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Abstract: The paper presents the assessment of the resources of methane considered as the main
mineral in the most prospective selected areas of the Upper Silesian Coal Basin, Poland in the region
of undeveloped deposits. The methane resources were estimated by means of a volumetric method
at three depth levels, 1000, 1250, and 1500 m. A part of the Studzienice deposit comprising three
coal seams, 333, 336, and 337, located in a methane zone was chosen for the numerical modeling
of simulated methane production. The presented static 3D model has been developed using Petrel
Schlumberger software. The total resources of methane in the area amount to approximately
446.5 million of Nm>. Numerical simulations of methane production from the selected coal seams
with hydraulic fracturing were conducted by means of Schlumberger ECLIPSE reservoir simulator.
Based on the simulations, it was concluded that, in the first six months of the simulations, water is
produced from the seams, which is connected with the decrease in the rock mass pressure. The process
prompts methane desorption from the coal matrix, which in turn results in a total methane production
of 76.2 million of Nm? within the five-year period of the simulations, which constitutes about 17%
of total methane resources (GIP). The paper also presents a detailed analysis of Polish legislation
concerning the activities aimed at prospecting, exploring, and extracting the deposits of hydrocarbons.

Keywords: coal seams; methane resources; numerical simulations; legal issues

1. Introduction

Coal bed methane (CBM) is a natural gas created as a result of the transformations of organic matter
into bituminous coal, which, due to the sorption phenomena, was accumulated in different ranks of
coal [1]. The sorption capacity of coal depends on various parameters, i.e., thermodynamic conditions
within the coal seams, moisture, and petrographic content of coals, as well as the composition of
the adsorbed gas [2-6]. The global geological resources of coal bed methane are estimated to range
from 100 to 216 billion m3 with the recoverable CBM resources estimated at 24—42 billion m? [7,8].
In the United States, both the recognition of exploitable resources and the production of CBM are
well-developed. The recoverable resources of coal bed methane in the United States account for
9%-29% of the geological resources, whereas the exploitable ones constitute only 14% of the recoverable
resources [9]. The CBM resources are subject to the same procedures concerning the prospecting,
exploring, documenting, and production as the resources of conventional hydrocarbons. The feature
that makes coal bed methane resources different from the conventional ones is connected with large
variability of the parameters used to estimate the resources, which in consequence translates into a
high level of uncertainty concerning the reported statistics. The application of deterministic methods
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to assess the resources is encumbered with errors; therefore, it is recommended to use probabilistic
forecasting, which takes into consideration the statistical variability of parameters—for example,
Monte Carlo methods [10]. Companies which carry on exploration and production activities, as well as
those which produce reports on CBM resources, most often apply the petroleum resource management
system (PRMS) introduced in 2007 under the auspices of international oil industry companies [11].
The PRMS classification of hydrocarbons resources allows for the assessment of the range of uncertainty
concerning the predicted volume of hydrocarbons, as well as the risk assessment of commerciality.
In Poland, the classification of CBM as the main mineral is based on the criteria of recoverability
stipulated by the Regulation of the Minister of Environment on the geological and investment report
of a hydrocarbon deposit [12].

Pre-mine drainage of methane from coal seams is an important issue concerning the safety of
coal miners in operating coal mines. In recent years, there have been some works associated with the
pre-mining methane extraction from coal seams using surface directional wells [13-15].

New prospects regarding the utilization of coal bed methane in Poland started to appear in the
1990s when AMOCO, TEXACO, Metanel, and Pol-Tex Methane initiated in the period of 1991-1998
intensified works on CBM extraction in the Upper Silesian Coal Basin within the framework of their
concessions [16]. The extraction method consisted in simultaneous opening out of multiple gas-bearing
coal seams by means of vertical wells with perforation and the use of hydraulic fracturing technology.
The method proved to be unprofitable in the case of the Upper Silesian Coal Basin due to the small
capacity of methane production during the tests, which did not guarantee the project cost effectiveness.
The most important geological factor responsible for the poor performance was the low permeability
of the coal seams in the Upper Silesian Coal Basin [16].

