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Abstract

:

The research on the deep coalbed methane (CBM) in the Ordos Basin is mostly concentrated on the eastern margin of the basin. The geological resources of the Benxi Formation in the Yulin area, located in the central-eastern part, cover 15,000 × 108 m3, indicating enormous resource potential. However, the characteristics of the reservoir distribution and the favorable areas are not yet clear. This research comprehensively performed data logging, coal rock experiments, and core observations to identify the geological characteristics of the #8 coal seam, using a multi-level fuzzy mathematics method to evaluate the favorable area. The results indicate the following: (1) The thickness of the #8 coal in the Yulin Block ranges from 2.20 m to 11.37 m, with depths of between 2285.72 m and 3282.98 m, and it is mainly underlain by mudstone; the gas content ranges from 9.74 m3/t to 23.38 m3/t, showing a northwest–low and southeast–high trend. The overall area contains low-permeability reservoirs, with a prevalence of primary structural coal. (2) A multi-level evaluation system for deep CBM was established, dividing the Yulin Block into three types of favorable areas. This block features a wide range of Type I favorable areas, concentrated in the central-eastern, northern, and southwestern parts; Type II areas are closely distributed around the edges of Type I areas. The subsequent development process should prioritize the central-eastern part of the study area. The evaluation system established provides a reference for selecting favorable areas for deep CBM and offers theoretical guidance for targeted exploration and development in the Yulin area.
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1. Introduction


Deep coalbed methane (CBM) has become a key focus in China to achieve substantial future increases in natural gas reserves and production. China’s CBM resources at depths of 2000 m and below are estimated to total 40.71 × 1012 m3 [1], indicating enormous resource potential. The deep CBM resources in the Ordos Basin are estimated to exceed 20 × 1012 m3 [2], featuring a wide range of coal-bearing areas and burial depth variations. Scholars have also conducted various degrees of research on deep CBM in the Ordos Basin. Li et al. [3] found that the deep CBM in the Daning–Jixian Block exhibits the characteristics of “extensive hydrocarbon generation, high gas content, high saturation, high pressure bound free gas and adsorption gas coexistence”. Xu et al. [2] further clarified the evolutionary laws of deep CBM accumulation based on this and proposed three accumulation models. With further theoretical research on the mechanisms of deep CBM storage, the process of methane accumulation and the laws governing differentiated enrichment, coupled with the continuous optimization of deep CBM extraction techniques, new breakthroughs [2,4,5] have also been achieved with pioneering exploration and development experiments. Among these, well JS14-5Ping02 in the Daning–Jixian Block has achieved a gas production total of 2800 × 104 m3 within 358 days of production [4], making it the highest-producing well for deep CBM in China, and it continues to maintain stable production rates.



However, previous studies have mostly focused on the eastern margin of the basin [6,7,8,9,10,11,12], including areas such as Daning–Jixian, Yanchuan, and Linxing–Shenfu. However, different deep CBM fields exhibit varying enrichment laws and levels of exploration potential; currently, research on the deep CBM in the central-eastern part of the Ordos Basin, especially in the Benxi Formation, is relatively scarce. Zhao et al. [13] pointed out that the Benxi Formation’s coal resources in the Ordos Basin are abundant, with favorable enrichment conditions, estimating that the CBM resources in the Benxi Formation buried deeper than 2000 m exceed 12.33 × 1012 m3. Among them, the Yulin Block was found to contain Class I favorable areas, with its geological resources reaching 15,000 × 108 m3. This indicates that the Yulin area has great resource potential; however, due to being in the early stage of the exploration and development of deep CBM and due to the unclear reservoir characteristics and enrichment storage laws, it is imperative to clarify the distribution characteristics of the deep CBM reservoirs in this area, as well as the enrichment mechanisms. Further in-depth evaluations of the favorable areas in the Yulin area will provide theoretical support for further exploration and development efforts.



In selecting favorable areas for coal reservoirs, scholars from both domestic and international backgrounds are continuously deepening their research on parameter selection principles and methods. There are numerous factors influencing the geological selection of CBM areas, making the analysis and selection of the parameters for favorable areas particularly crucial. With the deepening of CBM research, the evaluation parameter indicators continue to become more complex [14,15,16,17]. Various parameters such as tectonic movement, CBM accumulation characteristics, and hydrogeological conditions are continuously added to the evaluation indicator system. Although different parameters can be selected, a consensus has been reached on important indicators such as the gas content and permeability. With the introduction of mathematical methods [18,19,20], more effective methods have been provided for the quantitative characterization of the selected areas. Currently, the mathematical methods used in CBM area selection include fuzzy mathematics, grey theory methods, and Monte Carlo methods. Among them, multi-level fuzzy mathematics methods can be used to comprehensively evaluate the parameters and establish evaluation functions. On the other hand, by considering different reservoir conditions, experts have gradually refined the optimal selection processes of geologically favorable areas into multi-stage and multi-classification methods [14,21]. These methods have been successfully applied in the division of favorable areas for low- and medium-rank CBM in the Ordos Basin. Li et al. [22] used a fuzzy mathematics comprehensive evaluation method to predict that Wubu–Liulin belongs to the favorable area on the eastern edge of the Ordos Basin.



However, the current division system for favorable areas mostly focuses on shallow CBM [7,16,23,24,25], and even the studies performing deep CBM reservoir evaluations have used relatively generalized selection methods for the evaluation indicators and system establishment process. Due to the significant differences in the geological characteristics between deep CBM and mid-to-shallow CBM, the classification process is not only about the depth, but also about various distinct geological features. Regarding the selection of favorable areas for deep CBM in the Benxi Formation of the Yulin Block, due to its “one deep, ten high” characteristics [13], there is a need for the further discussion and validation of how parameter indicators can be scientifically established for deep coalbed reservoirs with characteristics such as deep burial areas, high coal ranks, high temperatures, and high pressure levels, and whether traditional geological zoning methods such as multi-level fuzzy analysis approaches are equally applicable.



In conclusion, this study comprehensively utilized core observation, logging, drilling, and coal rock testing data to systematically conduct a large amount of basic research on the #8 coal seam, which is the main coal seam of the Benxi Formation in the central-eastern part of the Ordos Basin. Based on an in-depth analysis of the reservoir characteristics of the deep CBM in the Yulin area, a comprehensive geological feature evaluation system suitable for the #8 coal in the study area was established by combining a multi-level analysis with fuzzy mathematics, aiming to analyze and demonstrate favorable areas for early development and to provide theoretical guidance for the deployment of exploration and engineering technologies for deep CBM in the Yulin area, thereby allowing the further efficient development of deep CBM in the central-eastern part of the basin.




2. Geological Background


The Yulin Block is located in the mid-eastern area of the Ordos Basin (Figure 1), within the territories of the Shaanxi and Shanxi Provinces. Tectonically, it belongs to the eastern part of the Yishan slope of the Ordos Basin [26], involving monoclinic tectonics with a NNE trend. The overall geological structure of the block is simple, with fewer fractures and folds in the area, and its geological activities are relatively stable.



