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Abstract

:

The changes in the permeability of coal-bed reservoirs with methane, as associated with gas depletion, are the consequence of two opposing processes, namely geomechanical compaction that narrows down fractures, and matrix shrinkage, which, in turn, widens fractures. Many previous studies on the effects of these processes have emphasised, albeit not always, the circumstances and conditions that led to a greater coal permeability, with a natural decrease in the pore pressure of methane during its production, and, in consequence, to an increase in the cumulative volume of this gas. However, in some coal basins, there are beds where the methane production has failed to reach the appropriate level, whether in economic or engineering terms. This paper identifies some reasons for the failed attempts at well exploration of gas from such coal beds. Specifically, it describes seven parameters to be considered in relation to CBM, including geomechanical parameters such as Young’s modulus, Poisson’s ratio, and the initial porosity, which define coal cleat compressibility, a very important parameter, and parameters related to methane desorption, i.e., desorption-induced volumetric strain, the Langmuir pressure, and the initial pressure of gas within the bed. In addition to cleat compressibility, there are other, equally important parameters, such as the rebound pressure and recovery pressure, which are defined by the following parameters in order of importance: Young’s modulus, desorption-induced volumetric strain, initial pressure of methane, the Langmuir pressure, and Poisson’s ratio. To assess the impact of these parameters on changes in permeability, we used the Cui-Bastin model. The simulation results were analysed to allow us to present our findings.
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1. Introduction


Coal bed methane (CBM) is stored in coal matrix submicropores and micropores through volume absorption and surface adsorption. As appropriate conditions are created within the coal bed, methane can escape by leaving the large internal surface of the matrix through configurational diffusion and surface diffusion, both of which can be considered to constitute activated diffusion. In many coal beds, these processes are slow. As a result, the desorption of pre-adsorbed gas into the coal cleats is delayed. Methane release at a high pressure can be very limited because of the non-linear Langmuir-type isotherm. Deep, non-explored beds require the reservoir pressure to decrease significantly below the critical desorption pressure in order to promote desorption.



The system of cleats within the coal bed can usually be divided into two categories, namely face cleats, which traverse the length of the bed, and perpendicular butt cleats, which terminate at the intersection cleats. Within the bed, these two categories of cleats are usually oriented vertically to the bedding plane. The shape of the cleats network is crucial for the permeability of methane within the coal bed. For the purposes of modelling, it is assumed that horizontal strains are equal to zero, meaning that the strains are uniaxial, and that the vertical stresses remain unchanged [1,2,3,4].



There are two important processes related to reservoir pressure depletion, which have opposing effects on in-situ coal permeability [5,6,7]. The first is a geomechanical phenomenon where cleats narrow down as a result of increased effective stress. The second, occurring mainly at a later stage of production, is the widening of the cleats due to coal matrix shrinkage caused by methane desorption. When this matrix shrinkage is greater than the compaction of coal, there is an increase in permeability, which, in turn, facilitates a constant deliverability of methane. The processes described above are mainly observed in the bituminous coals. In the case of coals with a vitrinite reflectance above 2%, the shrinkage/swelling effect is lost.



The geomechanical properties of coal are represented by such parameters as Young’s modulus E, Poisson’s ratio v, and the associated cleat compressibility cf. The matrix shrinkage as a result of desorption is represented by the coal maximum strain at an infinite pressure εl and the Langmuir pressure PL, which is found in an equation similar to the Langmuir equation. Other important parameters include the cleat porosity ϕ and the initial pressure of methane Po [1,3]. The values of these and other parameters are determined on the basis of laboratory measurements or in field tests. All these parameters have been used in the available analytical and numerical models to explore changes in coal permeability dependent on decreasing methane pressure [2,3,4]. Compared to numerical models, analytical models are often simpler and easier to apply, and their simplifications have been relatively justified. Such models provide a way to calculate the rebound pressure and recovery pressure, as produced by the methane pressure decrease during methane production, and to compute the correlation between the coal permeability and methane pressure decrease.



Many previous studies have demonstrated that in several coal basins around the world, the value of such rebound pressure and recovery pressure is high enough to cause the coal permeability to grow, thus increasing the cumulative volume of methane produced.



This article, however, focuses on the beds across different coal basins where, as a result of the methane pressure reduction, the rebound pressure and recovery pressure are insufficient to produce an increase in the coal permeability necessary to produce a satisfactory volume of methane. The paper discusses the relationships between the key model parameters that prevent coal permeability from increasing and the conditions that support such an increase. For the data on selected coal basins around the world (mainly in USA but also in Canada), we have analysed the sensitivity of the Cui and Bastin [3] analytical model to changes in the geomechanical parameters and in the parameters responsible for methane desorption. The results of our analyses show that it is possible to identify in these models the most relevant parameters that are largely responsible for the increase in the coal permeability related to changes in the methane pressure. Changes in the coal permeability are produced by two opposing processes, including geomechanical phenomena and processes related to methane desorption. Our computations show that, in the literature, the ranges of parameter values used for the analysed coal basins can either support (if the parameter configuration is favourable) or prevent (if the parameter configuration is unfavourable) an increase in the coal permeability. In view of the above, we have emphasised the importance of both laboratory [8] and in-field tests for determining the geomechanical and methane-desorption-related properties, and demonstrated the significant differences between the two types of tests.




