 Hydrothermal Coupled Flow in Porous Media
We used the TOUGH2 EOS1 program to perform the hydrothermal coupling simulations (Pruess, 1991). TOUGH2 has been demonstrated to be effective in geothermal porous media. All of the flow and transport equations have the same structure, and they can be derived based on the principle of the conservation of mass (or energy). The models for fluid and heat flow have been discussed in detail by Pruess (1991) and Pruess et al. (1999):
[image: image]
For Water
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For Heat
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where [image: image] is the mass accumulation ([image: image], [image: image] is the mass flux ([image: image]), and [image: image] is the source/sink. [image: image] is the porosity, [image: image] is saturation, and [image: image] is the mass fraction. [image: image] is the density ([image: image]), [image: image] is the Darcy velocity ([image: image]). [image: image] is the internal energy ([image: image]), [image: image] is the heat conductivity [image: image], [image: image] is the temperature ([image: image]), and [image: image] is the pressure ([image: image]). [image: image] is the permeability ([image: image]), and [image: image] is the relative permeability. The subscripts [image: image] denote water, gas phase, liquid phase, and solid phase, respectively. [image: image] is heat, and [image: image] and [image: image] are the governing equation index and phase index, respectively. In the Gaoyuzhuang reservoir, the pressure is much higher than the saturated vapor pressure of water, and there is no gas phase. Therefore, the term containing the subscript g can be ignored in the equation.
4 RESULTS AND DISCUSSION
4.1 Fracture Characteristics From Image Logging
A total of 248 fractures were interpreted through image logging in well D22. The cumulative fracture density distribution map (Figure 3) shows that the fracture density in the reservoir is relatively uniform without obvious stratification characteristics. The same line density (P10) can be used for the construction of the DFN model. The linear density of the fractures (P10) in the entire logging section is 0.3894 m−1.
[image: Figure 3]FIGURE 3 | Cumulative density distribution of the measured and simulated fractures in well D22.
According to Fisher’s fractal analysis, the fractures near well D22 were mainly divided into two subsets (Figure 4): a nearly east–west trending fracture set (hereinafter referred to as the EW set) and a north–west trending fracture set (hereinafter referred to as the NW set). According to the statistics, there are more fractures in the EW fracture set, with a total of 171 fractures. The relative density is 68.95%, and the P10 value is 0.2685 m−1. The distribution is relatively concentrated. The mean poles (trends and pluges) are 357.9° and 35.1°, and the Fisher concentration is 62.05. The NW fracture set includes 77 fractures, with a relative density of 31.05% and a P10 value of 0.1209 m−1. The distribution is relatively scattered, with mean poles (trends and pluges) of 240.6° and 29.9°. They have different trend distributions, and a Fisher concentration of 26.55. The detailed results of the Fisher analysis are presented in Table 1.
[image: Figure 4]FIGURE 4 | Well logging fracture rose diagram and Fisher fractal statistical results for well D22 (the rose diagram represents the fracture trend, and the scattered points are the projection of the trend and the plunge of each fracture).
TABLE 1 | Fisher fractal statistical results for well D22.
[image: Table 1]4.2 Three-Dimensional DFN Model and Fracture Parameters
Based on the Fisher’s fractal statistics, it was assumed that the fracture length ranged from 5 to 30 m and obeyed a lognormal distribution (Li et al., 2017b). The average fracture length was 10 m and the variance was 5 m. The length to height ratio of the fractures was 2.5:1. About 30% of all of the logged fractures had flow conductivity. As has been described in Relationship Between Fracture Aperture and Length Section, the aperture of the fracture directly affects its permeability. This section mainly presents the modeling results for [image: image].
Taking well D22 as the center, the horizontal range was [image: image] and the vertical range was [image: image]. The fractures were randomly generated in this space. Figure 5 shows the fracture distribution of the 3D DFN model. The EW and NW fracture sets were generated completely according to the statistical results. The number of fractures in the EW set was significantly larger than that in the NW set, which was controlled by their P10 values.
[image: Figure 5]FIGURE 5 | (A) Three-dimensional DFN fracture modeling results the red pieces represent the logged fractures in well D22 and the black line represents well D16. Only 1% of the generated fractures are displayed. Blue denotes the EW set, and orange denotes the NW set; (B) EW vertical profile fracture trace map through D22 and D16; (C) Horizontal fracture trace map at the depth of 3000 m.
In order to determine the coincidence between the random fracture model and the actual fracture network, we drew a rose diagram of all of the fractures, a rose diagram of the fractures passing through well D22, and a cumulative density map of the fractures passing through well D22. Figure 6A shows the statistics of all of the fractures in the model, and Figure 6B shows the statistics of the model through the well fractures. The distributions of these two fracture sets, for both fracture strike and concentration, are very similar to the results of the statistical analysis of the actual logged fractures. The cumulative density distribution of the simulated fractures through the well also has the same slope as the measured value. We believe that the 3D DFN model established using this method adequately represents the actual fracture network.