Previous research was carried out by means of vertical wells, whereas currently there is a trend of
applying the technology of directional (horizontal) drilling for the opening out of gas-bearing coal
seams. Particularly good results were obtained for directional drilling combined with under-balanced
drilling [17]. The horizontal drilling ensures large drainage area, whereas under-balanced drilling
allows preventing the damage of the near-well zone [18]. Thanks to the application of the above
drilling methods in the United States, Australia, and Canada, it has been possible to produce gas from
poorly permeable coal seams whose exploitation, similarly to the CBM production in the Upper Silesian
Coal basin, was previously considered uneconomical [19]. The first evaluations of CBM resources in
the Upper Silesian Coal Basin were made in the early 1990s [20]. The underlying reason to provide
such evaluation was the process of granting concessions for the CBM resources in Poland. The in-situ
resources of methane were estimated by means of the volumetric method, which is commonly applied
in the United States [21].

In consecutive years, various institutions (Table 1) recalculated the estimates of CBM resources.
All the estimates encompassed in situ resources and were performed using the volumetric method;
in the subsequent estimates, only the boundary conditions were changed.

Table 1. Coal bed methane (CBM) resources in the Upper Silesian Coal Basin.

Institution CBM Resources (Million Nm?3)
Polish Geological Institute [20] 365
Katowice Geological Company [22] no less than 300-320
Central Mining Institute [23] 442

Methane resources were estimated for the basic zone of methane-bearing coal seams according
to the current criteria of recoverability, i.e., up to the depth of 1500 m for coal seams of a minimal
thickness of 0.6 m and an average methane content higher than 2.5 m3/Mgg.¢. Yet another verification
of the resources of coal bed methane, considered as the main mineral, took place in 2006. In this report,
the resources of CBM were estimated at 124.5 billion m?, including the areas of operating coal mines
below the depth of 1000 m, the closed seams, and undeveloped areas (Table 2).
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Table 2. Estimated recoverable CBM resources within the boundaries of the selected area.

Type of Seam CBM Resources (Million Nm?)
Seams in operating coal mines 42,050.2
Seams in closed coal mines 7184.2
Undeveloped seams 61,958.0
Separated areas 13,347.7
Total 124,540.2

In Table 2, methane resources were estimated according to the volumetric method (GIP)-based on
the verification of methane resources in active coal mines (coal mine methane—CMM), undeveloped
coal deposits (coal bed methane—CBM), and abandoned coal mines (AMM). Due to the fact that, in
Poland, the geological criteria for the estimation of CMM are different from those for CBM, the methane
resources in Table 2 take into account different boundary conditions for resource estimation: (a) for
CBM—the depth of 1500 m, seams with thickness >0.6 m, methane capacity >4.5 m3/Mgdaf; and (b) for
CMM—the depth of documented coal seams in the mine area, thickness >0.2 m, and methane capacity
of 2.5 m3/Mggas.

Three-dimensional geological modeling of hydrocarbon resources plays a prominent role in the
processes of prospecting, exploring, developing, and exploiting hydrocarbon accumulations. In this
respect, Schlumberger Petrel software constitutes a tool for developing geological-structural models
that enable the integration of geological and geophysical data, as well as the information concerning
reservoir engineering. The package of petrel reservoir engineering core modules, combined with
an ECLIPSE industry-reference simulator, provides a set of numerical solutions for forecasting the
dynamic reservoir processes and for designing plans for the exploration, development, and production.
The modeling of bituminous coal seams using Schlumberger Petrel software enables to perform
numerical simulations of coal bed methane extraction by means of directional drilling from the
surface [19,20], as well as computer simulations of enhanced methane recovery combined with injecting
CO;, into the coal seams-enhanced coal bed methane (ECBM) [24-31].

The aim of this article is the evaluation of the resources of coal bed methane considered as the
main mineral for 19 undeveloped seams within the area of the Upper Silesian Coal Basin, as well
as the selection of the most prospective areas in terms of methane resources and the estimation of
in-place methane resources (GIP) at several depth intervals. Additionally, the study encompasses the
development of numerical simulations of methane extraction from selected coal deposits in order to
estimate the recoverable methane resources and calculate the possible value of recovery factor.

