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Development of horizontal wells is one of the important means to improve the well production of the tight gas reservoir and realize the effective development of tight gas. Based on abundant static and dynamic data of a large number of horizontal wells that have been put into operation, structure characteristics of a tight reservoir carried out, detailed geologic analysis of the effective reservoir drilled by horizontal wells, and development dynamic analysis, three effective reservoir lateral distribution modes of the block concentrated development mode, medium layer, and thin layer superimposed mode and thin layer isolated model mode are proposed and their adaptability to the horizontal well deployment is evaluated. The drilled reservoir is divided into three types: high-quality reservoir, suboptimal reservoir, and poor reservoir, and the quantitative classification standard is established. On this basis, the decline rule and the difference of horizontal well drilling in different quality reservoirs are discussed, and the quantitative evaluation standard of the horizontal well development effect is established. The initial decline rates of the three types of horizontal wells are 32.9%, 35%, and 40%, and the estimate ultimate recoveries (EURs) of three types of horizontal wells are 89 million cm3, 68 million cm3, and 31 million cm3, respectively. The results of this study provide technical support for the optimal deployment of new horizontal wells in the Sulige gas field and a reference for the development of horizontal wells in the same types of gas reservoirs.
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INTRODUCTION
The use of horizontal wells was originally proposed in 1928 and has been widely implemented in many countries since the 1980s. Currently, the United States and Canada are the two major countries with a large number of horizontal wells and a high technological level. Compared with vertical wells, horizontal wells can expand the seepage area in a fixed reservoir area, reduce the size of the drilling footage, and reduce material costs while ensuring production. This is currently one of the most effective means of increasing single well production and reducing the number of wells. The development and application of horizontal wells have greatly benefited the large-scale development of tight oil, tight gas, and shale gas.
Horizontal wells have been successfully used in the development of tight gas sandstone reservoirs around the world. Tight gas reservoirs are mainly sand bar-coastal plains and delta sedimentary systems, such as the Dakota and Pictured Cliffs gas reservoirs in the San Juan Basin. These reservoirs have a large effective thickness, stable effective reservoir distribution, and good connectivity and continuity. Moreover, the amount of fluvial sediment is relatively small. In comparison, the tight gas sandstone reservoirs in China are mostly fluvial sediment systems. For example, in the Sulige gas field in the Ordos Basin, the effective sandstone bodies are distributed in a lenticular form and are connected horizontally. Moreover, the sand body thickness is small (He et al., 2004; Jia et al., 2007). Due to the complex geological conditions and the limitations of horizontal well technology, the horizontal well development in the Sulige gas field underwent four stages: preliminary exploration (before 2010), scale production (2010–2013), rapid development (2014–2016), and stable development (2017 to present). With an increasing understanding of the geological conditions and the development of horizontal well technology, the overall development of horizontal wells has gradually improved. However, due to differences in the strata, reservoir quality, and structural characteristics of the different blocks, the results of the horizontal well implementation vary greatly. Under the situation where in the development of the gas field enrichment areas is prioritized, the quality of the remaining areas gradually decreases, and the outcome of horizontal well drilling needs to be further evaluated (Zhang et al., 2013; Lu et al., 2015; Guang et al., 2019).
Based on the static and dynamic data for a large number of horizontal wells that have been put into production, in this study, we focused on the detailed geological characteristics of the horizontal wells and the dynamic and static parameters in order to analyze the declining characteristics and differences in the horizontal wells in different reservoirs. Then, quantitative identification and classification standards were established, thereby providing technical support for the scale production and efficient development of the Sulige gas field and providing a reference for the development of horizontal wells in the same types of gas reservoirs in China.