The sedimentary formations [13] that have developed, from bottom to top, in the study area are the Benxi Formation of the Carboniferous system and the Taiyuan and Shanxi Formations of the Permian system, with the sedimentary environment transitioning from marine–continental interactions to continental. The Shanxi Formation includes the development of #1–#5 coal seams, interspersed with sandstone and mudstone. The Taiyuan Formation mainly comprises #6, #6lower, #7, and #8upper coal seams, distributed between the sandstone of the Shanxi Formation base and the limestone of the Taiyuan Formation. The top of the Benxi Formation consists of limestone and iron–aluminum rock, covering the Majiagou top unconformity surface. The Benxi Formation includes the development of #8, #9, and #10 coal seams, with the top #8 coal seam being the most stable in distribution across the entire area; this is located above the limestone of the Benxi Formation and below the limestone of the Taiyuan Formation. The thicknesses range from 2 to 22 m, with the local thickness exceeding 15 m; meanwhile, the depths range from 2000 to 3200 m. The deep CBM exploration and development potential is the greatest, serving as the target layer for this study.




3. Databases and Methods


3.1. Data Collection


3.1.1. Logging Data


In this study, a total of 69 wells were selected to collect logging data for the Benxi Formation, including acoustic (AC), density (DEN), compensated neutron logging (CNL), natural gamma ray (GR), spontaneous potential (SP), deep investigate double lateral resistivity logging (RLLD), and shallow investigate double lateral resistivity logging (RLLS) curves. The coal seam burial depth, thickness, and other data can be directly obtained from the logging curves.




3.1.2. Gas Content Test Data


In this study, based on Chinese National Standards GB/T 19559-2021 [27], on-site gas content tests were conducted on five wells (J27, J42, J48, J49, J50) at different locations in the study area. Wells J42 and J48 were tested using pressure-retained cores, while the remaining three wells were tested using sealed cores. The gas content testing of coal rock is conducted by extracting coal rock cores from the core retrieval vessel and placing them in a desorption vessel, where the desorbed gas content is measured using a graduated cylinder or a flowmeter in a constant-temperature water bath at 70 °C. When the desorbed gas content is less than 10 mL continuously for seven days, the desorption vessel is opened and the residual gas content is calculated by pulverizing the rock core using a ball mill. It is important to note that pressure-retained core retrieval involves measuring the gas volume in the core retrieval vessel using a flowmeter before opening it, while the conventional and sealed-core retrieval methods use the USBM method to calculate the lost gas quantity, thereby obtaining the total gas content of the coal rock. Some of the sample test results are shown in Table 1. The final average gas contents were as follows: J27 well—20.18 m3/t; J42 well—23.38 m3/t; J48 well—9.98 m3/t; J49 well—18.72 m3/t; and J50 well—13.39 m3/t.




3.1.3. Vitrinite Reflectance Test Data


The reflectance of vitrinite in this study refers to the maximum vitrinite reflectance. The acquisition of the maximum vitrinite reflectance (Ro,max) value is based on the Chinese National Standards GB/T 6948-2008 [28] experimental standard, where under white light, a photometer system is used in an oil immersion apparatus to observe polished coal rock that is magnified 500 times for petrological observations (500 points) and then to obtain the average value. In this way, on-site vitrinite reflectance tests were conducted on nine wells at different locations. The results are shown in Table 2.




3.1.4. Core Observation Record


A total of 7 wells (J10, J27, J31, J39, J42, J43, J51) were selected for on-site core observations. Through core observations, the coal structure of each well section could be clearly understood, and combined with logging interpretation data, a comprehensive coal structure prediction model was established for the entire area.





3.2. Multi-Level Fuzzy Comprehensive Evaluation Method


Multi-level fuzzy comprehensive evaluation is a method used to transform a qualitative analysis into a quantitative analysis [24], which can be used to reflect the different levels between the elements of objective things with the aim of solving the evaluation problems of the multi-level and multi-index systems. This method divides the evaluation factors into different categories according to the relevant attributes, and the membership function is established in this way. According to the ordering from low to high, the results of the bottom evaluation indexes are used as the fuzzy relation matrix of the upper level, then the weight assignment of the upper layer index is calculated until reaching the highest level; finally, the quantitative evaluation results of the whole system are obtained. Based on the geological overview of the #8 coal seam in the Yulin area, the establishment of this evaluation system can be divided into the below four steps.



	(a)

	
Determination of the influence factor set of the evaluation object







The objective of this study was to evaluate the comprehensive geological characteristics of the reservoir and select favorable exploration and development areas. Therefore, comprehensive reservoir evaluation index A was defined as the first-level evaluation system, representing the exploration and development potential of the deep CBM in this block. A higher value of A indicates better geological conditions, greater potential for deep CBM retrieval, and stronger production prospects. The development and utilization of deep CBM resources depend not only on the geological resource conditions, but also on the closely related development conditions. Based on the comprehensive study [23,29,30] of previously used area evaluation index systems, the secondary evaluation indexes of this system focused on the resource conditions (A1), preservation conditions (A2), and development conditions (A3). Additionally, considering key geological features such as the large burial depth, the thicknesses of the coal seams, and the relatively complete coal structure in the #8 coal reservoir in the Yulin area, while referring to Chinese National Standards NB/T 10013-2014 [31], a total of 7 key indexes were selected as the third-level evaluation indexes used in this study. The vitrinite reflectance (A11), gas content (A12), and coal thickness (A13) affect the CBM resource conditions in different ways, while the burial depth (A21) and roof lithology (A22) ensure that the conditions are preserved for the CBM. The coal structure index (A31) and coal seam permeability (A32) are two key indexes used to ensure CBM extraction. The evaluation index system for the Yulin Block was established based on these factors (Table 3).



	(b)

	
Determination of the weight of each evaluation index







After establishing the hierarchy, based on the two major principles of the objectivity and specificity of the evaluation subjects, a judging matrix was constructed by using a pairwise comparison of the indexes at the same level [30]. Combined with the basic geological overview of the study area, in order to better distinguish their importance, in this study, the scale of 0 to 5 was used to assign importance coefficients. The value range is shown in Table 4. MATLAB was used to calculate the maximum characteristic root and the corresponding characteristic vector, and after normalization, the relative weight coefficients of each index were obtained (Table 5).



In order to ensure the objectivity and rationality of the calculation results, in this study, the consistency test proposed by Saaty T.L. [32] was adopted:


  C . I . = (   λ   m a x   − n ) / ( n − 1 )  



(1)






  C . R . = C . I . / R . I .  



(2)




where   n   represents the order of the matrix;   R . I .   is the mean random consistency index, which can be directly obtained by referencing the table;   C . I .   is the consistency index; and   C . R .   is the random consistency ratio. When   C . R .   < 10%, this indicates that the results of the judging matrix exhibit acceptable consistency and pass the test.



