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The buried depth of the main coal beds in SLN Block is more than 1,500 m, and the gas content of the coal beds is high. However, the coal beds are generally in a high geostress environment, the permeability of the coal beds is generally low, and the development effect of conventional fractured straight wells is poor. Fractured horizontal well is an important technical means to improve the development effect of low permeability coalbed methane, but the investment cost is high. To reduce the investment risk of fractured horizontal wells, it is necessary to find out the gas production capacity and main control factors of the fractured horizontal wells, and determine the area suitable for the development of fractured horizontal wells. In the area with permeability higher than 0.28 md and gas content higher than 12.8 m3/t, the daily gas production capacity of fractured horizontal well is 16,450–21500 m3/d, and the development effect is good. The research results are of great significance to quickly evaluate the adaptability of fractured horizontal wells.
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1 INTRODUCTION
China has abundant deep coalbed methane (CBM) resources. The total resources of CBM buried between 1,000 and 2,000 m is approximately 22.4 × 1012 m3 (Luo et al., 2019; Xu et al., 2019). As of 2015, China has been developing CBM for more than 40 years, and 20,000 CBM wells have been drilled (Li et al., 2015; Mu et al., 2015; Yan et al., 2019). Due to the poor permeability of deep coal beds, the development effect of fracturing straight wells is not ideal (Fei et al., 2015; Cao et al., 2016; Ali et al., 2017; Su et al., 2018). How to improve the gas production is a major problem faced by China’s deep CBM development (Song et al., 2015; Sun et al., 2016; Fan et al., 2018). The horizontal well is a very important stimulation technology, which has the advantages of small well pad area, large discharge area, high gas production of single well, and quick capital recovery (Liu et al., 2018). According to whether the horizontal section of horizontal well is fractured, it can be divided into non-fractured horizontal well and fractured horizontal well (Hoang et al., 2008; Gentzis. 2009). Different types of horizontal wells have different geological adaptation conditions. In order to maximize the development benefit, it is necessary to evaluate the geological conditions suitable for fractured horizontal wells. Scholars at home and abroad have conducted a lot of research on coal seam permeability, gas content, coal seam thickness, isothermal adsorption performance, coal structure, structural characteristics and fault development (Laubach and Gale. 2006; Zou et al., 2018). Unfractured horizontal wells are applicable to high permeability and high gas bearing areas with simple structures and undeveloped faults, and fractured horizontal wells are applicable to medium low permeability and medium high gas bearing areas (Thararoop et al., 2012; Zhang et al., 2017). Predecessors’ research results are mainly concentrated in the shallow coal beds with a depth of 1,000 m, the geostress is relatively low, and the physical properties of the coal beds are relatively good (Zhang 2014). The burial depth of the coal beds in SLN Block is generally more than 1,500 m, the ground stress of the coal beds is generally high, and the physical properties are generally poor. Whether the geological adaptability of horizontal wells is the same as that of the middle and shallow parts needs further study. On the basis of previous research results, this paper uses numerical simulation method to study the gas production of fractured horizontal wells under different coal seam physical properties and thicknesses, and determines the geological conditions of deep coal beds suitable for fractured horizontal wells according to the gas production.
2 GEOLOGICAL OVERVIEW
2.1 Geological setting
The Ordos Basin is situated in central China and has an area of 25 × 104 km2, which is composed of six structural units (Figure 1): Yimeng uplift, Weibei uplift, Western edge thrusting belt, Jinxi flexural fold belt, Tianhuan depression, and Yishan slope. The SSN Block covers an area of about 975 km2, which is located in the southern area of Ordos Basin. It is adjacent to the Jinxi flexural fold belt in the middle north and Yishan slope in the West. Four main faults are developed in the area: Shilou East fault, Caocun fault, Caocun East fault, and Xixian East fault, forming six structural units, including Shilou anticline, Shilou East syncline, Caocun anticline, Caocun East syncline, Xixian anticline, and Xixian East syncline.