STUDY AREA
The Sulige gas field is located in the middle section of the northern part of the Ordos Basin, with an exploration area of 5 × 104 km2 and a superimposed gas-bearing area of about 4 × 104 km2. The main gas-bearing strata are located in the Upper Paleozoic Permian He 8 member of the Shihezi Formation and the Shan 1 member of the Shanxi Formation (Well patterning filling strategy to, 2018; He et al., 2022) (Table 1). The proven reserves (including almost proven reserves) in the area are 4 × 1012 m3, the reservoir permeability ranges from 0.01 to 2.0 mD, and the porosity ranges from 2% to 14%. The area is a large-scale tight gas sandstone reservoir, and it currently has the largest scale natural gas reserves and the highest annual output in China.
TABLE 1 | Formation development situation of the Sulige gas field, Ordos gas field, and Ordos Basin.
[image: Table 1]BASIC GEOLOGICAL CHARACTERISTICS
Sedimentary facies
The Sulige gas field is 250 km long and 200 km wide (Li and Peng, 2007; Wen et al., 2007). The He 8 member of the Upper Paleozoic Lower Shihezi Formation is a gentle-slope braided river delta deposit, with a 0.2–1.0 km single-stage channel. The river channel has undergone repeated horizontal migration and vertical stacking, forming a large contiguous sandstone reservoir that is hundreds of kilometers long. The Shan 1 member of the Shanxi Formation is a low-curvature meandering river delta deposit. The channel and swamps are alternately distributed. The channel sand body extends for hundreds of kilometers. The single-stage channel width is 0.1–1.0 km, which is superimposed and extended on the plane.
A large amount of core analysis data has revealed that only the coarse facies such as coarse sandstone and gravel-bearing coarse sandstone in the gas field form effective reservoirs (Cheng et al., 2021). The coarse facies are mainly distributed in the core and the lower part of the channel filling microfacies, accounting for 35%–40% of the total thickness of the sandstone. The coarse facies in the core account for 25%–30%, and the coarse facies in the lower channel account for 10%.
Reservoir characteristics
The main strata in the gas field, i.e., the He 8 and Shan 1 members, have similar sandstone compositions. The types of sandstone are mainly lithic quartz sandstone and quartz sandstone, with a small amount of lithic sandstone (Zeng et al., 2022). The sandstone has a large grain size (0.2–1 mm) and is mainly composed of coarse sandstone, medium-coarse sandstone, and a small amount of gravel-bearing coarse sandstone and medium-fine sandstone. The reservoir has typical physical properties, i.e., low porosity and low permeability. The average porosity is 7.45% (range: 4%–12%) (Figure 1). The permeability exhibits a double peak characteristic (Figure 2), with primary and secondary peaks at 0.2 × 10−3 μm2 and 1 × 10−3 μm2, respectively. Generally, the physical properties of the He 8 member are better than those of the Shan 1 member (Fu et al., 2008).
[image: Figure 1]FIGURE 1 | Reservoir porosity distribution histogram for the Sulige gas field.
[image: Figure 2]FIGURE 2 | Reservoir permeability distribution histogram for the Sulige gas field.
FINE CHARACTERIZATION OF THE RESERVOIR SPATIAL STRUCTURE AND DEVELOPMENT OF THE CLASSIFICATION STANDARD
Due to the obvious zonal characteristics of the spatial development of braided river systems, there are large differences in the spatial structural characteristics of the different zones. The differences not only affect the quality of the reservoir but also the dynamic indicators of the gas wells, such as the open flow, decline rate, dynamic reserves, and control range. Based on the analysis of the effective reservoirs in a large number of horizontal wells, the factors influencing the reservoir quality were identified, and a reservoir quality classification standard was formulated to provide a reference for analyzing the suitability of the horizontal well development.
Reservoir structure modes
Based on the spatial distribution of the structural characteristics of the tight gas reservoirs, the well trajectory of the effective reservoirs, and the dynamic response, three horizontal reservoir distribution modes were established: the concentrated block development mode, the medium-thin strata overlay mode, and the isolated thin strata mode (Figure 3).
[image: Figure 3]FIGURE 3 | Horizontal well distribution pattern. (A) Concentrated block development mode. (B) Medium-thin strata overlay mode. (C) Isolated thin strata mode.