The methane resources were estimated by means of the volumetric method (GIP—Gas In Place).
Three areas of the Upper Silesian Coal Basin were selected as the most prospective. The analysis allowed
assessing the distribution of CBM resources in the vertical profile in the adopted intervals (a) from the
roof of the zone to 1000 m, (b) 1000-1250 m, and (c) 12501500 m for the three prospective areas. The total
recoverable reserves of CBM considered as the main mineral in the first region equal 17,243.3 million
Nm?3, in the second region—12,447 .4 million Nm?3, and in the third region—3887 million Nm3.

The Studzienice deposit was selected for the numerical modeling of CBM extraction. A structural
parameter model of the coal-bearing Upper Carboniferous formations was developed, and the reservoir
parameters were analyzed. The static model was supplemented with detailed reservoir parameters,
as well as the thermodynamic properties of reservoir gases and fluids.

Within the framework of the study, numerical simulations have been performed for the process of
methane extraction from selected coal seams by means of a multilateral well combined with hydraulic
fracturing to enhance the production. In addition, numerical simulations of methane extraction using
directional wells drilled from the surface were carried out, and a numerical model of the selected coal
deposits was developed.
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2. Materials and Methods

2.1. The Estimation of Coal Bed Methane Resources

The resources of coal bed methane considered as the main mineral were estimated for
19 undeveloped seams within the area of the Upper Silesian Coal Basin. The resources were estimated
for the designated boundaries of the seams areas, similar to the resources of methane as an accessory
mineral within the seams of operating coal mines. The total recoverable resources of methane as the
main mineral amount to 60,125 million Nm? [32]. For the purpose of the estimates of CBM resources,
the following boundary conditions were adopted:

e the thickness of the seams >0.3 m,
e the depth—1600 m, and
e the methane content >4.5 m3/Mgq.—only in the basic zone of methane-bearing coal seams.

The methane resources were estimated by means of the volumetric method (GIP—Gas In Place) at
three depth levels—1000, 1250, and 1500 m (see Figure 1).

The volumetric method is one of the simplest methods of estimating resources; it requires the
relatively smallest recognition of the deposit, especially in terms of identifying reservoir parameters;
however, it is generally used only to calculate geological resources and, after adopting geological
criteria, also the anticipated economic and subeconomic ones. The calculation of CBM gas resources
(GIP—Gas In Place) using the volumetric method is based on the following formula:

GIP=A-H Mgy -y (1)

where

GIP = methane resources (m?3),

A = calculation area of methane resources (m?),

H = thickness of dry ash free coal (m),

Mg = average content of hydrocarbons (m3/Mggaf), and

y = density (Mg/m?).

For the purposes of further research, three areas of the Upper Silesian Coal Basin were selected as
the most prospective in terms of methane resources. The analysis will allow assessing the distribution
of CBM resources in the vertical profile in the adopted intervals for estimating resources (a) from
the roof of the zone to 1000 m, (b) 1000-1250 m, and (c) 1250-1500 m for the three prospective areas.
Next, a numerical model of the selected coal deposit was developed, and numerical simulations of the
methane extraction using directional wells drilled from the surface to assess the potential developed
resources were carried out.
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Figure 1. Maps of coal bed methane (CBM) resources occurring in undeveloped areas of the Upper
Silesian Coal Basin, Poland for three depths: (a) up to 1000 m, (b) 1000-1250 m, and (c) 1250-1500 m.

2.2. Numerical Modeling of CBM Extraction

The ECLIPSE Simulator allows for the double porosity in the model. The model consists of two
interconnected systems representing the coal matrix and the cleat system. Methane is stored by means
of sorption in a poorly permeable coal matrix characterized by varied porosity in comparison to the
cleat system where the phenomenon of desorbed gas flow takes place. Accordingly, in double-porosity
models, the number of layers is doubled, whereas the calculations during the simulation are conducted
for a double number of cells.