2. Pore-Pressure-Dependent Permeability in Some Models


Of all the known models, the following are often presented together: Palmer and Mansoori [1,2], Shi and Durucan [9] and Cui and Bustin [3]. These models combine the geomechanical aspect and the aspect related to the shrinkage of the matrix due to methane desorption. They consider coal to be a poroelastic rock which is analogous to the effect of temperature [10,11,12]. Two boundary conditions for the solution to these models are uniaxial strain conditions and the constant vertical stress of the overburden. In addition to the above-mentioned, in the literature there are many models based on the assumptions similar to those adopted earlier.



2.1. The Palmer and Mansoori Model


The original analytical model, as presented in [1,2], is based on changes in the desorption-induced volumetric strain, which, in turn, result in changes in the coal permeability and porosity. Experimental data on desorption-induced strains [13,14,15] have suggested that there is an approximation-based, linear correlation between the volume of desorbed methane and its corresponding deformations εv. Moreover, deformations caused by the matrix shrinkage εv may be fitted to a Langmuir-type equation:


εV=εLPP+PL



(1)




where εL is the maximum strain value when the gas pressure tends to infinity, and PL is the pore pressure at which the coal matrix strain is half of the maximum strain value. Based on the constitutive relations for poroelastic media, as in Palmer and Monsoori [1,2] the change of the cleat porosity as a function of the pore pressure was derived as:


ϕϕo=1+(1−2υ) (1+υ)ϕoE (1+υ) (P−Po)−2 (1−2υ) 3 ϕo(1−υ) εLPL P−Po(P+PL) (Po+PL)



(2)




where ϕo is the initial (clean) porosity, v—Poisson ratio, and E—Young’s modulus. The permeability ratio has the form of the cubic law:


kko=(ϕϕo)3



(3)




where ko is the initial permeability.



An analysis of Equation (2) produces expressions to calculate the rebound pressure Prb as [16]:


Prb=2εlEPL3 (1+ν)−PL



(4)







In their modified model, Palmer and Reeves [17] introduced, in addition to the previously used coefficient f as the fraction 0.1, the coefficient g as a geometric term related to the orientation of the cleat system.




2.2. The improved Shi-Durucan Model


The original Shi-Durucan Model [9] will not be discussed here. Instead, we will talk about its improved version. Zimmerman [10] and Seidle [16] have proven that the correlation between the permeability and mean effective stress σm is exponential in nature. In the original Shi-Durucan model [9], they replaced the mean stress σm by the horizontal stress σh and introduced the cleat volume compressibility cf with respect to the horizontal stress σh.



Here, we introduce the improved version of the correlation between the horizontal stress and methane pressure, as follows:


σh−σho=−υ1−υ(P−Po)+E3 (1−2υ) εL PL (P−Po)(P+PL) (Po+PL)



(5)




where σh means the effective horizontal stress normal to cleats, and the subscript o refers to the initial parameter value.



The improved correlation between the permeability and methane pressure, resulting from their exponential relation:


kko=exp [−3cf  (σh−σho)]



(6)




is as follows:


kko=exp{−3cf [−υ1−υ(P−Po)+E3 (1−2υ) εL PL (P−Po)(P+PL) (Po+PL)]}



(7)







The analysis of Equation (5) in the improved Shi-Durucan model shows that the difference in stress (σo-σh) is at its minimum for the rebound pressure Prb in the following form:


Prb=(1−ν) E3υ (1−2ν)εLPL −PL



(8)







Furthermore, the recovery pressure Prc, for which the initial value effective stress σo is recovered, can be expressed as:


Prc=(1−ν) E3υ (1−2ν) εLPL(Po+PL) −PL



(9)







Equations (5) and (7)–(9) are different from Equations (6), (7), and (9), (11), respectively, in the original Shi and Durucan model [9].




2.3. The Cui-Bustin Model


The Cui-Bustin [3] model accounts for changes in the mean normal stress σm (for the three main directions, assuming that the horizontal stress σxx = σyy). This produces a change in the mean normal stress σm in the form of:


σm−σo=2 (1−2υ)3 (1−υ) [−(P−Po)+E3 (1−2υ) εL PL (P−Po)(P+PL) (Po+PL)]



(10)







The exponential relation between the permeability and decreasing methane pressure produces the following expression:


kko=exp {3cf [1+υ3 (1−υ)(P−Po)−2 E εL PL9 (1−υ)  (P−Po)(P+PL) (Po+PL)]}



(11)







An analysis of Equation (10) produces an expression to calculate the rebound pressure Prb and recovery pressure Prc:


Prb=2E εLPL3 (1+υ) −PL



(12)




and:


Prc=2 E εLPL3 (1+ν) (Po+PL)−PL



(13)







Equation (12) is the same as the expression for the rebound pressure Prb provided by Palmer and Mansoori [1,2].