Characterization of the reservoir structure
The concentrated block development mode is mainly distributed in the main part of the superimposition zone of the braided river system, and it has the best hydrodynamic conditions. As can be seen from the typical section shown in Figure 4, the effective sand body of a single-stratum block with a large thickness has good horizontal continuity, the distribution of the geological reserves is relatively concentrated, the main stratum is prominent, and the lithology is pure medium-coarse sandstone. The effective sand body drilling success rate of this structural mode was 63.6% on average.
[image: Figure 4]FIGURE 4 | Typical section of a horizontal well in a class I reservoir.
The medium-thin strata overlay mode is mainly distributed in the lateral wings and the transition zone of the braided river system. The hydrodynamic conditions of these facies were fairly good. As can be seen from the typical section shown in Figure 5, the superimposition thickness of the sandstone is about 10 m. There are a number of effective sand bodies with varying thicknesses, and the horizontal continuity is good. The sandstone is finer than that of the block strata mode, and there is obvious sand–shale interbedding. The effective sand body drilling success rate was 50%–60% on average.
[image: Figure 5]FIGURE 5 | Typical section of a horizontal well in a class II reservoir.
The isolated thin strata mode is mainly distributed between the braided river systems. This facies had the weakest hydrodynamic conditions. There are obvious channel stages, and the horizontal continuity is poor. As can be seen from Figure 6, there is obvious sand–shale interbedding, and the effective sand bodies are thin and isolated. The grain size is fine, and the shale content is high. The effective sand body drilling success rate was less than 40%.
[image: Figure 6]FIGURE 6 | Typical section of a horizontal well in a class III reservoir.
Reservoir quality classification standard
Based on the spatial distribution of the structural characteristics of a large number of single horizontal wells and the dynamic and static indicators (Figures 7, 8), the reservoirs were classified into three types: high-quality reservoirs (Type I), sub-optimal reservoirs (Type II), and poor-quality reservoirs (Type III). The details of the classification standard are presented in Table 2.
[image: Figure 7]FIGURE 7 | Intersection diagram of effective thickness versus effective sand body length.
[image: Figure 8]FIGURE 8 | Intersection diagram of sand body drilling encounter rate effective sand body station encounter rate.
TABLE 2 | Classification standard for effective reservoir quality in horizontal wells drilled in the Sulige gas field.
[image: Table 2]Based on the reservoir quality classification standard, the dynamic and static indicators of the horizontal distribution patterns of the three types of reservoirs are significantly different, and there are also significant differences in terms of the adaptability of the horizontal wells. As the gas field development progressed, the high-energy superimposed channel zone located in the main part of the superimposition zone of the braided river system has been fully exploited, and the development has gradually shifted to the lateral wings and the transition zone of the river channel (Wang and Wang, 2014). The engineering practice of drilling horizontal wells has revealed that the fractured horizontal wells in the Sulige gas field generally do not have an obvious stable production period. The output of these wells was high but declined rapidly in the early stage of production, and the production was low with a slow decline in the late stages. However, there were large differences in the production and decline characteristics of the horizontal wells drilled in the different quality reservoirs. Through research on the decline characteristics and differences of the different quality reservoirs, a quantitative classification standard was established to help predict the production of new horizontal wells.