[image: Figure 6]FIGURE 6 | (A)Rose diagrams of all of the fractures in the DFN model, and (B)the fractures that cut through well D22.
The purpose of establishing a fracture network model is to predict the reservoir’s flow capacity. Before this, we needed to obtain the parameters for a single fracture, such as the aperture and permeability. Using the process described in Relationship Between Fracture Aperture and Length Section, we obtained the fracture aperture and permeability parameters of the 3D DFN model. In our DFN model, the maximum fracture aperture was 0.9 mm (Figure 7A) and the maximum permeability was [image: image] (Figure 7B). The corresponding relationship between the fracture permeability and the fracture aperture was very obvious.
[image: Figure 7]FIGURE 7 | (A) Distribution of the fracture aperture, and (B) permeability for the 3D DFN model.
4.3 Prediction of Reservoir Permeability Distribution
We discretized the above range into [image: image] cubic grids, with a total of 130,000,000 grids. The east–west, north–south, and vertical directions were represented by the x, y, and z axes, respectively. The porosity and permeability tensors of each grid were obtained using the Oda method. Although there were many fractures, their contribution to the grid porosity was very small. The maximum porosity caused by the fractures was only 0.04%, which is negligible compared with the 1% porosity of natural dolomite. However, the fractures had a great impact on the grid permeability. Due to the differences in the fracture density, direction, aperture, and permeability, the permeability of the reservoir in the three orthogonal directions was very different. The permeability was large in the dense fracture area and along the fractures’ strike. Most of the fractures strike east-west and had high dip angles, so the permeability of the reservoir was larger in the x and z directions and smaller in the y direction. The maximum permeability in the x direction reached [image: image], and the permeability in most of the high permeability areas was about [image: image] (Figure 8). In this way, we obtained the distributions of the porosity and permeability of the reservoir. We found that the existence of fractures resulted in the reservoir being highly heterogeneous, which also explains the fact that a consistent water production was not obtained for a single well during the geothermal development.
[image: Figure 8]FIGURE 8 | (A) Calculated porosity and permeability (B–D) in the reservoir grid. Earch of the permeability map contains a slice through D22 and D16.
4.4 Model Calibration Based on Pumping Test
As previously mentioned, the Oda method tends to overestimate the conductivity of fractures. In terms of the parameters, it can be considered that [image: image] has a great uncertainty. We evaluated the value of [image: image] based on a fixed DFN model. Well D16 is located about 200 m to the east of well D22, which is also within our modeling range. If the simulated pumping test results are consistent with the in situ test results, the permeability model can be considered to be accurate.
Pumping tests for about 190 h were conducted for well D16 in June 2018, including 124 h of continuous pumping and 65 h of water level recovery. The pumping test results were divided into three stages, with durations of 72, 28, and 24 h. Initially, the water level was 101.61 m below the surface, the water level drawdowns during stages 1–3 were 82.09, 55.79, and 27.91 m, respectively, and the corresponding water inflow values were 171.4 [image: image], 135.6 [image: image], and 93.5 [image: image], respectively. The entire pumping test process was reproduced via hydrothermal coupling numerical simulation. The fitting results are shown in Figure 9. The pumping tests during the three stages are well fitted. For the best fitting case, [image: image] is [image: image]. At this time, the maximum [image: image] -direction permeability of the thermal reservoir is about [image: image], and the permeability of the fracture zone is mainly [image: image] (Figure 10), which is also close to the effective permeability of the fracture zone identified via conventional logging.
[image: Figure 9]FIGURE 9 | Fitting of simulated and pumping test water levels in well D16.
[image: Figure 10]FIGURE 10 | Calculated permeability in the x direction and the pumping streamline distribution.
5 CONCLUSION
The fractures control the convection and mass transfer processes in the reservoir. The Gaoyuzhuang Formation in the Jixian system in the Xiong’an new area has a great development potential. After analyzing the fracture distribution interpreted through image logging of D22 well, it was found that the fractures around the well are affected by the Xushui fault, and the fractures mainly strike east-west, followed by northwest. Most of the fractures are high angle fractures, which is very conducive to the vertical migration of hot water. This is the main reason for the low temperature gradient in the geothermal reservoir.
Via statistical methods, a random 3D DFN model of the Gaoyuzhuang Formation was established for the first time. This model describes the characteristics of the fracture distribution, fracture length, fracture aperture, and fracture permeability in detail. The distributions of the porosity and permeability were obtained through further calculations. The increase in the porosity caused by the fractures can be ignored, but the fractures directly control the distribution of the reservoir’s permeability. In our model, the maximum predicted reservoir permeability reached [image: image], which corresponds well with the logging results.
The prediction of the fracture aperture is particularly important in the modeling process. It is a function of the fracture length, and the parameter [image: image] has a large influence on the calculation results. Based on the field pumping tests conducted in well D16 and through water level fitting, the empirical relationship between the fracture aperture and length for the Gaoyuzhuang Formation was obtained: [image: image]
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