3. Analysis of the Sensitivity of Permeability to Changes in Geomechanical Parameters and Methane-Desorption-Related Parameters


In the first part of our analyses, we presented a comparison of the results obtained for the Palmer-Mansoori [1,2], Cui-Bustin [3] and the improved Shi-Durucan models, which describe changes in the permeability in relation to changes in the pore pressure for coal from the Boomer B1 San Juan basin. The models used in the simulations are not compatible and have been defined using different values taken from studies and analyses by various authors.



Because of the availability of data on coal properties and the specific nature of the discussed analytical models, in the second part of our analyses we used the model by Cui and Bustin [3] for simulation purposes. Unlike the model by Palmer and Mansoori [1] and the original Shi-Durucan model [9], this model shows less favourable, and in our opinion more realistic, changes in permeability. In our simulations, we used five regions where methane is currently being extracted from coal beds, including three from the basin in San Juan, USA, and two in Canada (Manville and Mesaverde).



3.1. The Choice of Analytical Model Parameters for the Selected Coal Basins


With the Cui-Bustin [3] model, the initial porosity ϕo is not used explicitly as a parameter, but its use in analytical models was argued for by Palmer and Mansoori [1,2]. Thanks to the correlation adopted by Palmer and Mansoori [1] to define the cleat compressibility cf, the initial porosity can be included in analyses if only the measurement data are available, since:


cf=1ϕoM



(14)




where M—constrained axial modulus:


M=(1−ν) E(1+ν) (1−2ν)



(15)







Based on studies by various authors, for the purposes of our analysis, we prepared sets of parameters in ranges corresponding to their variability in the specific coal basin area. In all cases, the cleat compressibility cf was calculated on the basis of Equation (14). The coal petrophysical properties, as used in the analyses depending on the region, are described in Table 1, Table 2, Table 3, Table 4 and Table 5.



The data concerning coal from the basin Boomer Well B-1 San Juan (Table 1) were taken from a paper by Palmer and Mansoori [1,2]. It is important to note that these data were in part matched to the results of experimental tests performed on the coal core Boomer Well B-1. Moreover, those authors used the history matching approach to scale core-matching results up to the field.



In their paper, Bustin and Bustin [18] presented the results of extensive analyses on the model by Palmer and Mansoori for coal from Lower Cretaceous, Mannville Group. They had obtained most of the data for their simulations from academic databases and laboratory tests performed on coal cores from Mannville wells. The minimum, average and maximum parameter values were used as the model input. The fracture porosities were estimated from the match-stick model [19]. Some parameter values from both those papers were adapted for the purposes of calculations in this article (Table 2).



The values of the Mesaverde Group coal parameters used for the simulations (Table 3) are similar to those used in the paper by Cui and Bustin [3]. Similarly to the cited work, some parameter values for methane desorption were artificially chosen. The initial porosity was considered constant, and its value was similar to the minimum value for the Mannville Group coal. It was also similar to the initial porosity value for the Cretaceous Gates Formation coal [20].



The geomechanical and desorption data for the Northern San Juan Basin coal, as used in our simulations (Table 4), were retrieved from laboratory tests performed on Liu and Harpalani coal cores [21] and by Liu et al. [22]. The desorption parameters, as used in this paper, are similar to those estimated by Liu and Harpalani [22] and Liu et al. [21] on the basis of the characteristics of deformations induced by methane desorption.



For the simulations involving coal from the Northeast of Fairway San Juan Basin (Table 5), we used data retrieved from a publication by Gerhard et al. [23], Clarkson and McGovern [24], who presented the in-field permeability data match. The simulation parameters were based on data from one of the holes discussed in those works, where the increase in permeability accompanying a decrease in pore pressure was very small.



The petrographic composition and the coal rank for the analyzed coal beds are as follows. Fruitland coals within the south-central San Juan Basin are composed of vitrinite (80%), liptinite (5.2%), and inertinite (14.1%). In the northern San Juan Basin, the coal rank is high-volatile A bituminous, corresponding to vitrinite reflectance measurements of 0.78% or higher [25]. In the southern and western margins of the San Juan Basin Fruitland, the coal rank is subbituminous B to high-volatile A bituminous. It increases to low-volatile bituminous in the north-central part of the basin [26,27]. Mannville coals are composed of inertinite varied from 35.8–51.0%, vitrinite with an average content of 62.8% and liptinite varied from 5.2–8.8%. Mannville basin coal has a maximum vitrinite reflectance of 0.54%, indicating a high volatile C bituminous rank [28]. Coals of the Mesaverde Group in general consist mainly of vitrinite (> 75%) and lesser amounts of liptinite and inertinite. The lower part of the Mesaverde in the southeastern part of the basin have liptinite contents as high as 20%. In the north edge of the basin, the coal rank is a high-volatile B bituminous (R0 value of about 0.7%). The R0 values for the coals in the lower part of the Mesaverde increase regularly from less than 0.7% around the margins of the basin to more than 2.1% along a trough in the southeastern part of the basin [29].