[image: Figure 1]FIGURE 1 | The location and geological setting of the SSN Block (revised from Tang et al., 2018), (A) and (B) are the geological structure map; (C) is the stratigraphic column.
2.2 Geological characteristics
The coal-bearing deposits of the basin are composed of Pennsylvanian, Permian, and Triassic. From bottom to top, there are Carboniferous Benxi Formation and Taiyuan Formation, Permian Shanxi Formation, Shihezi Formation and Shiqianfeng Formation. The block mainly develops five layers of coal beds, including No. 4 and No. 5 coal beds in the Shanxi Formation of Permian (P1s), No. 7, No. 8, and No. 9 coal beds in the Taiyuan Formation of upper Carboniferous (C3t). The No. 9 coal seam is the target stratum for the coalbed methane (CBM) development.
The thickness of the No. 9 coal seam ranges from 2.2 to 8.5 m, with a mean value of 5.6 m. The buried depth of No. 9 coal Seam is 1,300–2,000 m, with an average of 1,650 m. The buried depth of the No. 9 coal seam is gradually deepened from the South to the North, while the thickness shows a contradict changes trend. The vitrinite reflectance is 1.70%–2.20%, with an average of 1.93%. The coal rank is dominated by lean coal and lean coal. The coal seam gas content of Shanxi Formation is 14.0–28.9 m3/t, with an average of 16.8 m3/t; The gas saturation is 82.1%–97.6%, with an average of 92.6%. The coal seam gas content of Taiyuan Formation is 14.5–23.2 m3/t, with an average of 18.8 m3/t; Gas saturation is 68.2%–89.8%, with an average of 82.1%. The coal seam porosity is 1.79%–7.24%, with an average of 3.66%. The permeability of coal seams in this area varies greatly from 0.01 to 6.4 mD, which is not only affected by the change of coal seam burial depth, but also related to structural characteristics and coal quality.
3 GEOLOGICAL MODEL OF HORIZONTAL WELL
3.1 Simulation area and horizontal well model
The simulation area is 2,315 m × 2,235 m horizontal rectangular area (Figure 2A), the whole simulation area is divided into 49 × 51 grids. The 15th, 20th, 30th, 35th columns and the 25th, 26th, and 27th rows are densified grids, with grid sizes of 5 m × 50 m and 50 m × 5 m, other grid size is 50 m × 50 m. The grid permeability in line 26 is 0.005 mD, simulating the pollution zone around the wellbore.
[image: Figure 2]FIGURE 2 | Fractured horizontal well model. (A) fractured horizontal well model, (B) fluid flow model of horizontal wells.
The horizontal section of the horizontal well is 1,000 m long, located in the 26th row of the simulation area, and the midpoint of the horizontal section is located in the center of the simulation area. In the horizontal section, there are four pressure fractures with a length of 90 m and a half seam of 90° to the horizontal plane of the shaft, respectively in the 15th, 20th, 30th, and 35th columns. The fracture conductivity is 400 mD, and the fracture conductivity remains unchanged during drainage.
3.2 Initial and boundary conditions
According to the previous test data, the basic geological parameters of CBM in the model are respectively assigned as follows: the initial pressure of the coal bed is 14.85 MPa, the fracture porosity is 0.95%, the initial water saturation of the fracture is 100%, the coal seam density is 1.45 t/m3, and the compressibility coefficient is 4.50 × 10−6/KPa, diffusion coefficient 1.0 × 10-9 cm2/s, Langmuir pressure 2.64 MPa, Langmuir volume 30.2 m3/m3, and coal seam vertical depth 1,650 m (Table 1).
TABLE 1 | Basic parameters of coalbed methane reservoir.
[image: Table 1]4 GEOLOGICAL SUITABILITY EVALUATION OF HORIZONTAL WELL
Without considering the influence of engineering factors, the productivity of horizontal wells with gas pressure fractures in coal beds is mainly affected by three factors: single well controlled resources, seepage conditions and coal seam isothermal adsorption performance. As the adsorption performance of coal beds in the study area has little change, only single well control resources and seepage conditions need to be considered. The controlled resources of a single well are jointly affected by the gas content of the coal seam and the thickness of the coal seam. The seepage condition is the cleat fracture permeability of the coal seam.