After testing, the random consistency ratios of the four judging matrices in the study area were all 0%. The test confirmed that the results could be used for block selection. Using this method, the weights of various evaluation indexes in the Yulin area were calculated (Table 6). The calculation results showed that the gas content was the most important influencing factor among the many evaluation indexes, with a weight of 0.301. The roof lithology was the least important factor affecting the coalbed gas preservation conditions, with a weight of 0.053.



	(c)

	
Determination of the degree of affiliation of each influence index







The determination of the degree of affiliation makes the evaluation approach quantitative [33]. A higher value is more favorable for the selection process. In this study, the fuzzy statistical method was used to determine these values. In Section 4.2, this article details the degree of affiliation for each evaluation index. The degree of affiliation for each index is also shown in Table 7.



	(d)

	
The comprehensive evaluation results







Based on the weight and degree of affiliation for each main control index, all wells in the study area were scored; that is, the comprehensive evaluation index A values were determined. According to the score results, the difference mapping was carried out and the favorable area containing #8 deep coal reservoirs in Yulin Block was divided.





4. Results and Discussions


4.1. Evaluation Indexes


4.1.1. Burial Depth


The burial depth plays a key role in the preservation of CBM. With an increase in burial depth, the thickness of the overlying strata increases continuously. When the vertical stress of the overlying strata is greater than the horizontal stress, the state of the in situ stress is transformed and the horizontal principal stress difference decreases [34]. In this situation, the coal seam is compressed over three axes and the fissure tends to close, which is conducive to the preservation of the CBM. In addition, the change in the coal seam burial depth leads to dynamic changes in the coal reservoir temperature and pressure. The pressure and temperature are the key factors controlling the adsorption and desorption of CBM [35]. Therefore, the controlling function of the buried depth of the coal seam on the CBM is reflected in its influence on the storage of CBM. The No. 8 coal reservoir in the Yulin Block is deep CBM. The temperature of the deep CBM reservoir plays a dominant role in the adsorption of CBM, and the adsorption of methane in the coal bed decreases with increases in temperature. When exceeding a certain critical depth, the adsorbed gas in the coal seam is converted to free gas, causing a reduction in the CBM content. Therefore, for the deep CBM in this study area, a shallower burial depth provides a greater CBM content and is more conducive to gas preservation.



The burial depths of the No. 8 coal seam in the study area range from 2285.72 m to 3282.97 m, with an average of 2852.56 m. The distribution characteristics of the coal seam are related to the geological structure. The Yulin Block is located in the eastern part of the Yishan slope, while the western part is in the West Shanxi flexure zone, with the structure showing a trend of being high in the west and low in the east (Figure 2). The No. 8 coal seam is deeply affected by this geological structure, and the overall burial depth gradually becomes shallower from west to east, with a maximum depth of 3300 m in the southwest.




4.1.2. Coal Roof Lithology


The coal roof lithology is an important condition that affects the sealing ability of the cover and the preservation of the CBM. The nature of the top plate determines its ability to preserve the CBM. If the roof has good sealing abilities, it can effectively slow down the vertical dissipation of the CBM [8]. Similarly, a poorly sealed roof will have a weak fluid-sealing ability and the gas will easily dissipate outward, resulting in the destruction of the CBM reservoir. It is believed that compared with sandstone, which has a loose structure, large pores, and good permeability, mudstone has a relatively dense structure, a high argillaceous content, small pores, and poor permeability with a good capacity for closure, which is more favorable to the preservation of CBM. In addition, the greater the thickness of the coal seam roof, the stronger the inhibition effect on the vertical escape of CBM, which is conducive to the enrichment of the CBM. The stronger the toughness of the roof, the smaller the fracture produced by the tectonic effect and the more favorable this is to the storage of CBM. The sealing ability levels of the different coal seam roof types, in order from strongest to weakest, are oil–shale, mudstone, limestone, interbedded mudstone–siltstone, fine sandstone, and sandstone [36].



According to the J39-J10 gas reservoir profile chart of the study area (Figure 3), the gas content of CBM will be higher when the roof of coal seam comprises mudstone and limestone; the thicker the coal seam, the higher the gas content. However, when there is more sandstone above and below the coal seam, the gas content of the coal seam will be relatively low. The CBM is also distributed in the lower sandstone layer, indicating that some CBM will migrate downward to the lower sandstone in a free state. In conclusion, mudstone and limestone roofs are more conducive to the preservation of CBM, while sandstone roofs have a poorer sealing ability, leading to the phenomenon of CBM diffusion and migration.



Logging and lithology data were collected for 69 wells in the study area; among these, 12 wells have sandstone roofs, 18 wells have limestone roofs, and 39 wells have mudstone roofs. The thicknesses of the roofs range from 0.44 m to 11.29 m, with an average thickness of 4.26 m. The roofs are thicker in the middle of the study area. According to these development characteristics, the lithology map of the coal seam roof in the study area was drawn (Figure 4). The related figure shows that a large part of the mudstone roof developed in the Yulin Block, which corresponds directly to the characteristics of the study area being dominated by mud flat deposition. The sandstone roof is concentrated in the middle of the study area, while the limestone roof developed sporadically, making the overall sealing capacity of the study area strong.




4.1.3. Coal Seam Thickness


The coal seam thickness is the basic measure of coal reservoir resources. Together with the gas content, it determines the accumulation of CBM reserves. A positive correlation exists between the coal seam thickness and the gas production potential. The content of organic matter in coal increases with the thickness of the coal seam, meaning a greater amount of gas is generated [37]. On the other hand, if a coal seam of the same coal rank is not as influenced by the tectonic structure, then the thickness will be greater, the gas content will be higher, and the resource conditions will be better [38]. In addition, the coal seam itself can also be used as a low-permeability tight rock layer, which can prevent the diffusion of CBM to the roof and floor to a certain extent. Meanwhile, the thicker the coal seam, the longer the diffusion path of CBM to the roof and floor, and the more difficult it is for it to escape, which will further improve the gas content of the reservoir.



To better study the distribution characteristics of coal seams, in this research, based on the distribution of well locations across the entire area, two cross-sectional profiles of sedimentary facies of the Benxi Formation in both the north–south and east–west directions were created; the sedimentary profile J28–J54 runs in the east–west direction (Figure 5), while J6–J51 runs in the north–south direction (Figure 6). Overall, the coal seams in the Benxi Formation are consistently developed and stable, primarily occurring within the sedimentary microfacies at the top of lagoons. The dominant sedimentary microfacies is mudflat, which serves as a favorable coal seam floor. Additionally, multiple thick sand dams have developed over different periods, with relatively poor lateral sand body connectivity.



According to the logging data, the No. 8 coal seam of the Benxi Group in the Yulin Block was statistically calculated, with thicknesses ranging from 2.20 m to 11.37 m and an average coal thickness of 6.60 m. It can be seen from the contour diagram of the coal thicknesses that the coal is thin in the middle and thick around the periphery (Figure 7). A large area of thick coal seams has developed in the southeast part of the study area (near wells J43, J41, and J13), with great horizontal continuity; this is conducive to the enrichment of deep CBM. By analyzing the continuous well profiles, it could be concluded that the sedimentary environment in the southeastern region mainly comprises lagoons, while the areas with thin coal seams are mostly in mudflat environments, indicating that the scale of coal reservoir development is closely related to the sedimentary environment, while the thicknesses of the coal seams in the different depositional environments vary significantly [39]. In the Yulin area, it is more likely for thick coal seams to form in the lagoon environment, with large contents of organic matter and a high rate of gas production [40,41]. On the whole, most of the areas in the study region have favorable basic resource conditions for CBM development.