Some petrographic data, as well as the coal rank data, for the analyzed basins can also be found in the work of Siedle [6]. Attention should be paid to the large scatter of results, and therefore for a given basin the results should be treated only as a guide.




3.2. Permeability Changes in Boomer B-1 Well San Juan Basin Coal


For the coal from the Boomer B-1 well San Juan Basin, this paper only presents a comparison of the results of the permeability-change simulations based on the Palmer and Mansoori model [1,2], the Cui and Bustin model [3], and the improved Shi-Durucan model. It is important to note that the simulation data on the coal properties were taken from the Palmer and Mansoori paper [1]. For their analysis, Palmer and Mansoori adopted four sets of coal parameters that differed in terms of Young’s modulus and porosity (Table 1). This resulted in a variability in the parameter cf, which describes the coal cleat compressibility within a range of cf = 0.582–0.032 1/MPa. From the geomechanical perspective, the parameters that describe the mechanical properties of coal (E and v) and the initial porosity ϕo are correlated and should not be considered as independent. Figure 1, Figure 2 and Figure 3 show graphs depicting changes in permeability as a function of the methane pressure for different models.



Changes in permeability, as depicted above, are determined by two opposing processes involving changes in the coal volume. The first process involves changes in volume produced by the geomechanical action of the methane pore pressure. These changes accompanying the pressure decrease have an adverse impact on the permeability. The higher the coal compressibility 1/M Equation (14), the greater the changes. The second process involves methane desorption, and the changes in volume that accompany desorption (shrinkage) have beneficial effects on the permeability. Both of these processes occur simultaneously but with different intensities during changes in the methane’s pore pressure, depending on the coal properties.



These effects are clear in the separate graphs depicting changes in deformations produced as a result of the geomechanical action of the pore pressure and desorption. For example, using the Cui and Bustin model [3], these correlations can be obtained on the basis of Equation (10) by separating the mechanical action and desorption (Figure 4 and Figure 5), since the −3cfΔσ expression has a linear form as the sum of the two components. The product of the difference of Δσ and the cleat compressibility coefficient cf is highly important for studying changes in coal permeability accompanying changes in the methane’s pore pressure.



The graphs depicted in Figure 4 and Figure 5 show the intensity of deformations resulting from the geomechanical action of methane and desorption, respectively. The cleat compressibility cf is inversely proportional to the constrained axial modulus M and initial porosity ϕo (Equation 14). Consequently, when Young’s modulus for the coal matrix is high (E = 3070 MPa), the geomechanical action is weaker, and it is desorption that determines changes in the permeability (Figure 2, cf = 0.162 1/MPa, cf = 0.032 1/MPa).



The values of the rebound pressure Prb and recovery pressure Prc for each model are presented in Table 6.



It can be noticed that the simulations for the high constrained axial modulus (M = 6123.9 MPa) rebound pressure Prb has positive values across all of the analysed models. The low constrained axial modulus results (M = 1705.5 MPa) in the low values of Prb. and recovery pressure Prc < 0 suggest that the coal permeability does not reach its initial value k/ko < 1. These results were obtained on the basis of the Palmer and Mansoori, and Cui and Bustin models. The results for changes in permeability based on the improved Shi-Durucan model were significantly overestimated.



Commenting on the results of the analyses of the Boomer well B-1 San Juan basin permeability changes, as presented in Figure 1, Figure 2, Figure 3 and Figure 4, Palmer and Mansoori [1,2] emphasised the importance of the coal deformation properties (E and v) and porosity ϕo, which are crucial for keeping the permeability changes at the appropriate, cost-effective level. Without a doubt, the parameters related to desorption, including low PL = 4.31 MPa and high εl = 0.0128, adopted as constants by Palmer and Mansoori [1,2] for the purposes of their analyses, facilitated the increase in permeability. Unfortunately, there are no detailed data on the variability of these parameters for the Boomer well B-1 San Juan coal to analyse how sensitive these changes in permeability are to different values of εl and PL.



The above considerations actually apply to two of the three discussed models, namely Palmer and Mansoori, and Cui and Bustin. The improved Shi-Durucan model clearly produces results that differ significantly from the others.




3.3. Changes in Permeability in Relation to the Coal from the Mannville Group, Lower Cretaceous, Western Canada


The simulations of the sensitivity to changes in permeability due to parameters related to either methane desorption (εl and PL) or geomechanical action (E, v) and porosity ϕo were possible with the data on the coal from the Mannville Group, Lower Cretaceous, Western Canada (Table 2).



The Bustin and Bustin [18] parameter values, as adopted on the basis of the results of studies by various authors, are within specific ranges, which makes it possible to analyse the sensitivity of the permeability to changes in these parameters.



