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Although the southern Qinshui Basin is the most successful area for coalbed methane (CBM) development in China, the production of CBM wells in different blocks in the area is significantly different. One of the key reasons is the difference in pore structure in various-ranked coal. In this study, No. 3 coal seam of Sihe and Zhaozhuang blocks in southern Qinshui Basin was selected as the research object to investigate the high rank coal pore fracture structure and its impact on reservoir characteristics. Mercury intrusion porosimetry (MIP), low-temperature liquid nitrogen adsorption (LTN2A), scanning electron microscopy (SEM), and isothermal adsorption tests were conducted. The results show that the Sihe No.3 coal seam was mainly composed of open cylindrical and flat pores with a high proportion of transition pores (10–100 nm), large specific surface area, good connectivity, strong adsorption capacity, high gas content, and reservoir energy. Zhaozhuang No.3 coal had high proportion of mesopores (100–1,000 nm), small specific surface area, poor pores connectivity, weak adsorption capacity, poor gas content, low reservoir energy, and critical desorption pressure. The proportion of cylindrical pores, parallel plate pores, and wedge-shaped pores closed at one end was high. The anomalies in pore morphology and pore structure characteristics of coal reservoir were the main factors that caused variation in gas production of No.3 coal seam in Sihe and Zhaozhuang blocks.
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INTRODUCTION
Coalbed methane (CBM) is the typical natural gas stored in the pores of gas reservoirs. The pore-fracture system of coal is not only the storage site for CBM, but also the gas migration channel (Tang et al., 2015; Zhao et al., 2016; Lau et al., 2017). Therefore, the pore-fracture structure of coal has an important impact on the adsorption/desorption capacity of CBM, which directly determines the gas content and development potential of coal reservoir (Li et al., 2017; Mou et al., 2021).
Many test methods are used to study the pore-fracture development characteristics, such as mercury intrusion porosimetry (MIP) (Debelak and Schrodt, 1979; Okolo et al., 2015; Sun et al., 2017; Ju et al., 2018; Gao et al., 2018), low temperature N2/CO2 adsorption (LTN2/CO2A) (Clarkson and Bustin, 1999; Wang et al., 2020; Yan et al., 2020; Mou et al., 2021; Pan et al., 2019), synchrotron small-angle X-ray scattering (SAXS) (Bale and Schmidt, 1984; Shi et al., 2018), small-angle neutron scattering (SANS) (Mastalerz and Oppel, 2012), low field nuclear magnetic resonance (NMR) (Yao et al., 2010; Yao and Liu, 2012; Yao et al., 2014), atomic force microscope (AFM) (Pan et al., 2015), micro focus X-ray computed tomography (MFX-CT) (Mazumder et al., 2006), scanning electron microscope (SEM) (Klaver et al., 2012), transmission electron microscopy (TEM) (Song et al., 2019), and field emission-scanning electron microscopy (FE-SEM). Many scholars have studied the pore-fracture structure characteristics of coal and obtained significant achievements. The structural characteristics of mesoporous fractures in high rank coal in Qinshui Basin were analyzed by low field NMR, CT reconstruction analysis, and SEM (Song et al., 2018).
Based on the analysis of the characteristics of pore-fracture in coal, the control mechanism of pore structure on CBM adsorption and desorption were discussed (Zhang et al., 2005; Meng et al., 2015; Ma et al., 2018; Xu et al., 2020). The influence of pores on CBM production was studied and discussed by conducting CBM production tests combined with the pore structure characterization of tectonic coal (Jiang et al., 2016).
The Sihe block and Zhaozhuang block of Jincheng mining area are located in the southeast Qinshui Basin, situated approximately 60 km apart. They have the same geological evolution history, simple structural development, and similar underground hydrogeological conditions (Lu et al., 2012; Shi et al., 2017; Xu et al., 2019). The coal seams of interest are No. 3 of Shanxi formation, and No. 9 and No. 15 of Taiyuan formation. The thickness of No. 3 coal in Sihe block is within the range of 3.4–8.7 m, with an average thickness of 6.2 m. While the thickness in Zhaozhuang block is within the range of 1.1–6.6 m, with an average thickness of 4.7 m., the No. 3 coal seam is anthracite and most of the burial depth is no more than 800 m. There is little difference in multiple geological factors. The CBM development technology and process are similar, but the gas production is significantly different. Taking the vertical well of No. 3 coal as an example, the average production of a single well in Sihe block is more than 1,500 m³/d, while the well in Zhaozhuang block is less than 300 m³/d.