4.1.4. Gas Content


The coal seam gas content is one of the pivotal parameters for characterizing the enrichment of CBM resources, which is the main controlling factor used to determine whether CBM wells can produce high yields or not [42]. It is coupled with the permeability, coal seam thickness, and other parameters to measure the gas production potential of the CBM [43]. Generally speaking, the higher the gas content of the coal reservoir, the greater the production capacity of the CBM wells and the more valuable they are for development. Coring test data were available for only five wells in the study area, so the linear regression analysis technique was used to predict the gas contents of the deep coal seams across the whole area. This method has high reliability in predicting the gas contents of coal seams in the same tectonic unit when they are of a similar coal rank and burial depth.



Combined with the petrophysical properties of the No. 8 coal reservoir, the measured gas content data for the five wells in the study area were selected (taking the J42 well as the prediction validation well) and Pearson’s correlation coefficient was used to analyze and optimize the logging curves. Finally, the four factors with high correlation were identified as DEN, GR, RLLD, and RLLS. On this basis, the regression equation for the coal seam gas content, coal quality parameters, and response values of the logging was set up to construct the prediction model of the gas content of Yulin Block No. 8 coal:


   GAS =  − 21.48 × DEN − 0.022 × GR − 1.48 ×  Lg   ( RLLD ) + 3.97  ×  Lg   ( RLLS ) + 41.59     



(3)







After testing, the absolute error of the gas content prediction model was 1.52 m3/t on average and the relative error was 10.85% on average. The absolute error range of the prediction verification well J42 was 0.65–1.54 m3/t and the relative error range was 2.04–6.22%; R2 is 0.75. The constructed model showed certain rationality, from which the contour diagram of the gas content across the whole area was derived (Figure 8).



From the prediction model, it can be seen that the gas content range of the No. 8 coal seam in the study area is 9.74–23.38 m3/t, with an average of 16.42 m3/t. The overall trend is low in the northwest and high in the southeast, and the planar heterogeneity of the gas contents in the block is obvious (Figure 9). There are 35 wells with gas contents above 15 m3/t, accounting for 51% of the total number of wells, which are mostly distributed in the southeast of the study area. The gas content of the deep coal seams in the area where J40 and J42 are located is as high as 20 m3/t, corresponding to the thickness of the coal seams and the large content of organic matter.




4.1.5. Vitrinite Reflectance


The vitrinite reflectance is the most important index of organic maturity and is closely related to diagenesis [44]; the deeper the thermal metamorphism, the greater the vitrinite reflectance. In the biochemistry pyrolysis gas stage, the vitrinite reflectivity is low (less than 0.5%). As the burial depth gradually changes, in the thermal catalytic oil and gas generation stage and the thermal cracking and condensation gas generation stage, the vitrinite reflectivity as a depth function increases rapidly, from about 0.5% to 2.0%, and continues to increase in the deep high-temperature gas generation stage [45]. On the other hand, the coal rank controls the changing pore volume and specific surface area trends in a way that influences the pore characteristics of the coal matrix, further determining the adsorbed gas content [46]. The adsorbed gas content first increases and then decreases with the increase in the coal rank. The inflection point is around 4.5% of the vitrinite reflectance. Therefore, the measurement of the vitrinite reflectance can characterize the methane adsorption capacity of coal reservoirs to a certain extent [47].



As determined by the thermal evolution history of the Ordos Basin, the vitrinite reflectance of the basin gradually increases with the increase in depth [48]. Meanwhile, by exploring and analyzing the distribution characteristics of the vitrinite reflectivity values of the known wells, it was found that the reflectivity of the vitrinite in the study area gradually increases from east to west on the plane, which is consistent with the change in the coal seam burial depth and further verifies the conclusion above. Therefore, the burial depth parameter was selected to fit the correlation with the vitrinite reflectance and establish a maturity prediction model of the Yulin Block No. 8 coal seam:


Ro,max = 0.0006H + 0.1737



(4)




where Ro,max is the vitrinite reflectance, H is the thickness of the coal seams, and R2 = 0.79.



From this model, a planar distribution diagram of the predicted vitrinite reflectance of No. 8 coal in the study area was created (Figure 10); this is high in the west, low in the east, low in the north, and high in the south. The vitrinite reflectance distribution range is 1.65–2.39%, with an average value of 2.06%, which is within the most favorable coal rank range for CBM mining. The vitrinite reflectance in the southwest is the largest and the gas production capacity is strong.




4.1.6. Coal Seam Permeability


The permeability of coal reservoirs is closely related to the entire CBM flow process, serving as the theoretical basis for revealing the laws of CBM seepage. It has a direct impact on the recoverable resources and CBM recovery rate, determining the production and migration of the CBM [49] and impacting the size of the drainage and pressure-lowering funnels in CBM wells, making it one of the key parameters for characterizing the recoverability of the CBM. Its influencing factors are extremely complex, mainly being controlled by the development characteristics of its own fractures. The coal bed pore–fracture system affects the production and migration of the CBM [50,51] and determines the method and type of CBM diffusion and seepage, while the connectivity and development degree determine the ability of fluids to pass through the coal reservoir. The development of fractures will directly influence the desorption, seepage, diffusion, and production of CBM [52].


    φ   f    =          R   mf       R   LLS           1   mf      



(5)






    K   f    =      π   2     (   d   1   +   r   w   )   2     48       φ   f     3    



(6)







Here,     φ   f     is the fracture porosity;     R   m f     is the drilling fluid resistivity, with a value of 0.65;     R   L L S     is the shallow lateral resistivity;     K   f     is the permeability;     d   1     is the detected depth of the deep lateral logging area, with a value of 0.27;     r   w     is the radius of the borehole; and   m f   is the porosity exponent, with a value of 1.6.



Therefore, in this study, the permeability calculation model proposed by Li [53] was selected and combined with the well logging parameters in the study area. After standardization, the porosity of the fracture in the study area was calculated based on Formula (5). Subsequently, by substituting the result into Formula (6), the permeability of the entire No. 8 coal reservoir in the study area was obtained (Figure 11).



The results showed that the overall permeability distribution in the study area ranges from 0.012 mD to 0.112 mD, with an average of 0.048 mD, indicating a low-permeability reservoir. In terms of the planar characteristics, there is an alternating low–high–low–high distribution trend from west to east. Overall, the high permeability values are concentrated in the southeastern part of the study area, making it a favorable area for fracturing and transformation mining, which is related to the well-developed cleats in the rock core samples in this area.