The model of gas adsorption on coal for the different components is described in ECLIPSE 300
by means of the extended Langmuir isotherm [33]. The adsorption capacity is a function of the
pressure and free-gas phase composition. For each of the gases, it is required to introduce Langmuir
isotherm parameters, i.e., the Langmuir volume constant V; and the Langmuir pressure constant P;.
These parameters are typically determined based on experiments. Different isotherms can be used in
different regions of the field. The multicomponent adsorption capacity is calculated by means of the
following equation:

2 vir;

L(Prylryz,...).:e_ V— (2)
Z RTs 1+ ]1y]p,

where
0 = scaling factor,
= pressure at standard conditions,
R = universal gas constant,
Ts = temperature at standard conditions,
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Vi = Langmuir volume constant for component 7,

P; = Langmuir pressure constant for component i,

y; = hydrocarbon mole fraction in the gas phase for component i, and

p = pressure.

For the special case of a single component, the extended Langmuir isotherm is identical to the
usual Langmuir isotherm giving the storage capacity as a function of pressure only:

P, 7
L(p) =0 [V ] ®G)
p
RTs\ 1+ P
where V is the maximum storage capacity for the gas, referred to as the Langmuir volume constant,
and P is the Langmuir pressure constant. The constants used in the extended Langmuir formulation
can hence be estimated from a series of single-component gas experiments.
Time-dependent diffusion in ECLIPSE 300, i.e., the diffusive flow between the matrix and the
fracture, is given by:
F,’ = DIFFMF - DC,,* . Sg . RFZ‘ . (mi — Pc Li) (4)

where

m; = molar density in the coal matrix, and

DIFFMF = matrix fracture (or multi-porosity) diffusivity.

It is possible to scale the adsorption capacity, keyword LANGMULT, by a factor for each cell in
the grid. Typically, this can be used to account for differences in ash or moisture contents.

pc = rock density (coal density),

D, = diffusion coefficient (coal) component i,

RF; = readsorption factor component i,

Sg = gas saturation for a desorption value of unity is used, and

pe Li = equilibrium molar density of adsorbed gas.

The matrix-fracture diffusivity is given by:
DIFFMF = DIFFMMF - VOL - ¢ 5)

where

DIFFMMF is the multiplying factor input,

VOL is the coal volume, and

o is the factor to account for the matrix-fracture interface area per unit volume.

Often the component’s sorption time is a quantity that is easier to obtain than the diffusion
coefficients. For desorption, we write the flow as:

F; = (VOL/t;) (m; — pc Ly) (6)

where

7; = 1/(D,,; - DIFFMMF - 0) is called the sorption time.

The parameter controls the time lag before the released gas enters the coal fracture system.

The sorption times are given by the diffusion coefficients, DIFFCBM, and the matrix-fracture
interface area, SIGMA, together with the multiplying factor DIFFMMEF. If the sorption times are known,
a value of unity can be assigned to ¢ and DIFFMMF. The diffusion coefficients can then be assigned to
the reciprocal of the sorption times [33].

Simulator ECLIPSE 300 requires predetermining the initial gas concentration in the coal by means
of inputting the gas volume to the mass of the base rock (sm®/kg). The ECLIPSE software defines the
sm®/kg unit as a cubic meter of gas (pressure of 1 atm = 1013.25 hPa and temperature of 15.56 °C) per
one kilogram of coal under in-situ conditions.
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The presented static 3D model has been developed using Petrel Schlumberger 2010.1 software [34].
The above model constituted the foundation for creating a dynamic model encompassing the simulations
of the process of CBM extraction by means of directional drilling technology combined with hydraulic
fracturing of the rock mass to enhance methane production. The numerical simulations were performed
by means of the 2011.3 compositional version of the ECLIPSE simulator with the option of coal bed
methane [33]. The numerical model was constructed for the selected area of research encompassing the
region of an undeveloped Studzienice deposit. During the first phase of the study, a static model of the
whole Studzienice play, displaying the following documented seams: 211, 213/1, 214/1, 214/1-2, 215/2,
301, 303, 308, 310, 312, 315, 318, 320/1, 321, 324, 328, 333, 336, and 337 and taking into consideration
the occurrence of potential faults, was constructed. Within the model, the coal-bearing formations of
productive carboniferous demonstrate considerable a tectonic engagement of the rock mass (Figure 2).