Many factors affect the productivity of CBM wells which could be summarized into three categories: geological conditions (Zhang et al., 2017; Ni et al., 2016), reservoir conditions (Guo et al., 2018; Zhao et al., 2017), and engineering conditions (Jia et al., 2017; Wang et al., 2019). Geological conditions include geological evolution history, structural characteristics, burial depth, and hydrogeological characteristics (Song et al., 2005; Qin et al., 2008; Li et al., 2010; Zhao et al., 2012; Sun et al., 2014; Wang et al., 2014; Ji et al., 2018; Wang et al., 2018). Reservoir conditions include gas content, coal thickness, permeability, and coal mass structure characteristics (Zuo et al., 2011; Kang et al., 2017; Xu et al., 2019). Engineering conditions include drilling, cementing, fracturing, and drainage. Therefore, when the geological and engineering conditions are basically the same, the reservoir conditions may be the direct factor causing the difference in CBM production from the gas wells in the Sihe and Zhaozhuang blocks.
Micro-pores are the main storage sites of CBM and macro fractures are the migration channels. Micro fractures are the bridge between the micro-pores and the macro fractures (Fu et al., 2001). Therefore, the pore-fracture structure is the innate factor determining the reservoir conditions. In order to reveal the difference of reservoir conditions between Sihe and Zhaozhuang blocks, we used No. 3 coal seam as the research interest. Based on the micro scale development characteristics of pore fracture structure, the deep control mechanism of coal reservoir characteristics is analyzed which will provide guidance for CBM development in the southern Qinshui Basin.
SAMPLES AND EXPERIMENT METHODS
Experimental Samples
The samples used in this study were collected from No.3 coal seam of Sihe (SH) and Zhaozhuang (ZZ) blocks which are located in the southeast Qinshui Basin, China, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Location of the research area in Qinshui Basin, China.
Using SDLA618 proximate analyzer and referring to the China National Standards GB/T 212-2008 (Proximate analysis of coal), 100 g of air-dried base coal sample less than 0.2 mm (80 mesh) was used for proximate analysis. At the same time, the maximum vitrinite reflectivity (Ro, max) of samples was measured according to China National Standards GB/T 6948-2008 (Method of determining microscopically the reflectance of vitrinite in coal). The experimental results are listed in Table 1.
TABLE 1 | No.3 coal industry analysis results.
[image: Table 1]Experimental Work
Mercury Intrusion Porosimetry
Mercury intrusion porosimetry (MIP) uses external pressure to make mercury overcome surface tension into pores to measure the porosity of porous media. Analysis of mercury intrusion was carried out by Autopore Ⅳ 9505, which was an automatic mercury intrusion instrument produced by American Michael Instrument Company. Following China National Standards GB/T 21650.1-2008 (Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption—Part 1: Mercury porosimetry), samples with diameter of 2.5 cm and length of 2.2 cm were dried at 110°C for 4 h. The dried and degassed samples were used in the MIP test within the pressure up to 120 MPa.
Low Temperature Nitrogen Adsorption-Desorption
ASAP2020 automatic specific surface area (SSA) and porosity analyzer produced by American Michael Instrument Company was used in the experiment. The pore size analysis is within 0.35–500 nm (nitrogen adsorption). The isothermal adsorption/desorption line is obtained according to the isothermal adsorption principle of “static volumetric method”. Referring to Chinese Petroleum Industry Standard SY/T 6154-1995 (Determination of specific surface and pore size distribution of rocks—Static adsorption capacity method), the coal samples were pulverized to the particle size of 0.28–0.45 mm (40–60 mesh), where each sub-sample was 5–10 g. Before the test, samples were treated for 8 h at the temperature of 105°C to remove residual gases and moisture. The adsorption experiment was conducted after locating the samples into the analyzer and setting the testing pressure. SSA, pore diameter, and pore volume (PV) were automatically calculated through pre-selected models, including Brunauer–Emmett–Teller (BET) and Barret-Joyner-Halenda (BJH) (Brunauer et al., 1938; Li X et al., 2018; Zhang et al., 2021).