4.1.7. Coal Structural Index


Fracturing modification is an important technique used to improve the production capacity of CBM wells [54], while the coal mass structure is one of the key factors used to determine the effectiveness of hydraulic fracturing activities. On the other hand, the coal structure provides a macroscopic description of the degree of structural deformation. Different coal structures exhibit significant differences in permeability [55], thereby affecting the reservoir mining. Primary coal and fractured coal have good solidity and poor plasticity, and easily form artificial fractures with high conductivity through fracturing. This can effectively enhance the coalbed’s permeability and improve the mining efficiency. Granulated coal and mylonitized coal have strong plasticity, making it difficult for the main fractures to form and meaning that the fractures that do form have poor conductivity [7,56].



The core observation data for seven wells in the region were selected as training data and Pearson’s correlation coefficient was used to determine the parameters, with significant correlations in the well logging responses. The multiple linear regression method was then used to establish a coal structure prediction model for the Yulin region:


    Y = 0.0003  × AC − 0.0393 × CAL − 0.0618 × DEN − 0.0024 ×  GR + 1.2173  ×  Lg ( RD )    + 0.3466 ×  Lg ( RS )  − 1.1967 ×  Lg ( RT ) + 1.457    



(7)




where Y represents the coal structures, AC means acoustic, CAL is the borehole diameter, DEN is the density, GR is the natural gamma ray, RD is the deep double lateral resistivity log, RS is the shallow double lateral resistivity log, RT is the true formation resistivity, and R2 = 0.81.



The single-well prediction results are shown in Figure 12 and are consistent with the actual core observation results. According to the predictions, most of the coal structures in wells across the entire area are composed of primary structural coal, which is extensively developed in the study area. In order to better highlight the characteristics of the body structures in different zones of the study area, the coal structure index F proposed by Fu et al. [7] was used to characterize the degree of coal rock damage. The F value is directly proportional to the completeness of the coal structure, indicating that a larger F value corresponds to a more intact coal structure, which is more conducive to the fracturing and mining of coal reservoirs.



The formula is as follows:


F = (M1 + M2)/M



(8)




where M1 is the thickness of the primary structural coal, M2 is the thickness of the fractured coal, and M is the total thickness of the coal seam.



A contour map of the coal structure index for the Yulin Block was drawn (Figure 13); this revealed a general trend of low values in the central area and high values in the surroundings. Additionally, in the northern and eastern parts of the study area, the F values were relatively large, indicating greater suitability for fracturing and development.





4.2. Degree of Affiliation of Evaluation Indexes


Based on the spatial distribution characteristics of the various evaluation indexes in the Yulin region, it was necessary to further quantify the influence of each qualitative and quantitative index on the evaluation results.



4.2.1. Qualitative Index


In this study, the coal roof lithology was the only qualitative index, and its membership was determined by referencing previous classifications [7] and considering the characteristics of the coal seam roof in the Yulin region; thus, the membership function set is shown in Table 8.




4.2.2. Quantitative Indexes


For quantitative indexes, researchers usually use linear membership functions to achieve quantitative representation. The quantitative indexes studied in this paper included the vitrinite reflectance (A11), gas content (A12), coal thickness (A13), burial depth (A21), coal structural index (A31) and coal seam permeability (A32). Different indexes have different judgment criteria. By referring to the Chinese National Standards NB/T 10013-2014 [31], combining previous research results [5,6,7,57], and considering the characteristics of the #8 coal reservoir in the Yulin area, each index parameter value was divided into three intervals. The parameter values in Class I all indicated good reservoir conditions conducive to exploration and development, with a corresponding membership degree of 1. The reservoir parameters with low development benefits were classified into Class III, with a membership degree value of 0.2. The parameters with values falling between Class I and Class III were identified as Class II parameters, and their membership degrees were determined by the corresponding linear function. The specific interval divisions are listed below.



	(1)

	
Vitrinite reflectance







The vitrinite reflectance to some extent reflects the ability of coal reservoirs to adsorb methane. Previous studies [24] suggest that the lower limit of vitrinite reflectance is 1.2%, indicating that coal reserves with reflectance levels lower than this value have poor gas production abilities. Regarding the upper limit of vitrinite reflectance, due to the variations among the different study areas, there is no unified standard yet, although the research indicates that it should not exceed 2.5%, as excessively high reflectance may lead to lower permeability [58]. In this study area, the Yulin Block, the #8 coal generally exhibits a high thermal evolution level, with Ro,max values ranging from 1.65% to 2.39%, indicating strong gas generation abilities overall. To better highlight the regional differences in vitrinite reflectance as an evaluation index, the lower limit was raised to 1.8%, indicating a Class III interval when the reflectance was lower than this value. Simultaneously, the upper limit was raised to 2.1%, indicating a Class I interval when the reflectance was higher than this value. Based on this, the membership function for vitrinite reflectance was established:


    A   11   =       1       R   o , m a x   ≥ 2.1 %         8   3     R   o , m a x   −   23   5       1.8 % ≤      R    o , m a x   < 2.1 %       0.2       R   o , m a x   > 1.8 %        



(9)







	(2)

	
Gas Content







The gas content is used to determine whether deep coalbed gas has high productivity potential, and the higher the gas content in coal reservoirs, the greater development value they have. According to the Chinese National Standards NB/T 10013-2014 [31] and previous studies, for medium- to high-rank coal reservoirs, a gas content rate greater than 15 cm3/t is considered highly favorable for reservoir exploration and development. Therefore, this study set the upper limit for the favorable evaluation of gas contents to 15 cm3/t, whereby gas content values higher than 15 cm3/t were classified as Class I intervals with a membership degree of 1. Regarding the minimum gas content required for economical coalbed gas extraction, previous studies suggest that gas content rates below 8 cm3/t do not have development value [22]. However, due to differences in the gas contents among the different blocks, there is no exact standard yet. Since the gas generation capacity of the No. 8 coal in the Yulin area is strong, the gas contents are generally high, ranging from 9.74 m3/t to 23.38 m3/t. To better highlight the differences in gas content for the optimal selection of favorable areas, this study set the lower limit of evaluation to 12 cm3/t. Gas content values below 12 cm3/t were classified as Class III intervals with a membership degree of 0.2. Therefore, the function for the gas content was established:


    A    12      =       1     V ≥ 15     m   3   / t         4   15   V − 3     12      m    3   / t ≤ V < 15     m   3    / t        0.2     V > 12     m   3   / t        



(10)







	(3)

	
Coal seam thickness







The coal seam thickness can control the gas generation potential of deep coalbed gas, and a certain thickness is also a basic requirement for the development of deep coalbed gas resources. According to the standards, coal seams measuring less than 2 m thick are considered to have no development value or to present technical difficulties during development, while coal seams greater than 6 m thick represent the upper limit for coal thickness. Considering the overall stable distribution and thickness of the coal seams in the study area, in order to better highlight regional differences, the lower limit of the coal seam thickness was raised to 4 m and the upper limit was set to 8 m. Therefore, the following function was established:


    A    13      =       1     H ≥ 8   m       0.2 H − 3     4   m ≤ H < 8   m       0.2     H > 4   m        



(11)







	(4)