4.1 Permeability
4.1.1 Gas production
When the simulated permeability is 0.3, 0.6, 0.9, and 1.2 mD, respectively, the fracturing horizontal well will discharge 3,000 days of gas production, coal seam pressure reduction effect, desorption gas volume and recovery factor. Permeability increased from 0.3mD to 1.2mD, and peak gas production increased from 16,450 m3/d to 21,500 m3/d (Figure 3A). From the shape of gas production curve, the higher the permeability is, the faster the gas production will decline after reaching the peak value. When the permeability is 0.3 mD, the gas production will be basically stable from the third year. When the permeability is>0.6 mD, the gas production will slowly increase from the third year. When the permeability increases from 0.3 to 1.2 mD, the cumulative gas production increases from 2,180 × 104 m3/d increased to 4,240 × 104 m3/d (Figure 3B).
[image: Figure 3]FIGURE 3 | Gas production curve under different permeability conditions. (A) Daily gas production curve, (B) Cumulative gas production curve.
There is a linear positive correlation between cumulative gas production and permeability, and the relationship between them is:
[image: image]
where, Q cumulative gas production, 104 m3; K permeability, mD.
4.1.2 Depressurization effect and recovery factor
Under the same production time, the higher the coal seam permeability is, the larger the desorption radius of coalbed methane is, and the lower the average coal seam pressure is. Taking 8 years of drainage as an example (Figure 4), the permeability increases from 0.3 to 1.2 mD, the desorption radius increases from 225 to 810 m, and the desorption area increases from 0.41 to 2.35 km2. The larger the coal seam desorption area is, the more free CBM is desorbed from the coal seam, which is more conducive to high and stable production of CBM horizontal wells. In the process of drainage and depressurization of coalbed methane horizontal wells, the higher the coal seam permeability is, the higher the pressure conductivity coefficient is, and the faster the pressure transmission is. Under the same pressure difference and production time conditions, the lower the average pressure of the coal seam is, the larger the drainage and depressurization area and desorption area are.
[image: Figure 4]FIGURE 4 | Plane distribution of coal seam pressure drop effect under different permeability conditions.
4.2 Gas content
The higher the coal seam gas content, the higher the coal seam gas saturation and desorption pressure, and the more conducive to the high production of coal seam gas wells. Other parameters remain unchanged, and the coal seam gas content is adjusted by adjusting the desorption pressure. The gas content is respectively 20, 16, 14, and 12 m3/t for simulation. The simulation results show that (Figure 5): the gas content increases from 12 to 20 m3/t, the peak gas production increases from 11,700 to 21,500 m3/d, and the total gas production increases from 2,018 × 104 m3 increased to 3,508 × 104 m3. It can be seen that the higher the gas content, the earlier the gas production time, the higher the peak gas production, and the higher the cumulative gas production in the same production time.
[image: Figure 5]FIGURE 5 | Variation curve of gas production with gas content. (A) daily gas production curve, (B) cumulative gas production.
The gas content and cumulative gas production meet the relationship.
[image: image]
In the formula, the gas content of Gc coal seam, m3/t.
The higher the coal seam gas content is, the earlier the coal seam desorption time is, and the smaller the area of discharge and pressure reduction before desorption. After desorption, the more coalbed methane is desorbed under the same pressure conditions, the higher the gas saturation in the coal seam barrier and the higher the relative permeability of the gas phase, which is not conducive to continuous drainage and depressurization. The lower the gas content, the lower the coal seam desorption pressure and the later the desorption time. After desorption, under the same pressure conditions, the smaller the amount of desorbed coalbed methane is, the lower the gas saturation in the coal seam bedding is, the higher the relative permeability of water phase is, and the greater the pressure conductivity coefficient is, which is more conducive to the pressure reduction of coal seam drainage, and the lower the average coal reservoir pressure. Therefore, although the drainage area of the coal seam is larger and the average pressure of the coal seam is lower under the condition of low gas content, the desorption radius is larger under the condition of high gas content, and the gas saturation of the coal seam partition is higher.