Scanning Electron Microscope
Using an EVO MA15 SEM produced by Carl Zeiss of Germany, 3 nm, 4 nm, 10 nm, and 20 nm microscopic image observation can be achieved under SE high vacuum mode, BSE variable pressure mode, 3 kV high vacuum mode, and 1 kV high vacuum mode, respectively. The magnification ranges from 5-1000000 times. The maximum sample height is 145 mm and the maximum sample diameter is 250 mm. Referring to Chinese Petroleum Industry Standard SY/T 5162-2014 (Analytical method of rock sample by SEM), and the pore-fracture characteristics were observed under SEM. The sub-samples with the size smaller than 1 cm × 1 cm × 1 cm were considered appropriate for testing. After polishing a smooth and flat surface, samples were fixed on the sample holders and sprayed with conductive film. Then, the samples were placed on the SEM stage and pore -fractures were observed under different magnifications.
Isotherm Adsorption Experiment
Following the China National Standards GB/T 474-2008 (Method for preparation of coal sample), the sub-samples were pulverized to the particle size between 60 and 80 mesh to perform methane adsorption isotherm experiments by using the Isotherm Adsorption/Desorption System ISO-300 (TerraTek Company, Inc., Utah, USA). The system working pressure and temperature could reach as high as 34.5 MPa and 100°C, respectively. For each sample, according to the China National Standards GB/T 19560-2008 (Experimental method of high-pressure isothermal adsorption to coal), 200 g of pulverized samples were prepared. Then, the samples were placed into the sample cell. The air-dried basis and dry ash-free basis of the samples were carried out. Isothermal adsorption characteristics of No. 3 coal in SH and ZZ blocks were tested under the same range of temperature and pressure. The experimental temperature was 20°C and the pressure range was 0–9 MPa.
RESULTS AND ANALYSIS
Mercury Intrusion Porosimetry Test Results
Two coal samples from the SH and ZZ blocks were selected for the MIP test. Before the test, porosity, permeability, and other parameters of the samples were measured. The basic sample parameters are listed in Table 2. The porosity and horizontal permeability from SH are higher than those from ZZ.
TABLE 2 | Basic parameters of No.3 coal sample.
[image: Table 2]The results of the MIP experiment are presented in Figure 2. The total mercury intake in the SH and ZZ blocks is not high, which reflects that micro/transition pores have developed in the blocks (Li CH et al., 2018). However, there are also obvious differences in mercury injection and ejection curves in the blocks.
[image: Figure 2]FIGURE 2 | Mercury saturation and capillary pressure curve of No. 3 coal seam.
The total mercury injection in SH is less than that in ZZ. Mercury injection and ejection curves in ZZ almost coincide when the pressure exceeds 10 MPa, while the curves in SH almost coincide until the pressure exceeds 30 MPa. The proportion of micro/transition pores in S is higher.
The hysteresis loop between advance and retreat mercury curves in SH is generally wide, and the hysteresis loop in ZZ is narrow. The large area of the hysteresis loop indicates that the samples are mainly dominated by the open pores with good connectivity. While the hysteresis loop is narrow, there are more semi-closed pores in the sample, and the connectivity of pores is poor, which are not relatively conducive to gas desorption, diffusion, and migration. For lower pressures, the mercury injection rate in SH samples is significantly greater than that in the ZZ samples, which further proves that the pore connectivity in SH sample is good.
Currently, two recommendation methods are often used to characterize pore size classification. One is provided by IUPAC, based on which the pore size distribution is characterized by micropores with the pore size less than 2 nm, mesopores with the pore size between 2 and 50 nm, and macropores with the pore size greater than 50 nm (International Union of Pure and Applied Chemistry, 1972). The other widely used classification is provided by Hodot in 1966, pore sizes are classified into micropores (<10 nm), transition pores (10–100 nm), mesopores (100–1,000 nm), and macropores (>1,000 nm) (Hodot, 1966). Based on the MIP data, the pore throat radius types and distribution characteristics of samples in two blocks are further analyzed, as presented in Figure 3.