Initially, similarly to the Boomer well B-1 San Juan Basin coal, we adopted different values for the cleat compressibility cf, as obtained for the extreme ranges of the M and ϕo values. The results presented here are based solely on the Cui and Bustin model simulations. Figure 6 shows a graph depicting changes in the Mannville Group coal permeability as a function of the methane’s pore pressure.



It can be observed that with a high cleat compressibility cf = 0.198 1/MPa and a relatively lower cleat compressibility cf = 0.039 1/MPa, changes in permeability are inefficient, and as the pore pressure drops such changes do not reach their initial values. This is different for coal with a lower cleat compressibility. Here, as the pore pressure drops, the value k/ko > 1, and the chances of an efficient methane extraction improve. In both cleat compressibility cases, the lower values of the initial porosity support changes in the porosity (Figure 6, cf = 0.021 1/MPa, cf = 0.004 1/MPa). These observations are corroborated by Figure 7 and Figure 8, where the changes in deformations are presented separately for the geomechanical action and desorption. With a high cleat compressibility, regardless of the porosity, and with εl = 0.0101 (Figure 7, cf = 0.198 1/MPa, ϕo = 0.006 and cf = 0.039 1/MPa, ϕo = 0.03), the deformation changes produced solely by the geomechanical action of the pore pressure outweigh the effects associated with methane desorption.



These results show that deformations caused by the geomechanical action of methane’s pore pressure (Figure 7, cf = 0.198 1/MPa) contribute to unfavourable changes in permeability (Figure 6, cf = 0.198 1/MPa), and this is largely due to the coal cleat compressibility cf. A low or high initial porosity can significantly influence these changes.



The above comments on the impact of geomechanical parameters, such as coal compressibility 1/M and ϕo, on the coal permeability are confirmed by the rebound pressure Prb and recovery pressure Prc values (Table 7).



For the coal from the Mannville Group basin, which has a lower constrained axial modulus M = 840.3 MPa, i.e., a lower coal cleat compressibility cf, both the rebound pressure and recovery pressure take negative values (Table 7). For a higher constrained axial modulus M = 7731.1 MPa, both pressure types had high, positive values. This shows that, as the pore pressure drops, the coal permeability changes beneficially.



Having access to the Mannville Group basin data on the parameters describing methane desorption (εl and PL), we were able to simulate changes in permeability for the extreme values of these parameters. The first to be analysed was the impact of εl, where for the greatest and smallest changes in k/ko from previous simulations, we adopted the extreme values εl = 0.042 and εl = 0.016, respectively.



The analyses of the results depicted in Figure 9 and Figure 10 show that the parameter εl has a much stronger effect on changes in coal permeability than the parameter PL, even though the role of the latter is not negligible either.



Similar simulations were performed in relation to the changes in Pl. The values of PL were matched with the greatest and smallest changes in k/ko from previous simulations for the two variants PL = 0.5Po, and PL = 2Po.




3.4. Changes in Permeability in Relation to the Coal from the Cretaceous Mesaverde Group, Western Canada


For the data from the Cretaceous Mesaverde Goup basin (Table 3), we presented how permeability varies as a result of changes in methane’s pore pressure in relation to different cleat compressibility cf values (Figure 11). Given the available data, cf was calculated for the extreme and mean values of Young’s modulus, with a constant porosity at ϕo = 0.006.



The changes in permeability observed in the simulations were at relatively low levels. These results were undoubtedly affected by the relatively high coal cleat compressibility cf = 0.123 1/MPa, and low εl = 0.009 compared to the Mannville Group basin coal. This observation is supported by the rebound pressure Prb and recovery pressure Prc values, as presented in Table 8. For the lowest and mean values of the coal compressibility 1/M, we obtained negative values of the recovery pressure Prc. Only the lowest compressibility causes an increase in permeability that improves the prospects of the extraction being economically viable (Prc > 0).




3.5. Changes in Permeability in Relation to the Coal from the Northern and Northeast of Fairway of San Juan Basin


These simulations of changes in permeability based on the Cui-Bustin model are related to two types of coal from the San Juan basin, namely Northern and Northeast of Fairway (Table 4 and Table 5).



Similarly to the Mesaverde Group coal, the obtained changes in permeability for the two selected coal beds from the San Juan basin, i.e., Northern and Northeast of Fairway (Figure 12), are generally far from promising. This is largely due to the low Young’s modulus values for both types of coal from this basin: E = 2411.5 MPa and E = 2067 MPa (Table 4 and Table 5). Given the initial porosity of ϕo = 0.004, this results in a relatively high cleat compressibility, cf =0.07 1/MPa and cf = 0.075 1/MPa, respectively. Low εl values, at 0.009 for both cases, do not promote an increase in permeability, since the recovery pressure Prc takes negative values (Table 9 and Table 10).