Figure 2. Structural model of bituminous coal seams.

The area of the modeled region equals 55.5 km?. The static model was used for developing
dynamic simulation models for the selected seams 333, 336, and 337 of the high-methane content zone.
Within one tectonic block, the exploration and production wells were located. The first designed well,
Studzienice V, was a vertical one and performed the function of an exploration well by means of which
the analyzed coal seams were drilled. The next well consisted of three branched directional boreholes
(Studzienice 1H, Studzienice 2H, and Studzienice 3H) drilled from a vertical section of the well, which
enabled the simulation of methane exploitation processes. The depths of the deposition of the seams
within the selected model block were in the ranges of 925-1023 m, 1007-1102 m, and 1021-1116 m for

seams 333, 336, and 337, respectively. Figure 3 presents the deposition of seam 337 within the selected
tectonic block.
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Figure 3. The deposition of seam 337 within the selected tectonic block.

The area of the modeled region equals 2.62 km?. The thickness of the modeled region ranges
from 70.5 to 113 m. A horizontal resolution of a 10 X 10-m interpolation grid was applied. Figure 4
demonstrates the developed model, which comprises 5 layers and 219,375 cells. The parameters of the
numerical model are listed in Table 3.

Figure 4. Simulation model of CBM extraction from seams 333, 336, and 337.
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Table 3. Structural parameters of the simulation model for CBM extraction.

Calculation Interval Recoverable Reserves of CBM
(Depth, M) Considered as the Main Mineral (Million Nm?)
Average coal seam thickness (m) 1.5
The area of the model (km?) 2.62
Horizontal resolution of the interpolation grid (m) 10 x 10

Vertical resolution of the model (m) 1.5
Fracture porosity (%) 0.5
Permeability X, Y, and Z (mD) 1.5

In the developed numerical model, a series of numerical simulations have been performed for
the process of methane extraction from selected coal seams by means of a multilateral well combined
with hydraulic fracturing to enhance production. For the purpose of simulating the process of CBM
extraction, a compositional version of ECLIPSE simulator with the option of coal bed methane was
used. This version of the simulator takes into consideration the major mechanisms responsible for the
flow of water and gas within the coal seam, namely, the desorption of gas from the coal matrix into the
cleat system, diffusion in the coal matrix according to Fick law, and Darcy’s flow in the fractures [33].
The ECLIPSE 300 Simulator used in the study allows for the double porosity in the model. Therefore,
the model consists of two interconnected systems representing the coal matrix and the cleat system.
Methane is stored by means of sorption in a poorly permeable coal matrix characterized by varied
porosity in comparison to the cleat system where the phenomenon of desorbed gas flow takes place.
Additionally, gas adsorption isotherms described in ECLIPSE 300 by means of an extended Langmuir
isotherm are applied in the model [30]. Besides the parameters of the extended Langmuir isotherm,
the developed model also incorporates the coal density, methane diffusion coefficient, and minimum
production pressure. The ECLIPSE software defines the sm3/kg unit as a cubic meter of gas (at the
pressure of 1 atm = 1013.25 hPa and temperature of 15.56 °C) per one kilogram of coal under in-situ
conditions [33].

In the developed model, laboratory data obtained during the execution of the Reduction of CO,
emission by means of CO, storage in coal seams in the Silesian Coal Basin of Poland (RECOPOL)
project and a pilot CBM project executed by TEXACO were used [16,34-37]. Detailed parameters for
developing the model are compiled in Table 4.

Table 4. Parameters used for modeling the CBM extraction.