[image: Figure 3]FIGURE 3 | Mercury intrusion pore size distribution of No.3 coal.
According to the Hodot classification scheme, micropores are gas adsorption sites, transition pores are gas diffusion space, mesopores constitute the space for slow gas seepage, and macropores are a strong gas seepage space. Micropores and transition pores are the main spaces for CBM adsorption and diffusion, while mesopores and macropores are the main channels for CBM seepage and migration.
It can be further concluded from Figure 3 that the largest proportion of pores in SH and ZZ are transition pores, followed by micropores and macropores. However, the proportion of transition pores in the SH sample is high, while the proportion of macropores in ZZ sample is relatively higher. Due to the poor pore connectivity of the ZZ samples, the original porosity and permeability in the ZZ sample are presented in Table 2 are generally lower than those in SH.
Low Temperature Nitrogen Adsorption-Desorption Test Results
MIP uses external force to inject mercury into pores to measure porosity. Therefore, MIP is more accurate for the measurement of macropores and the accuracy becomes less reliable for the measurement of nanopores. The nanopores are inaccessible by mercury, where mercury is only accessible for the pores with the size lager than 3 nm (Clarkson C.R.,2013). Under higher pressures, many pores will deform or collapse, resulting in deviation from the theoretical values and errors happen in the test results.
The LTN2A test has a relatively higher reliability in the measurement of nanopores. Therefore, it is necessary to comprehensively obtain the pore structure characteristics with the combination of the LTN2A method.
Pore Distribution Characteristics
According to the Hodot classification scheme, the pore distribution characteristics in the SH and ZZ blocks tested by the LTN2A method are listed in Table 3. The results show that the SSA (BET) in SH coal is obviously larger than that in ZZ. The pore size distribution characteristics of the two blocks are presented in Figure 4.
TABLE 3 | Porosity test results of No.3 coal seam.
[image: Table 3][image: Figure 4]FIGURE 4 | Pore size distribution of coal sample testing by LPN2A.
Pore diameter in SH is ‘centralized’ distribution, where most of them are transition pores (10–100 nm), accounting for about 60%, and the number of mesopores and micropores are relatively smaller. The pore diameter in the ZZ coal is dominated by transition pores and the mesopores are larger than 100 nm. The sum of the two accounts for more than 80%, while the proportion of micropores is less. Therefore, larger pore size is the main reason that the SSA in ZZ is much smaller than that in SH.
Pore Type Analysis
Based on the adsorption and coagulation theory, the separation of adsorption and desorption curves often occurs in the LTN2A, thus forming the adsorption loop. The size and morphology of the coal pores are different, resulting in great differences in the shape of LTN2A curves. Therefore, the shape of LTN2 adsorption loop could reflect certain pore structure characteristics (Li et al., 2003; Song et al., 2013; Zou et al., 2013). According to previous research results on adsorption-desorption curves (Yan and Zhang, 1979; Chen and Tang, 2001; Yao et al., 2006), combined with de Boer’s classification method of hysteresis loop shape (Boer J et al., 1964), the pore types are mainly classified into five categories (Chen and Tang, 2001): 1) cylindrical pores closed at one end, 2) cylindrical pores open at both ends, 3) parallel plate pores and wedge-shaped pores closed at one end, 4) parallel plate pores open at four sides, and 5) narrow-necked bottle pores. The adsorption and desorption curves of the pores from categories 1 and 3 overlap, which will not produce adsorption loops. The desorption curves of the pores from categories 2 and 4 are separated from the adsorption curves to form an adsorption loop. The pores from category 5 produce an adsorption loop, where there is a sharply declining inflection point in the loop. While open pores are conductive to gas desorption and diffusion, closed pores are not.