	
Coal structure index







The coal structure, to some extent, can influence the effectiveness of deep coal seam fracturing and mining activities. This study employed the coal structure index to further quantitatively characterize the coal structures. By combining core observation results with model predictions, the research identified that the #8 coal mainly consists of primary structured coal, with local developments of fractured coal and granular coal, resulting in relatively high coal structure index values. This study referred to previous classification criteria [7] and considered the actual frequency distribution of the coal structures in the study area to better highlight the differential characteristics between regions, setting the upper limit of the Coal Structure Index at 0.95 and the lower limit at 0.8. Therefore, the following function was established:


    A   31    =        1     F ≥ 0.95         16   3   F −   61   15       0.8 ≤ F < 0.95       0.2     F > 0.8        



(12)







	(5)

	
Permeability







Permeability is one of the key parameters characterizing the recoverability of deep CBM and is closely related to the entire CBM flow process. According to the model prediction results, the permeability range in the study area is between 0.012 mD and 0.112 mD. By classifying the CBM evaluation importance parameters proposed by Han [59] and considering the actual frequency distribution of permeability values in the study area, the upper limit of permeability was set to 0.04 mD and the lower limit was set to 0.02 mD to better highlight the differential characteristics between regions. Therefore, the following function was established:


    A   32   =       1     K ≥ 0.04   mD       40 K − 0.6     0.02   mD ≤ K < 0.04   mD       0.2     K > 0.02   mD        



(13)







	(6)

	
Burial Depth







Changes in the coal seam burial depth lead to dynamic changes in the coal reservoir temperature and pressure, which affect the adsorption and desorption process of CBM. An excessive burial depth is not conducive to the desorption of deep CBM, and a too small burial depth is difficult to desorb. Previous studies were largely based on shallow coal reservoirs, which differ significantly from deep coal reservoirs in terms of burial depth. Therefore, based on the #8 coal reservoir having a large burial depth, with the average depth exceeding 2500 m, this study increased the regional difference of evaluation indexes by setting the upper burial depth limit to 2800 m and the lower limit to 3200 m. That is, areas with burial depths greater than 3200 m, which are classified as Class III areas with a membership degree of 0.2, are unfavorable for reservoir development. However, areas with burial depths of less than 2800 m are favorable for deep CBM desorption, leading to high development efficiency levels; these are classified as Class I areas with a membership degree of 1. Based on these factors, the degree of affiliation function for the burial depth was established:


    A    21      =       1     D < 2800   m       − 0.0002 D + 6.6     2800   m ≤ D < 3200   m       0.2     D ≥ 3200   m        



(14)









4.3. Comprehensive Evaluation Results


Based on the above discussion, the values for seven evaluation indexes of the #8 coal reservoir in the study area were obtained, including the coal thickness, burial depth, gas content, and permeability. Logging data were obtained for a total of 69 wells in the study area, although due to missing well logging curve data in some wells, only 45 wells’ index values could be accurately predicted. By substituting the seven index values for each well into the evaluation system, the scores of the secondary evaluation indexes were calculated. The evaluation results for some wells are shown in Table 9, Table 10 and Table 11.



By adding up the scores for the secondary indexes, the primary index (comprehensive evaluation index A) for the reservoir was obtained (Table 12). Kriging linear interpolation was conducted to yield the comprehensive evaluation index score for the #8 reservoir for the entire study area, as shown in the Figure 14.



The overall scores for the reservoirs in the study area show a trend of intermediately low values in the center and high values around the periphery. In the southeastern part of the study area, specifically in the vicinity of J40, J42, and J43, the A values reach as high as 0.90. This area is also characterized by high permeability, a high gas content, and high coal thickness values. By combining the gas content tests, it was found that the free gas content of the deep CBM accounts for up to 45% of the total. It is mainly present in large pores and widely developed cleavages and structural fractures, which contribute to the formation of lithological traps and the sealing conditions for cap rock, exerting control over high-yield sweet spots. Therefore, regions with high gas contents also have high comprehensive reservoir scores (A values). Similarly, this indicates that the area has a superior coal thickness, favorable resource conditions, and a relatively complete coal structure, which will make it the focus of subsequent exploration and development.



To better determine the subsequent production and development pilot test area, it was necessary to classify the study area to delineate different types of favorable zones, with reference to previous studies [5,6,7] and in combination with the natural breakpoint method. Based on the distributions obtained from comprehensive reservoir evaluations in the study area, the Yulin region was divided into three different categories of favorable zones (Table 13). Type I areas have A values greater than 0.75, Type II areas have A values ranging between 0.65 and 0.75, and Type III areas have A values of less than 0.65. Based on the contour map, the favorable zones for the geological conditions of the No. 8 coal deep reservoir in the Yulin area were delineated according to the reservoir evaluation grades (Figure 15).



As can be seen in the graph, Type I areas are the most favorable within the study area for the enrichment of CBM and have the highest development potential. This type is widely distributed in the Yulin Block, concentrated in the eastern part of the study area. The overall trend is consistent with the contour maps for the gas content and coal thickness, showing good thickness and continuity, while the gas content is consistently above 15 m3/t. The burial depth here is shallow, and there is a prevalence of primary structural coal with high permeability, making it highly conducive to fracturing and, for the reconstruction of coal reservoirs, providing significant value for exploration and development activities. The Type II sub-favorable area serves as an alternative region for coal rock gas development. The secondary favorable areas in the study area are closely distributed around the edges of the Type I areas, exhibiting good gas characteristics, relatively complete coal structures, and favorable coal seam thicknesses. They possess certain favorable conditions for reservoir development and significant prospects for development. The Type III unfavorable areas represent a general area for CBM development. They are concentrated in the central part of the study area, characterized by low gas contents, thin coal seams, and limited resources. These areas have limestone roofs, poor preservation conditions, and economic risks associated with development.



Due to being in the early stage of the exploration and development of deep CBM in the Yulin area, experimental data from only one drilling well were available for verification. This well is located near well J3 in the favorable Type I study area, focusing on exploring the characteristics of the CBM at a burial depth of around 2300 m [13]. The well’s hydrocarbon gas peak measurements reached 78.5%, and after a sand-fracturing stimulation, the gas production increased rapidly after unloading the liquid. With a 12 mm oil nozzle, the daily gas production rate reached 5.4 × 104 m3, stabilizing at 2.7 × 104 m3 per day as of 21 November 2023, with the cumulative gas production exceeding 1120 × 104 m3. The successful trial at this well confirmed that the favorable consideration of Type I deep CBM areas is reasonable.



Hence, the predicted favorable areas of the #8 coalbed in the Yulin Block are relatively reliable and demonstrate a certain level of accuracy. Overall, in the eastern part of the research area, the coal rock reservoir has a thick coal seam, moderate burial depth, good reservoir properties, weak coal damage, strong sealing abilities, and good geological conditions for the enrichment of deep CBM. This study suggests that the central region should be avoided in the exploration and development of deep CBM in this area and that expansion from the eastern part of the research area should be prioritized.