Parameter Seams 333, 336, and 337
Coal density, kg/m3 1330.00
CH, Diffusion coefficient, m2/d 0.0000685
Initial pressure, bar 115-120
Min. Production pressure, bar 5.00
333 coal seam depth, m 925-1023
336 coal seam depth, m 1007-1102
337 coal seam depth, m 1021-1116
Extended Langmuir Isotherm Parameters
CH, volume Vi, sm3/kg 0.0205
CHj pressure Pp, bar 42.00
CO, volume Vi, sms/kg 0.0320
CO, pressure Py, bar 19.03

3. Legal Aspects of the Activities Concerning the Prospection, Exploration, and Extraction of
CBM in Light of the Act on Geological and Mining Law

Under the provisions of the Act of 9 June 2011, Geological and Mining Law (i.e., of 4 April
2019, the Journal of Laws of 2019, item 868; hereafter: Geological and Mining Law), the deposits of
hydrocarbons—including, in particular, coal bed methane—constitute mining ownership regardless
of the place of their occurrence. The deposits of hard coal, methane as an associated mineral, lignite,
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metal ores, excluding bog iron ores, native metals, radioactive ores, native sulfur, rock salt, sylvinite,
potassium-magnesium salts, gypsum and anhydrite, precious stones, rare-earth elements, noble gases,
as well as the deposits of curative water, thermal water, and brine are covered by mineral rights
wherever they occur. Mineral rights are exercised solely by the State Treasury. Under the provisions of
legal acts, the State Treasury may, to the exclusion of other persons, use the object of the mineral rights
or dispose of its rights solely by establishing a mining usufruct which shall be established by way of an
agreement in writing. In light of the said Act, the activity consisting in the prospection, exploration,
and production of hydrocarbon deposits may be carried on exclusively after obtaining a concession.
Due to the character of the State Treasury, the entitlements of the State Treasury provided by mineral
rights with respect to the above activities are exercised by competent concession-granting authorities,
i.e., bodies entitled by law to grant decisions on the basis of which it is possible to undertake an activity
which requires a concession. According to the legislator, the prospection of hydrocarbon deposits means
performing geological development works with a view to establishing and preliminarily documenting
the existence of a deposit. The exploration of hydrocarbon deposits means carrying out geological
development works in the area of preliminarily documented hydrocarbon deposits. The extraction of
hydrocarbons from deposits means conducting the hydrocarbon extraction, as well as preparing the
extracted hydrocarbons for transport and their transport within the area of a mining plant. The legislator
devoted a separate chapter in the Act on Geological and Mining Law to provide regulations concerning
the issue of granting concessions for the prospection, exploration, and production of hydrocarbon
deposits (Act on Geological and Mining Law, Chapter III). The procedure of applying for concessions
for the prospection, exploration, and production of hydrocarbon deposits, unlike in the case of other
concessions, is preceded by an eligibility procedure to assess the ability of the interested entity to carry
out the activities in the scope of the prospecting for and exploration of hydrocarbon deposits and the
extraction of hydrocarbons from deposits. Within the framework of the eligibility procedure that is
carried out by the Minister of the Environment, it is determined whether the entity intending to apply
for a concession for the prospecting for and exploration of a hydrocarbon deposit and the extraction of
hydrocarbons from a deposit, or a concession for the extraction of hydrocarbons from a deposit, remains
under corporate control of a third-party state, entity, or citizen of a third-party state, and, if so, if such
control can pose a threat to national security. In such a case, a third-party state is understood to be any
state other than a Member State of the European Union, Member State of the European Free Trade
Agreement (EFTA), or a Member State of the North Atlantic Treaty Organization. Corporate control is
interpreted as all forms of obtaining, directly or indirectly, entitlements, which, separately or jointly,
given all legal and factual circumstances, make it possible for the entity to exert decisive influence
on the entity interested in conducting activities within the scope of prospecting for and exploration
of a hydrocarbon deposit and the extraction of hydrocarbons from a deposit or a concession for the
extraction of hydrocarbons from a deposit. An example of circumstances that enable to exert influence
on the entity interested in conducting said activities is the case where the said entity holds, directly or
indirectly, a majority of votes at the general meeting or is entitled to appoint or dismiss a majority of the
members of the management board or supervisory board. The aforementioned eligibility procedure is
conducted upon the application of the entity interested in conducting activities within the scope of
prospecting for and exploration of a hydrocarbon deposit and the extraction of hydrocarbons from
a deposit or a concession for the extraction of hydrocarbons from a deposit. The legislator requires
from the minister responsible for the environment to keep a list of the entities to which a decision on
the positive assessment in the eligibility procedure has been issued. It should be underlined that the
decision on the positive assessment in the eligibility procedure constitutes a mandatory prerequisite
that entitles the entity to which it has been issued to submit a tender in the tender procedure for
obtaining a concession to prospect for and explore hydrocarbon deposits and to extract hydrocarbons
from deposits or a concession to extract hydrocarbons from deposits. A concession to prospect for and
explore hydrocarbon deposits and to extract hydrocarbons from deposits or a concession to extract
hydrocarbons from deposits may be granted by way of a tender procedure but also upon the request of
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the interested entity. The tender procedure should have an objective and nondiscriminatory character,
and it should give priority to the best systems of prospecting for and the exploration of hydrocarbon
deposits or the extraction of hydrocarbons from deposits.