The LTN2A experimental results in the SH and ZZ blocks are presented in Figure 5. In the figure, P is the nitrogen partial pressure and P0 is the nitrogen saturated vapor pressure at the temperature of liquid nitrogen. There is an obvious hysteresis loop between the adsorption and desorption curve in SH coal sample. In the adsorption process, when the relative pressure is less than 0.1, the adsorption curve increases rapidly with the pressure increase. This is due to the nitrogen molecules filling in ultra-micropores and the monolayer adsorption process on the larger pore wall (Lin et al., 2016). Then, the curve rises gently and the adsorption curve does not begin to rise significantly until the relative pressure is greater than 0.9. This indicates that some cylindrical pores with one end closed or parallel-plate pores and wedge-shaped pores with one closed end are distributed. The distance between the adsorption and desorption curves is large, indicating that the pores in SH coal are mainly cylindrical small pores at both ends or parallel plate pores with four sides open. The change in desorption curve is very smooth. At higher relative pressures, the amount of desorbed gas decreases slowly, which means that the diameter of open pores is small. When the relative pressure drops to about 0.5, the desorption curve suddenly falls, which may be caused by the sudden evaporation and release of liquid nitrogen in the “ink bottle” pores. According to Kelvin equation (Eq. 1), the diameter of the “ink bottle” neck is calculated to be less than 3 nm. Therefore, the pore system in SH coal is complex. The pore morphology is mainly categories 2 and 4, and a small amount of categories 1 and 3, where the diameter of the pores is basically small.
[image: image]
Where, P/P0 is the relative pressure; γ is the liquid nitrogen surface tension, 8.85 × 10−3 N/m; Vm is the molar volume of liquid nitrogen, 34.65 × 10−4 m3; R denotes the general gas constant, 8.315 J/(K mol); r is the maximum pore radius of capillary condensation, nm; T is the temperature, 77.3 K; and φ denotes the contact angle equal to 0°.
[image: Figure 5]FIGURE 5 | Low temperature nitrogen adsorption-desorption curves.
ZZ coal also has an adsorption loop but the distance between the adsorption and desorption curves is close. The two curves almost coincide at a relative higher pressure, indicating that the cylindrical pores, parallel plate pores, or wedge-shaped pores closed at one end, account for a relatively high proportion. The adsorption curve rises steadily for the low pressures, indicating that the diameter of open pores is small. When the relative pressure is higher than 0.8, the adsorption curve increases obviously. When the relative pressure exceeds 0.9, the adsorption capacity increases sharply, and significant capillary condensation occurs, meaning the pore diameter is large. During desorption, as long as the pressure decreases slightly, the desorption capacity increases sharply and the capillary evaporation is obvious. This further indicates the existence of open cylindrical pores and flat pores with larger diameter. Subsequently, as the pressure drops, the desorption capacity also decreases slowly. When the relative pressure drops to 0.5, the desorption capacity suddenly falls, showing that a certain degree of “ink bottle” pores are also developed. Therefore, the pore system in ZZ coal is complex too. Although most of them are still open cylindrical and flat pores with large diameter, the proportion of cylindrical pores, parallel plate pores or wedge-shaped pores closed at one end is also high. A small number of impermeable bottle pores are developed.
Based on the above analysis, although the main pore types in the SH and ZZ coal are open cylindrical and flat pores, the open pore diameter in ZZ is generally large, and the proportion of cylindrical, parallel plate, or wedge-shaped pore closed at one end is significantly higher than that in SH. This leads to poor pore connectivity, which is not advantageous to the CBM desorption. This is also the main reason why the maximum adsorption volume in SH coal is 2.8–4.1 cm3/g, while that in ZZ coal is only 0.45–2.1 cm3/g. Results are basically consistent with the MIP test conclusion.
Scanning Electron Microscope Observation
In order to further investigate the differences of micro fractures and pores in SH and ZZ coal, samples were cut into 5 mm × 5 mm×5 mm size by wire cutting machine. Then, EVO MA15 SEM was used to observe the characteristics and connectivity of the pores and micro fissures. The scanning observation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Pore-fracture system development of coal seam by SEM observation.
Two obvious micro fractures are observed in SH coal, and the fractures are relatively straight with good connectivity between pores and fractures. However, the larger pores with diameter of 1 μm or more were less developed and distributed relatively sparsely. No obvious fractures were observed in the ZZ coal. There are many large pores with a pore diameter greater than 1 μm, but the connectivity between the macropores is poor. The scanning observation results further verified the analytical conclusions of MIP and LTN2A experiments.