3.6. Summary of Basin-Specific Analyses of Changes in Coal Permeability


As shown in the above-mentioned analyses, the key properties that affected changes in the permeability of the analysed coal were the coal deformation parameters that determined the coal cleat compressibility cf, the initial porosity ϕo and the parameters associated with methane desorption εl and PL. The analyses of the sensitivity of changes in permeability to the values of each parameter show that permeability is mostly determined by two parameters, namely Young’s modulus E and the desorption-induced deformation εl (see, for instance, Figure 6 and Figure 9). It is these two parameters that determine whether there are good or bad prospects for an increase in the coal permeability. As shown in the earlier study results, changes in coal permeability are described well by the rebound and recovery pressure values Prb and Prc. In view of the above, the further part of this paper discusses the results of the analyses of how these two key parameters, i.e., Young’s modulus E and εl (which describes desorption), affect the pressure Prb and Prc for the coal from all of the basins analysed above. For the analysed coal basins, we used constant ranges of variability in Young’s modulus E = 500–4600 MPa and in εl = 0.004–0.014, to represent extreme values. The results of the analyses are presented using maps, which show the location of specific values for the parameters E and εl, for which the extraction prospects are poor (Prc < Prb < 0 or Prc < 0 < Prb < Po) and of those for which such prospects might be good (0 < Prc < Prb).



The subsequent Figure 13a,b shows maps that depict the values Prb and Prc as functions of the two parameters E and εl as used for the coal from the Fruitland Boomer Well B-1 San Juan basin. In addition to the variables E and εl, the other coal parameters are shown in Table 1.



The graph below (Figure 14) depicts Prb and Prc as correlated with the pressure PL. For the purposes of our calculations, we assumed that the value of PL was the multiple of the initial pore pressure Po. We assumed that PL might take the following values: PL = 2Po, PL = 1.5Po, PL = Po, PL = 0.5Po, PL = 0.25Po, and PL = 0.1Po. In addition to the variable PL, the other coal parameters are shown in Table 1 (mean E = 1960 MPa).



As shown in Figure 13a,b, the zero isoline of the pressure Prb and Prc demarcates an area with two parts of Young’s modulus E and εl values, to describe the respective values of the parameters Prb and Prc. In one part of this area, Prb has a negative value, while in the other, it has a positive value. This is also the case for the parameter Prc. Similar analyses can be carried out on the basis of Figure 14 for the parameter PL. With different configurations of these key geomechanical parameters and desorption, one can identify coal properties which will make the extraction of methane from the Fruitland Boomer Well B-1 San Juan coal bed unfavourable.



Such analyses were also conducted for the other coal basins, including Mannville Group, Mesaverde Group Western Canada, and Northern and North-East of Fairway San Juan, to identify the coal properties which cause the permeability to either rise or drop. The results of these analyses are presented in Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22, respectively.




3.7. Examples of Problems with Methane Extraction from Coal Beds—Poland, Japan


3.7.1. Recopol CO2—ECBM project—Poland


This project was designed to store carbon dioxide and support methane production in the Upper Silesia Basin, Poland [30]. Two holes were bored to the Carboniferous system at 900–1250 m intervals. During coal-bed dewatering, we observed a small increase in permeability and some stabilisation of the gas volume in the production hole, but this was relatively small. Then, there was a reduction in the CO2 injected into the coal bed. A test performed in situ showed a drop in the coal permeability. Over a period of about 1.5 years, the overall recovery of methane proved to be small, as a result of which the project was terminated. These poor results were due to a slow gas diffusion within the micro-pore structure of the coal and the swelling of the matrix, which narrowed down the cleats due to high-pressure CO2 adsorption.



The different properties of coal which hamper the release of methane from coal beds have been explored by Olajossy [31], who provided some information about the coal from the Upper Silesian Basin. Furthermore, the impact of such properties as the maceral content and rank of coal on the sorption capacity of the Upper Silesian Basin coal was investigated by Olajossy [32].




3.7.2. Yubari CO2/N2—ECBM Project—Japan


Tests designed to employ Enhanced Coal Bed Methane Recovery (ECBM) were performed on the Yubari coal bed over two years at a depth of 900 m [33]. They used a multi-well injection of CO2 and N2, alternately. This involved three consecutive stages—pre-flooding with CO2 to establish the baseline injectivity, N2 flooding, and a post-flooding CO2 injection. After CO2 and N2 were injected repeatedly, the coal permeability did not return to its initial value. This could possibly be due to coal matrix swelling during CO2 adsorption and, consequently, an increased stress within the zone near the injection well.






4. Summary and Conclusions


In some well-known coal basins, where methane is being or was produced, there are beds where methane production has failed to reach the appropriate level, whether in economic or engineering terms. One possible reason for this unfavourable situation, as argued in this paper, is the need to identify, in qualitative and quantitative terms, the key parameters that are at play in CBM. With regard to geomechanics, by emphasising the role of coal cleat compressibility, the Cui-Bastin model selected here describes how permeability changes when the methane pressure drops within the bed during the production of this gas. In addition, the model accounts for the extremely important role of desorption parameters. The results of the simulations of changes in permeability for the selected coal basins in the USA and Canada, as discussed here, have allowed us to identify the geomechanical and methane-desorption-related properties that are crucial for an efficient methane production. In these simulations, we used the data available from previous studies on CBM, as conducted by other authors. These values are provided as ranges or means. Such data is still limited. Moreover, the differences between the coal properties observed in laboratory tests on cores, and those identified as part of in situ tests, are noticeable.