The legislator cautioned that the tender procedure should be based on the following criteria:

(1) experience in the activity concerning the prospecting for and the exploration of hydrocarbon
deposits or the extraction of hydrocarbons from deposits in order to ensure the safety of the
conducted activities in terms of the protection of human and animal life and health, as well as the
protection of the environment;

(2) technical capabilities to carry out the activity in the scope of prospecting for and the exploration
of hydrocarbon deposits and the extraction of hydrocarbons from deposits or the extraction
of hydrocarbons from deposits, respectively, and, in particular, having relevant technical,
organizational, logistics, and staff resources, including the cooperation in the development
and implementation of innovations in prospecting for, exploring, and extracting hydrocarbons
from deposits with scientific institutions dealing with the exploration of the geological structure
of Poland, as well as analytics, technology, and methodology of prospecting for deposits that take
into consideration the specificity of Polish geological conditions and apply to these conditions;

(3) financial capabilities providing due guarantee of performing the activity of prospecting for and
the exploration of hydrocarbon deposits and the extraction of hydrocarbons from deposits or the
extraction of hydrocarbons from deposits, respectively, and, in particular, the sources and manners
of financing the intended activities, including the share of own funds and funds originating from
third-party capital;

(4) proposed technology of performing geological development works, including geological works
or mining works;

(5) scope and schedule of the proposed geological development works, including geological works
or mining works; and

(6) scope and schedule of the obligatory sampling resulting from geological works, including
drilling cores.

The amount of the fee for the establishment of the mining usufruct, due at the stage of prospecting
and exploring, may constitute an additional criterion when two or more tenders submitted by the
entities interested in prospecting for and the exploration of hydrocarbon deposits or the extraction of
hydrocarbons from deposits obtain the same score.

The concession for prospecting for and the exploration of a hydrocarbon deposit and the extraction
of hydrocarbons from a deposit or the concession for the extraction of hydrocarbons from a deposit
should define at least the following issues:

(1) the type and the manner of performing the indented activity;

(2) the area within which the intended activity is to be pursued;

(3) the period of the concession validity;

(4) the date of the commencement of the activities covered by the concession and the specific
conditions—in particular, those pertaining to public safety and health, environmental protection,
or rational management of the deposit;

(5) the boundaries of the mining district and mining area; and

(6) the minimum degree of the utilization of the deposit resources and the measures necessary for
the purpose of the rational management of the deposit.

The concession to prospect for, to explore hydrocarbon deposits, and to extract hydrocarbons from
deposits is granted for a fixed period; however, not shorter than 10 years and not longer than 30 years.
Under the provisions of the concession, the entrepreneur is granted an exclusive right to carry out the
activities covered with the concession in the area defined therein. In addition, the concession granting
authority concludes a mining usufruct agreement with the entity.
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It is worth noting that one of the obligations imposed by the legislator on the entrepreneur who
has been granted the concession for prospecting for, exploring hydrocarbon deposits, and extracting
hydrocarbons from deposits is to provide the state geological service with current parameters of
the extraction of hydrocarbons from the deposit and to notify the concession granting authority of
such communication.