5. Conclusions


	
The planar distribution characteristics of the No. 8 coal reservoir in the Yulin area have been investigated. The thickness of the coal seam is significant, and the burial depth shows a trend of higher values in the west and lower values in the east. The roof is mostly mudstone, with good resource preservation conditions. The gas content is high, ranging from 9.74 m3/t to 23.38 m3/t. The vitrinite reflectance is high, with most being between 1.65% and 2.39%, showing a good positive correlation with the burial depth. The overall fracture permeability of the reservoir is low, with better coal structure integrity in the northern and eastern parts of the study area, indicating a strong potential for modification.



	
An evaluation system for deep coalbed methane (CBM) reservoirs was established. Based on the characteristics of reservoirs in the Yulin Block, three types of geologically favorable areas have been reasonably classified. Overall, the Yulin Block shows the widespread development of Type I favorable areas, concentrated in the central-eastern, northern, and southwestern parts. Type II sub-favorable areas are closely distributed around the Type I favorable areas. Type III unfavorable areas are concentrated in a very small central part of the study area. Priority should be given to the exploration and development of the central-eastern part of the Yulin Block.
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Figure 1. Map of the general geology and stratigraphic column in the Yulin block. 
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Figure 2. Planar distribution characteristic map of the burial depth of No. 8 coal seam. 






Figure 2. Planar distribution characteristic map of the burial depth of No. 8 coal seam.
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Figure 3. Gas reservoir profile chart of J39–J10 in Yulin block. 
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Figure 4. Planar distribution characteristic map of the roof lithology character of #8 coal. 
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Figure 5. Sedimentary section of Benxi Formation from J28 to J54. 
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Figure 6. Sedimentary section of Benxi Formation from J6 to J51. 






Figure 6. Sedimentary section of Benxi Formation from J6 to J51.
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Figure 7. Planar distribution characteristic map of the thickness of the No. 8 coal seam. 
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Figure 8. Predicted results of gas content forecasting model. 
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Figure 9. Planar distribution characteristic map of the gas content of the No. 8 coal seam. 
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Figure 10. Planar distribution characteristic map of the vitrinite reflectance of the No. 8 coal. 
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Figure 11. Planar distribution characteristic map of the permeability of the No. 8 coal seam. 






Figure 11. Planar distribution characteristic map of the permeability of the No. 8 coal seam.
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Figure 12. Single-well prediction result of J42. 
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Figure 13. Planar distribution characteristic map of the coal structural index of the No. 8 coal seam. 
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Figure 14. Map of the comprehensive evaluation score of the No. 8 coal seam in the Yulin block. 
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Figure 15. Map of the geological comprehensive evaluation of the No. 8 coal reservoir. 
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Table 1. Partial sample results of coalbed gas content testing.






Table 1. Partial sample results of coalbed gas content testing.





	Sample ID
	Depth (m)
	Desorbed Gas Content (m3/t)
	Residual Gas Content (m3/t)
	Loss Gas Content (m3/t)
	Total Gas Content (m3/t)





	J27-3
	3101.33–3101.61
	17.02
	0.02
	4.09
	21.13



	J27-4
	3101.85–3102.23
	18.26
	0.02
	6.65
	24.93



	J27-7
	3103.08–3103.36
	15.77
	0.07
	4.06
	19.91



	J27-12
	3103.92–3104.12
	15.33
	0.07
	2.96
	18.36



	J27-15
	3104.84–3105.04
	11.61
	0.02
	4.93
	16.56



	J42-1
	2628.00–2628.35
	18.11
	0.15
	1.40
	26.04



	J42-3
	2629.15–2629.53
	16.74
	0.20
	1.49
	24.80



	J42-5
	2631.02–2631.40
	15.32
	0.17
	1.38
	23.24



	J42-8
	2632.39–2632.72
	20.40
	0.14
	1.79
	23.65



	J42-13
	2635.53–2635.88
	16.61
	0.15
	1.05
	19.13










 





Table 2. Results of coalbed vitrinite reflectance testing.






Table 2. Results of coalbed vitrinite reflectance testing.





	Well
	Average Depth (m)
	Ro,max (%)





	J27
	3102.91
	2.06



	J31
	3403.20
	1.92



	J39
	2975.5
	1.85



	J42
	2629.70
	2.03



	J46
	2374.91
	1.52



	J48
	3276.15
	2.04



	J49
	2883.33
	1.90



	J50
	3403.26
	1.85



	J51
	2736.15
	1.99










 





Table 3. Evaluation index system of deep CBM in the Yulin area.
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Primary Index

	
A Reservoir Comprehensive Evaluation Index




	
Secondary Indexes

	
A1 Resources Condition

	
A2 Storage Condition

	
A3 Mining Condition






	
Tertiary indexes

	
A11 Vitrinite reflectance

	
A21 Burial depth

	
A31 Coal structural index




	
A12 Gas content

	
A22 Coal roof lithology

	
A32 Coal seam permeability




	
A13 Coal seam thickness

	

	











 





Table 4. The value range of the pairwise comparison of indexes at the same level.
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	Importance Degree
	Coefficient Value





	extremely important
	≥3



	very important
	2–3



	somewhat important
	1–2



	equal important
	1



	somewhat unimportant
	1/2–1



	unimportant
	1/3–1/2



	extremely unimportant
	≤1/3










 





Table 5. The importance of each index layer relative to the target layer.






Table 5. The importance of each index layer relative to the target layer.





	
Judging Matrix

	
Characteristic Vector

	
Maximum Characteristic Root (%)






	

	
A1

	
A2

	
A3

	

	




	
A1

	
1

	
1/5

	
2/5

	
0.59

	
3




	
A2

	
5

	
1

	
2

	
0.12




	
A3

	
5/2

	
1/2

	
1

	
0.29




	

	
A11

	
A12

	
A13

	

	




	
A11

	
1

	
1/3.2

	
1/1.8

	
0.17

	
3




	
A12

	
3.2

	
1

	
1.5

	
0.51




	
A13

	
1.8

	
1/1.5

	
1

	
0.32




	

	
A21

	
A22

	

	




	
A21

	
1

	
4/5

	
0.56

	
2




	
A22

	
5/4

	
1

	
0.44




	

	
A31

	
A32

	

	




	
A31

	
1

	
4/5

	
0.56

	
2




	
A32

	
5/4

	
1

	
0.44











 





Table 6. Weight for comprehensive geological evaluation of #8 coal seams.
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Primary Index

	
Secondary Indexes

	
Weight

	
Tertiary Indexes

	
Weight

	
Total Weight






	
Reservoir comprehensive evaluation index

	
A1

	
Resources condition

	
0.59

	
A11

	
Vitrinite reflectance

	
0.17

	
0.100




	
A12

	
Gas content

	
0.51

	
0.301




	
A13

	
Coal seam thickness

	
0.32

	
0.189




	
A2

	
Storage condition

	
0.12

	
A21

	
Burial depth

	
0.56

	
0.067




	
A22

	
Coal roof lithology

	
0.44

	
0.053




	
A3

	
Mining condition

	
0.29

	
A31

	
Coal structural index

	
0.56

	
0.162




	
A32

	
Coal seam permeability

	
0.44

	
0.128











 