Following an analysis of our simulations, we were able to identify some trends in the correlations between the rebound pressure and recovery pressure values, as well as in the relations between the rebound pressure, and recovery pressure and initial pressure, depending on the values of some key parameters, which do not support an increase in the coal permeability based on its correlation with the gas pressure. We also presented some other configurations of those parameters that seem to contribute to the increase in the coal permeability. Based on the findings discussed here, the following conclusions are important to consider:




	
There are three well-known, traditional models that are considered to be representative and elementary, namely Palmer and Mansoori, Shi-Durucan and Cui-Bustin. The Shi-Durucan model was improved here to give it a form that is correct and has probably not been presented yet. However, as it grossly overestimates the modelling results, it was not used for our simulations.



	
Coal cleat compressibility is an absolutely crucial input parameter. It depends, in the following order, on the Young’s modulus, initial porosity, and Poisson’s ratio.



	
Another key parameter is desorption-induced volumetric strain.



	
In two types of coal from a certain basin, with the same but—importantly—low values of the Young’s modulus and different values of the initial porosity, an increase in permeability will not be possible if the desorption-induced volumetric strain is low and the Langmuir pressure, as a parameter, is high.



	
The presented two-dimensional maps can be used as the sources of information about the distribution of the rebound pressure and recovery pressure depending on the Young’s modulus and desorption of the produced volumetric deformations. The values of such rebound pressure and recovery pressure, which can be negative or positive, play an important role in the assessment of the cost-effectiveness of methane production.



	
Being able to predict changes in the coal permeability is crucial for the well exploration of methane from coal beds and methane production management.



	
For the analyzed coal beds, the coal petrographic composition and coal rank has a significant impact on methane depletion. A detailed analysis of these dependencies is needed. Such an analysis requires detailed data, which, as can be seen for the presented coal beds, have a large dispersion. This scattering of data means that the analysis should take place on a large set of data designated for an individual coal bed region, in order to obtain statistically significant relationships. Such an analysis goes beyond the scope of this article, but it will be the subject of further research.
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Figure 1. Changes in permeability in relation to changes in the methane pressure based on the Palmer and Mansoori model [1,2]. 
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Figure 2. Changes in permeability in relation to changes in the methane pressure based on the Cui and Bustin model [3]. 
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Figure 3. Changes in permeability in relation to changes in the methane pressure based on the improved Shi-Durucan model. 
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Figure 4. Deformations caused solely by the geomechanical action of the pore pressure based on the Cui and Bustin model. 
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Figure 5. Deformations caused solely by desorption based on the Cui and Bustin model. 
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Figure 6. Changes in the Mannville Group coal permeability in relation to changes in the methane pressure based on the Cui and Bustin model [3]. 
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Figure 7. Deformations in Mannville Group coal produced solely by the geomechanical action of the pore pressure based on the Cui and Bustin model. 
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Figure 8. Deformations in Mannville Group coal produced solely by desorption based on the Cui and Bustin model. 
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Figure 9. Changes in the Mannville Group coal permeability depending on the extreme values of εl. 
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Figure 10. Changes in the Mannville Group coal permeability depending on the extreme values of PL. 
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Figure 11. Changes in the Cretaceous Mesaverde Group coal permeability in relation to changes in the methane pressure based on the Cui and Bustin model [3]. 
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Figure 12. Changes in the coal permeability of two types of coal from the San Juan basin, i.e., Northern and Northeast of Fairway in relation to changes in methane’s pore pressure based on the Cui and Bustin model [3]. 
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Figure 13. Maps of: (a) the rebound pressure Prb; and (b) the recovery pressure Prc, as correlated with E and εl for the Fruitland Boomer Well B-1 San Juan basin. 
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Figure 14. The variability in Prb and Prc as a function of the pressure PL for the coal from the Fruitland Boomer Well B-1 San Juan basin. 
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Figure 15. Maps of: (a) the rebound pressure Prb; and (b) the recovery pressure Prc, as correlated with E and εl for the Mannville Group basin, Lower Cretaceous, Western Canada. 
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Figure 16. The variability in Prb and Prc as a function of the pressure PL for the coal from the Mannville Group basin, Lower Cretaceous, Western Canada. 
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Figure 17. Maps of: (a) the rebound pressure Prb; and (b) the recovery pressure Prc, as correlated with E and εl for the Mesaverde Group, Piceance basin, Western Canada. 
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Figure 18. The variability in Prb and Prc as a function of the pressure PL for the coal from the Mesaverde Group, Piceance basin, Western Canada. 
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Figure 19. Maps of: (a) the rebound pressure Prb; and (b) the recovery pressure Prc, as correlated with E and εl for the Northern San Juan basin. 
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Figure 20. The variability in Prb and Prc as a function of the pressure PL for the coal from the Northern San Juan basin. 