DISCUSSION
Correlations Between Pore Structures and Isothermal Adsorption Characteristics
Isothermal adsorption experiments were carried out on the air-dried and dry ash-free SH and ZZ coal samples. The testing temperature was 20°C and the pressure range was within 0–9 MPa. The experimental results are presented in Figure 7. The methane adsorption amount of coal samples gradually increases with the increase of pressure which follows the Langmuir equation. Equation 2 is used to calculate the critical desorption pressure of the coal seam and the relevant adsorption parameters are listed in Table 4.
[image: image]
Where, Pcd is the critical desorption pressure, MPa;VA is the actual gas content,m3/t; pL is the Langmuir pressure, MPa; and VL is the Langmuir volume, m3/t.
[image: Figure 7]FIGURE 7 | Isothermal adsorption curves of NO.3 coal seam.
TABLE 4 | Isothermal adsorption parameters of No.3 coal seam.
[image: Table 4]The results show that the Langmuir volume of SH coal is significantly higher than that of ZZ coal. This indicates that the adsorption capacity of the SH coal is much larger, which is closely related to the large number of transition pores (10–100 nm) and micropores (<10 nm) distributed in SH coal. The smaller the pore, the larger the SSA, and the stronger the adsorption capacity (Ju et al., 2018). The coal seam has higher gas content and larger stored resources. The actual measured data also verify this. The SH No. 3 coal seam has a large amount of CBM resources which provides an energy basis for the long-term high production of CBM wells.
The Langmuir pressure of SH coal is also significantly higher than that of ZZ coal. The Langmuir pressure determines the isothermal adsorption curve slope of the low-pressure section and reflects the difficulty of gas adsorbing. The higher the Langmuir pressure, the easier the desorption of adsorbed gas in the coal seam. It takes more time to reach the gas production peak but the production capacity is relatively stable and lasts for a longer time. The smaller the Langmuir pressure, the easier the adsorption. In addition, the desorption efficiency for lower pressures is high. The coal reservoir has higher initial gas production but the continuous gas production time is relatively short.
The slope of isothermal adsorption curves of SH coal for lower pressures is significantly lower than that of ZZ coal, indicating that desorption rate is higher for SH coal. This is related to the pore type and good pore connectivity dominated by cylindrical pores open at both ends, or the parallel plate pores open at four sides. The slope of isothermal adsorption curves of ZZ coal is steep and the desorption of CBM is difficult, mainly because the proportion of cylindrical pores, parallel plate pores, or wedge-shaped pores closed at one end is high, which is not good for the desorption of CBM.
The relationship between the Langmuir volume (VL), SSA, and PV corresponding to different pore types in coal are shown in Figures 8, 9. Micropores in SH and ZZ coal have the most direct impact on VL. The greater the proportion of micropores in SSA and PV, the higher the VL. Therefore, the critical desorption pressure of ZZ coal is significantly lower than that of SH coal. In the initial stage of CBM well production, ZZ coal will achieve higher production in shorter time when the bottom-hole pressure drops below the critical desorption pressure, but the life of CBM wells is short. In the early production stage of SH coal, the gas desorbs slowly. However, due to its high critical desorption pressure, CBM wells can achieve long-term high production and life.
[image: Figure 8]FIGURE 8 | Relationships between SSA and VL of different pore size.
[image: Figure 9]FIGURE 9 | Relationships between PV and VL of different pore size.
Correlations Between Pore Structures and Gas Content Distribution Characteristics
Referring to the China National Standards GB/T 19559-2008 (Method of determining coalbed gas content), through the ground coring test of CBM wells, the gas content in two blocks were obtained by interpolation method, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Gas content of No.3 Coal Seam. (A) shie block. (B) Zhaozhuang block.
The results of gas content measurements from CBM wells show that the gas content of SH coal is 8–26 m³/t, and the gas content in the larger area is concentrated at 16–26 m³/t. The gas content of ZZ coal is 2–16 m³/t, and more than half of the area is 6–14 m³/t. The gas content in most areas of SH No. 3 coal seam is significantly higher than that of ZZ No. 3 coal seam. The main reason is that the proportion of transition pores (10–100 nm) is higher, the SSA is larger, the adsorption capacity of coal is stronger, and the gas content is higher in SH coal pore structure.