Table 7. Subdivision table of degree of affiliation of indexes.
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Evaluation Indexes

	
Class Interval

	
Degree of Affiliation






	
Resources condition

	
Gas content

	
≥15

	
1




	
12–15

	
4/15 × V − 3




	
<12

	
0.2




	
Coal seam thickness

	
≥8

	
1




	
4–8

	
0.2 × H − 0.6




	
<4

	
0.2




	
Vitrinite reflectance

	
≥2.1

	
1




	
1.8–2.1

	
8/3 × Ro,max − 23/5




	
<1.8

	
0.2




	
Storage condition

	
Burial depth

	
<2800

	
1




	
2800–3200

	
−0.0002 × D + 6.6




	
≥3200

	
0.2




	
Coal roof lithologic character

	
mudstone

	
1




	
limestone

	
0.8




	
sandstone

	
0.6




	
Mining condition

	
Coal structural index

	
≥0.95

	
1




	
0.8–0.95

	
16/3 × F − 61/15




	
<0.8

	
0.2




	
Coal seam permeability

	
≥0.04

	
1




	
0.02–0.04

	
40 × K − 0.6




	
<0.02

	
0.2











 





Table 8. Membership partition table for qualitative index.






Table 8. Membership partition table for qualitative index.





	Coal Roof Lithology
	Membership Degree





	Mudstone
	1



	Limestone
	0.8



	Sandstone
	0.6










 





Table 9. Resource condition score table of some wells.
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	Well
	Ro,max (%)
	M11
	A11
	V (m3/t)
	M12
	A12
	H (m)
	M13
	A13
	A1





	J1
	2.264
	1.000
	0.100
	11.015
	0.200
	0.060
	6.260
	0.652
	0.123
	0.283



	J3
	2.237
	1.000
	0.100
	13.741
	0.664
	0.200
	8.352
	1.000
	0.189
	0.489



	J6
	2.134
	1.000
	0.100
	13.921
	0.712
	0.214
	10.372
	1.000
	0.189
	0.503



	J14
	1.971
	0.655
	0.066
	18.252
	1.000
	0.301
	8.280
	1.000
	0.189
	0.556



	J15
	2.012
	0.764
	0.076
	17.147
	1.000
	0.301
	6.272
	0.654
	0.124
	0.501



	J20
	1.894
	0.450
	0.045
	17.165
	1.000
	0.301
	4.020
	0.204
	0.039
	0.385



	J23
	1.943
	0.582
	0.058
	9.739
	0.200
	0.060
	3.426
	0.200
	0.038
	0.156



	J35
	2.196
	1.000
	0.100
	17.818
	1.000
	0.301
	3.552
	0.200
	0.038
	0.439



	J37
	2.113
	1.000
	0.100
	17.382
	1.000
	0.301
	4.692
	0.338
	0.064
	0.465



	J40
	2.047
	0.859
	0.086
	20.077
	1.000
	0.301
	10.020
	1.000
	0.189
	0.576







Note: In order to more conveniently express the values in the table, M represents the membership degree of the evaluation index. In the table, A11 is an exact value, obtained by multiplying the membership degree by weight.













 





Table 10. Storage condition score table of some wells.
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	Well
	D (m)
	M21
	A21
	R
	M22
	A22
	A2





	J1
	3124.760
	0.350
	0.023
	sandstone
	0.600
	0.032
	0.055



	J3
	3091.304
	0.417
	0.028
	mudstone
	1.000
	0.053
	0.081



	J6
	2963.498
	0.673
	0.045
	limestone
	0.800
	0.042
	0.087



	J14
	2758.880
	1.000
	0.067
	mudstone
	1.000
	0.053
	0.120



	J15
	2808.842
	0.982
	0.066
	mudstone
	1.000
	0.053
	0.119



	J20
	2660.520
	1.000
	0.067
	sandstone
	0.600
	0.032
	0.099



	J23
	2721.598
	1.000
	0.067
	sandstone
	0.600
	0.032
	0.099



	J35
	3038.352
	0.523
	0.035
	mudstone
	1.000
	0.053
	0.088



	J37
	2934.416
	0.731
	0.049
	mudstone
	1.000
	0.053
	0.102



	J40
	2855.220
	0.890
	0.060
	limestone
	0.800
	0.042
	0.102







Note: In the table, R represents the coal roof lithology.













 





Table 11. Mining condition score table of some wells.
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	Well
	F
	M31
	A31
	K (mD)
	M32
	A32
	A3





	J1
	0.899
	0.726
	0.118
	0.025
	0.401
	0.051
	0.169



	J3
	0.958
	1.000
	0.162
	0.030
	0.618
	0.079
	0.241



	J6
	0.952
	1.000
	0.162
	0.051
	1.000
	0.128
	0.290



	J14
	0.966
	1.000
	0.162
	0.017
	0.200
	0.026
	0.188



	J15
	0.917
	0.823
	0.133
	0.049
	1.000
	0.128
	0.261



	J20
	0.933
	0.908
	0.147
	0.112
	1.000
	0.128
	0.275



	J23
	0.511
	0.200
	0.032
	0.034
	0.762
	0.098
	0.130



	J35
	0.950
	1.000
	0.162
	0.058
	1.000
	0.128
	0.290



	J37
	0.826
	0.338
	0.055
	0.038
	0.910
	0.116
	0.171



	J40
	0.973
	1.000
	0.162
	0.082
	1.000
	0.128
	0.290










 





Table 12. The total evaluation score of each well in the Yulin Block.






Table 12. The total evaluation score of each well in the Yulin Block.











	Well
	A
	Well
	A





	J1
	0.508
	J36
	0.770



	J2
	0.694
	J37
	0.738



	J3
	0.811
	J38
	0.678



	J4
	0.738
	J40
	0.968



	J5
	0.750
	J44
	0.618



	J6
	0.881
	J47
	0.676



	J7
	0.758
	J52
	0.841



	J9
	0.673
	J53
	0.942



	J13
	0.859
	J54
	0.721



	J14
	0.863
	J56
	0.523



	J15
	0.881
	J57
	0.731



	J16
	0.893
	J58
	0.786



	J17
	0.831
	J59
	0.870



	J20
	0.758
	J60
	0.909



	J23
	0.385
	J61
	0.885



	J24
	0.752
	J62
	0.788



	J25
	0.829
	J63
	0.726



	J29
	0.814
	J64
	0.807



	J30
	0.686
	J65
	0.864



	J32
	0.643
	J67
	0.882



	J33
	0.937
	J68
	0.774



	J34
	0.789
	J69
	0.676



	J35
	0.817
	
	










 





Table 13. The interval of different types of favorable areas.






Table 13. The interval of different types of favorable areas.





	Types
	Type I

Favorable Area
	Type II

Sub-Favorable Area
	Type III

Unfavorable Area





	Interval
	(0.4, 0.65]
	(0.65, 0.75]
	(0.75, 1]
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