4.3 Coal seam thickness
When other geological parameters are the same, the thickness of coal seam is taken as 3, 4, 5, and 6 m, respectively for simulation. The simulation results show that the peak gas production, cumulative gas production and coal seam thickness are positively correlated.
When the thickness of the coal seam changes from 3 to 6 m, the peak gas production of the fractured horizontal well increases from 13,200 to 24,905 m3/d, and the cumulative gas production increases from 2,010 × 104 m3 increased to 4,180 × 104 m3.
The relationship between cumulative gas production and coal seam thickness.
[image: image]
In the formula, h is the coal seam thickness, m.
The greater the thickness of the coal seam, the more CBM can be desorbed from the coal seam under the same pressure drop conditions, and the higher the productivity of the CBM well (Figure 6; Figure 7).
[image: Figure 6]FIGURE 6 | Variation curve of gas production with coal thickness. (A) daily gas production curve, (B) cumulative gas production.
[image: Figure 7]FIGURE 7 | Variation curve of gas production with coal thickness.
4.4 Economic benefit evaluation
4.4.1 Economic benefit evaluation model
Economic benefit evaluation is the core content of horizontal well suitability evaluation. Economic evaluation indicators can be divided into two categories: first, investment value indicators, including net present value, cost limit, etc.; The second is the capital utilization efficiency index, including the rate of return, internal rate of return, etc. This paper mainly evaluates the economic feasibility of fracturing horizontal well development from two indicators: net present value and return on investment. If the net present value and return on investment of the first 8 years are greater than 0, fracturing horizontal well development technology can be adopted.
The calculation formula of NPV is:
[image: image]
CI refers to cash inflow, mainly including CBM sales revenue and financial subsidies; CO is cash outflow, including investment in horizontal well development, daily production and maintenance fees of horizontal well, and various taxes;
(CI − CO) is the net cash flow in year t, i benchmark discount rate; The calculation formula of return on investment is: 
[image: image]
NPM is the net rate of return. The higher the NPM, the higher the unit investment income.
4.4.2 Economic benefit evaluation
According to Formula 4 and Formula 5, respectively calculate the net present value and rate of return of fractured horizontal wells under the conditions of different permeability, gas content and coal seam thickness. When the permeability increases from 0.3 to 1.2 mD, the NPV increases from 11,000 yuan to 97,24,000 yuan. When the gas content increases from 12 m3/t to 20 m3/t, the net present value increases from −3,43,000 yuan to 75,78,000 yuan. When the coal seam thickness increases from 3 to 6 m, the net present value increases from −5,90,000 yuan to 1,03,50,000 yuan.
It can be seen that the geological conditions of CBM suitable for fracturing horizontal well development are: permeability >0.28 mD, gas content >12.8 m3/t, and coal seam thickness >3.1 m.
5 CONCLUSION

(1) The burial depth of coal beds in the study area is generally more than 1,500 m, which is characterized by high metamorphic degree, high gas content, high reservoir pressure and low permeability.
(2) The numerical simulation results show that the gas production of fractured horizontal wells is positively correlated with the permeability, gas content and thickness of coal beds: the higher the permeability, the higher the coal seam pressure conductivity coefficient, the better the coal seam pressure reduction effect and the larger the desorption radius after the same production time; The higher the gas content is, the earlier the coal seam desorption time is. After the same production time, the higher the average pressure of the coal seam is, the larger the desorption radius is;
(3) Combined with the economic benefit evaluation model, it is found that the lower limit of geological conditions suitable for the development of fracturing horizontal wells is: permeability >0.28 mD, gas content >12.8 m3/t, and coal seam thickness >3.1 m.
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