DIFFERENCES IN THE PRODUCTION DECLINE CHARACTERISTICS OF HORIZONTAL WELLS IN DIFFERENT QUALITY RESERVOIRS
Horizontal well seepage characteristics
Due to the poor physical properties and strong heterogeneity of the tight gas sandstone reservoirs, staged fracturing needed to be conducted after the completion of the horizontal wells in order to achieve high productivity and well-controlled reserves (Zeng et al., 2022). After staged fracturing of the horizontal wells, a composite reservoir was formed, which was composed of a high-permeability fracture reformed zone in the near-well area and a tight non-reformed zone in the far-well area (Clarkson, 2013). Figure 9 shows several flow conditions experienced by the staged fracturing horizontal well from the initiation of the production to become stabilized in the later stages. In the early stage of production, the formation fluid in contact with the fracture surface started to provide gas to the fractures, and the gas entered the well after it entered the fractures. Overall, this was a bilinear flow (BLF). As the flow in the fractures became quasi-stable, the pressure reduction everywhere in the fractures was the same, and the formation fluid steadily provided gas to the fractures, presenting a formation linear flow (FLF). As the pressure spread within the formation, each single fracture entered the formation radial flow (FRF) stage, and the fractures did not interfere with each other. When the interference became strong, the space between the fractures showed the characteristics of quasi-stable production in general and entered the second linear flow (SLF) stage. As the pressure continued to spread, the overall flow pattern of the horizontal well was similar to a single wide well; that is, the second radial flow (SRF) stage. The fracturing horizontal well reached a relatively stable state at this time. When the production reached the mid-to-late stage, the discharge range reached the well-control flow boundary, entering the last quasi-stable stage, and the rate of production decline gradually decreased (Cheng et al., 2021; PALACIO J CBLASINGAME, 2003) (Figure 7).
[image: Figure 9]FIGURE 9 | Schematic diagram of the formation pressure wave propagation for a multifractured horizontal well.
In this study, ARPS (Arps, 1945) decline curve analysis was used to study the production decline characteristics of the horizontal wells in the tight gas sandstone reservoirs. It is a simple method and only requires limited actual development data. However, the results of this method are only accurate after the gas well flow has entered the boundary control stage. Therefore, the key to the success of the ARPS analysis is to determine when the horizontal well has reached the pseudo-steady state stage.
According to the studies of Huo et al. (Huo, 2013) and the current development status of the Sulige gas field (reservoir permeability: 0.01–0.2 mD, average reservoir porosity: 8%), it was concluded that it takes less than 900 days to reach the pseudo-steady state stage. Therefore, in this study, the horizontal wells with a production time of more than 3 years were selected for ARPS decline curve analysis.
Production decline characteristics of horizontal wells
The development of horizontal wells in the Sulige gas field has lasted for over a decade, during which thousands of horizontal wells have been put into production. In this study, 685 horizontal wells were selected to analyze the production decline characteristics and differences of the horizontal wells in the different quality reservoirs. The inclusion criteria were as follows: 1) the production time was greater than 900 days; 2) the rate of well operation was >85%; and 3) the pressure drop was less than 0.02 Ma/d.
As can be seen from Figures 10, 11, the gas wells with various reservoir qualities had their respective productivity levels, and with a reasonable range of pressure drop, the gas well had continuous production capacity. The production volumes and pressures of the different wells exhibit similar trends. Specifically, the decline was rapid in the first year, and then, it gradually slowed down in the subsequent years. However, the decline characteristics of the gas wells in the different reservoirs were different.
[image: Figure 10]FIGURE 10 | Comparison of production of horizontal wells with three types of reservoir qualities.
[image: Figure 11]FIGURE 11 | Comparison of horizontal well pressure for three types of reservoir qualities.
Differences in the decline characteristics of horizontal wells in different quality reservoirs
The model established based on the ARPS production decline theory and the curve fitting method are currently used to analyze the decline characteristics of tight gas sandstone reservoirs. Production decline can be divided into three types: exponential decline, hyperbolic decline, and harmonic decline (Arps, 1945). The relationship between the production and decline rate is as follows:
[image: image]
where [image: image] and q is the production at any time in the declining stage (104 m3/month or 108 m3/a). qi is the initial production in the decline stage (104 m3/month or 108 m3/aaa0); Di is the initial instantaneous rate of decline when the decline begins (1/month or 1/a); D is the instantaneous decline rate (1/month or 1/a); and n is the decline index. In the above equation, n = 1 indicates harmonic decline, n = 0 indicates exponential decline, and 0 < n < 1 indicates hyperbolic decline. The smaller the value of n, the faster the decline occurs.
In actual field operations, due to unstable working conditions and large changes in the production difference of gas wells (Ilk et al., 2010), if the actual production curve was used to calculate the rate of decline, there would be noise and even negative values (Pratikno et al., 2003). Therefore, the production decline formula was used to fit the curve. The fitted curve is smooth, and the rate of decline calculated based on the fitted curve is more accurate (Figures 12–14).