Figure 20. The variability in Prb and Prc as a function of the pressure PL for the coal from the Northern San Juan basin.



[image: Energies 12 02918 g020]







[image: Energies 12 02918 g021 550]





Figure 21. Maps of: (a) the rebound pressure Prb; and (b) the recovery pressure Prc, as correlated with E and εl for the North-East of Fairway San Juan basin. 
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Figure 22. The variability in Prb and Prc as a function of the pressure PL for the coal from the North-East of Fairway San Juan basin. 
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Table 1. Boomer Well B-1 San Juan Basin [1,2].
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E (MPa)

	
v (-)

	
ϕo (-)

	
Po (MPa)

	
PL (MPa)

	
εl (-)

	
cf (1/MPa)






	
854

	
0.39

	
0.001

	
7.58

	
4.31

	
0.0128

	
0.582




	
854

	
0.005

	
0.116




	
3070

	
0.001

	
0.162




	
3070

	
0.005

	
0.032
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Table 2. Lower Cretaceous, Mannville Group, Western Canada [18].
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E (MPa)

	
v (-)

	
ϕo (-)

	
Po (MPa)

	
PL (MPa)

	
εl (-)

	
cf (1/MPa)






	
500

	
0.25–0.47, aver. 0.36

	
0.006

	
7.6

	
3.8–7.6, aver. 5.7

	
0.0042–0.016, aver. 0.0101

	
0.198




	
500

	
0.03

	
0.039




	
4600

	
0.006

	
0.021




	
4600

	
0.03

	
0.004
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Table 3. Cretaceous Mesaverde Group, Western Canada [3,20].
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E (MPa)

	
v (-)

	
ϕo (-)

	
Po (MPa)

	
PL (MPa)

	
εl (-)

	
cf (1/MPa)






	
1000

	
0.3

	
0.006

	
7.2

	
7.2

	
0.005–0.013, aver. 0.009

	
0.123




	
2750

	
0.045




	
4500

	
0.027
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Table 4. Northern San Juan Basin [18,22].
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	E (MPa)
	v (-)
	ϕo (-)
	Po (MPa)
	PL (MPa)
	εl (-)
	cf (1/MPa)





	2411.5
	0.29
	0.0045
	7.6
	5.9
	0.0098
	0.07
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Table 5. Northeast of Fairway San Juan Basin [23,24].
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	E (MPa)
	v (-)
	ϕo (-)
	Po (MPa)
	PL (MPa)
	εl (-)
	cf (1/MPa)





	2067
	0.35
	0.004
	9.7
	3.45
	0.008
	0.075
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Table 6. The rebound pressure Prb and recovery pressure Prc values for the Palmer and Mansoori, Cui and Bustin, and improved Shi-Durucan models, as obtained for the Boomer well B-1 San Juan basin.
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Pressure (MPa)

	
M (MPa) Equation (14)

	
Palmer and Mansoori, Equation (4)

	
Cui and Bustin, Equations (12) and (13)

	
Improved Shi-Durucan, Equations (8) and (9)






	
Prb

	
1705.5

	
1.99

	
0.44

	
6.26




	
6123.9

	
7.64

	
4.70

	
15.7




	
Prc

	
1705.5

	
-

	
−2.4

	
5.09




	
6123.9

	
-

	
2.52

	
29.4
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Table 7. The rebound pressure Prb and recovery pressure Prc values for the Cui and Bustin model, as obtained for the coal from the Mannville Group basin, Lower Cretaceous, Western Canada.
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Pressure (MPa)

	
M (MPa)

	
Cui and Bustin






	
Prb

	
840.3

	
−1.94




	
7731.1

	
5.69




	
Prc

	
840.3

	
−4.64




	
7731.1

	
4.06
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Table 8. The rebound pressure Prb and recovery pressure Prc values for the Cui and Bustin model, as obtained for the coal from the Mesaverde Group basin, Western Canada.
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Pressure (MPa)

	
M (MPa)

	
Cui and Bustin






	
Prb

	
1346.1

	
−1.43




	
3701.9

	
2.35




	
6057.6

	
5.02




	
Prc

	
1346.1

	
−4.89




	
3701.9

	
−0.85




	
6057.6

	
3.18
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Table 9. The rebound pressure Prb and recovery pressure Prc values for the Cui and Bustin model, as obtained for the coal from the San Juan-Northern basin.
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Pressure (MPa)

	
M (MPa)

	
Cui and Bustin






	
Prb

	
3317.4

	
1.85




	
Prc

	
−1.30
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Table 10. The rebound pressure Prb and recovery pressure Prc values for the Cui and Bustin model, as obtained for the coal from the San Juan-Northeast of Fairway basin.
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Pressure (MPa)

	
M (MPa)

	
Cui and Bustin






	
Prb

	
3160.1

	
2.58




	
Prc

	
−0.56
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