Correlations Between Pore Structures and Reservoir Pressure
The results of injection/fall off well test show that the reservoir pressure in both the Sihe and Zhaozhuang blocks is low, usually below 4 MPa, as listed in Table 5. The reservoir pressure gradient is also small, which is less than the hydrostatic pressure gradient. Both blocks belong to under-pressure reservoir. The SH reservoir pressure gradient is concentrated within the range of 0.3–0.5 MPa/hm, and the ZZ reservoir pressure gradient is concentrated within the range of 0.2–0.3 MPa/hm, as presented in Figure 11. SH No. 3 coal seam has a higher proportion of transition pores (10–100 nm), better connectivity, larger amount of CBM adsorption capacity, and therefore has relatively higher reservoir energy.
TABLE 5 | Reservoir pressure data of No.3 coal seam.
[image: Table 5][image: Figure 11]FIGURE 11 | Distribution of reservoir pressure gradient in No. 3 coal seam.
In summary, it is the differences in pore types and structural characteristics of coal reservoirs that lead to different adsorption and desorption capacities, resulting in great desorption difficulty in ZZ coal, low critical desorption pressure, small gas content and reservoir pressure gradient, weak reservoir energy, and short duration of gas production. In addition, the connectivity between pores is poor, which makes it difficult for the adsorbed gas far from the wellbore to desorb and migrate to the wellbore, and the life of CBM wells is short. On the contrary, SH coal has less difficulty in gas desorption, larger critical desorption pressure, higher gas content and reservoir pressure gradient, larger reservoir energy, and better pore connectivity. This could contribute to continuous desorption of gas far-field to migrate to the wellbore. Moreover, the high production duration and the life of CBM wells are longer. The wells in the SH block have higher production efficiency.
Regarding the pore structure and morphological characteristics of SH and ZZ coal, some scholars (Gao et al., 2017) had carried out corresponding research and discussed the difference in reservoir nitrogen adsorption. However, the difference in methane adsorption was not investigated. This study not only analyzed the difference in methane adsorption but also further discussed the impact of pore characteristics on key reservoir parameters, such as gas content and reservoir pressure. In essence, it revealed the underlying reasons for the significant difference in productivity of CBM wells in the two blocks.
CONCLUSIONS

1) SH coal has a high proportion of transition pores (10–100 nm), and the pore morphology is mainly open cylindrical pores and flat pores, with large SSA and good pore connectivity. The transition pores (10–100 nm) and mesopores (100–1,000 nm) are dominant in ZZ coal, with larger pore diameter and smaller SSA. The proportion of cylindrical, parallel plate and wedge-shaped pore closed at one end is high, and the pore connectivity is poor.
2) Micropores have a significant impact on the adsorption and desorption capacity of the reservoir. The larger the proportion of micropores, the higher the Langmuir volume (VL). The VL and Langmuir pressure (PL) of SH coal are significantly greater than those of ZZ coal. Moreover, the reservoir has a stronger adsorption energy, lower desorption difficulty, and higher critical desorption pressure.
3) The differences in pore types and structural characteristics have a significant impact on coal reservoir characteristics which affect the gas production efficiency of CBM wells. SH coal has more transition pores, stronger adsorption capacity, higher desorption rate, larger gas content, higher reservoir pressure, stronger formation energy, better pore connectivity, and higher gas production potential. ZZ coal has weaker adsorption capacity, lower formation energy, lower desorption rate, poorer pore connectivity, lower desorption rate in a large area, and poorer gas production capacity of CBM wells.
4) In the future for CBM development, different development technologies and processes should be selected according to the differences in reservoir characteristics in Qinshui Basin. For the reservoir similar to the ZZ block, the large-volume fracturing technology of horizontal well can be selected to connect the original pores and fractures to the maximum extent and increase pressure relief desorption area, so as to obtain ideal productivity. For the reservoir similar to SH block, different development technologies and processes can be flexibly selected according to topographical and geological conditions and investment.
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