[image: Figure 12]FIGURE 12 | Historical fitting curves of the production and cumulative production of horizontal wells with class I reservoir quality.
[image: Figure 13]FIGURE 13 | Historical fitting curves of the production and cumulative production of horizontal wells with class II reservoir quality.
[image: Figure 14]FIGURE 14 | Historical fitting curves of the production and cumulative production of the horizontal wells with class III reservoir quality.
It can be seen from Figure 15 that the production volumes of all three types of reservoirs began to decline after the horizontal wells were put into production, and there was no stable production stage. In the early stage of production decline, there was a difference between the different reservoirs in terms of the initial decline rate in Stage A, which was mainly caused by the differences in reserves near the well and around the fractures. Moreover, there were differences in the predicted well life and the cumulative gas production. The gas wells in Type I reservoirs had a production life of 18 years, and those in Type II and Type III reservoirs had a production life of 15 years. The main reasons for this difference were the increase in the pressure difference, the pressure decrease in the near-well zone, and the difference in the reserves of the surrounding reservoirs. In the late stage of production, the decline rate gradually decreased and became stable, leading to stable and low production for a long period of time.
[image: Figure 15]FIGURE 15 | Comparison of the annual production decline rate curves of the horizontal wells with three types of reservoir qualities.
Development of quantitative identification and classification standards
Based on the above decline characteristics and the differences in the horizontal wells drilled in the different quality reservoirs, a set of quantitative identification and evaluation criteria for the decline parameters of the horizontal wells in the Sulige gas field was established (Table 3). A quantitative classification standard was developed for the initial production rate, the initial annual decline rate, the average annual decline rate, the production life of the gas well, and the final estimated ultimate recovery (EUR). This standard can be used to systematically analyze and evaluate the horizontal wells in the tight gas sandstone reservoirs in the Sulige gas field, and it can also be used to predict the development of new horizontal wells.
TABLE 3 | Quantitative evaluation of the decline of the characteristic parameters of horizontal wells with different reservoir qualities.
[image: Table 3]CONCLUSIONS

1) Based on the spatial structural characteristics of tight gas reservoirs, the well trajectory of effective reservoirs, and the dynamic responses, three horizontal reservoir distribution modes were defined: the concentrated block development mode, medium-thin strata overlay mode, and isolated thin strata mode.
2) Based on the spatial distribution of the structural characteristics of a large number of single horizontal wells and the dynamic and static indicators, the reservoirs were classified into three types: high-quality reservoirs (Type I), sub-optimal reservoirs (Type II), and poor-quality reservoirs (Type III).
3) In view of the long time required for seepage to reach the boundary in tight gas sandstone reservoirs, based on the seepage theory, it was determined that it takes less than 3 years for the horizontal wells in the Sulige gas field to reach the pseudo-steady seepage stage.
4) Horizontal wells in the different quality reservoirs that were stable in terms of production and had a production time of more than 3 years were selected for analysis. The differences in the production decline characteristics of the wells were analyzed, and a quantitative classification standard for the characteristic decline parameters was established. This quantitative standard can be used to predict the development potential of new horizontal wells and guide the effective development of similar gas fields.
5) At present, the decline rate of the horizontal wells in use is high at the initial stage and gradually decreases in the middle and later stages. The decline rate of the gas well is closely related to the gas production rate. Especially for the tight sandstone gas reservoir, the flow in the well control area includes two aspects: the flow from the fracture network stimulation area to the wellbore and the flow from the matrix area to the fracture network stimulation area. In the later stage, the flow resistance in the matrix area is much greater than that in the fracture network area, and the gas supply capacity is limited, which cannot guarantee the stability of high production. Therefore, the higher gas production rate in the initial stage will cause a large decline rate. Therefore, the production pressure difference should be properly controlled, and the gas production rate and the decline of gas wells should be reduced to maintain the stable production of gas wells.
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