4. Results and Discussion

4.1. The Estimation of Coal Bed Methane Resources

The first of the selected prospective areas is located between the fault zone of
Zory-Suszec-Jawiszowice in the North and the fault zone of Bzie-Czechowice in the South of
Poland. Within the boundaries of the designated area, there are the undeveloped deposits
Warszowice-Pawlowice Péinoc and Pawtowice-rej, the sub-marginal deposits Studzionki-Mizeréow
and the Southern section of the Kobiér-Pszczyna deposit. The region is considered to be relatively
well-recognized in terms of methane conditions. The fact that, within the said region, there occur CBM
resources in the zone of secondary methane accumulation estimated at 5.18 billion Nm? that constitutes
an additional argument in favor of regarding the region as the most promising one [38]. Sixty-five
wells are located in the area; the wells were used to make tests concerning the methane content of the
seams by means of a one-phase vacuum degassing in the so-called ball containers, a method designed
by Katowice Geological Company (Katowickie Przedsigbiorstwo Geologiczne). Another eight wells located
in the same region were used to perform the tests of free desorption using the US Bureau of Mine
(USBM) method developed in the United States, which enables to measure the content of residual
methane and to estimate the volume of desorbable methane. The roof of the basic zone of methane
bearing seams (the roof of the series) of methane content >4.5 m3/Mg.¢ is deposited at the depth of
approximately 750 m in the East up to the depth of 1200 m in the region of the Pawlowice deposit.
The estimated recoverable reserves in the first area (Figure 5) are presented in Table 5.
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Figure 5. Prospective regions in terms of methane production using directional drilling from the surface
set against the undeveloped areas of the Upper Silesian Coal Basin.
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Table 5. Recoverable reserves of CBM considered as the main mineral in the first prospective region.

Calculation Interval Recoverable Reserves of CBM
(Depth, M) Considered as the Main Mineral (Million Nm?3)
From the roof of the zone to 1000 m 1050.3
1000-1250 m 8361.6
1250-1500 m 7831.4
Total 17,243.3

In Tables 5-7, methane resources were estimated according to the volumetric method (GIP,
Gas-In-Place) in the adopted intervals for estimating resources (a) from the roof of the zone to
1000 m, (b) 1000-1250 m, and (c) 1250-1500 m for three perspective areas taking into account the
following boundary conditions: depth 1500 m, thickness of coal seams >0.6 m, and methane capacity
>4.5 m3/Mgdaf.

Table 6. Recoverable reserves of CBM considered as the main mineral in the second prospective region.

Calculation Interval Recoverable Reserves of CBM
(Depth, M) Considered as the Main Mineral (Million Nm?)
From the roof of the zone to 1000 m 2674.4
1000-1250 m 4034.8
1250-1500 m 5738.1
Total 12,447.4

Table 7. Recoverable reserves of CBM considered as the main mineral in the third prospective region.

Calculation Interval Recoverable Reserves of CBM
(Depth, M) Considered as the Main Mineral (Million Nm3)
From the roof of the zone to 1000 m 28.4
1000-1250 m 1123.7
1250-1500 m 2734.9
Total 3887.0

The second prospective area is located in the hanging wing of the fault zone
Zory-Suszec-Jawiszowice (Figure 5). The area encompasses the Miedzyrzecze deposit and the
Southern section of the Studzienice deposit, as well as the Central section of the Kobiér-Pszczyna
deposit. The region is considered to be most prospective in the Eastern part (Miedzyrzecze deposit),
which is indicated by a considerable dynamic of methane desorption. There are 35 wells located in the
area to perform tests concerning the methane content of the seams by means of the above-described
method developed by the Katowice Geological Company and another four wells to perform the tests
using the USBM method. The roof of the zone lies at depths of the order of 750-1000 m. The estimated
recoverable reserves in the second prospective area are compiled in Table 6.

The third selected prospective area encompasses the documented CBM deposit Ledziny and the
Northern section of the Studzienice deposit (Figure 5). There are 15 wells located in the area to perform
tests concerning the methane content of the seams by means of the method developed by the Katowice
Geological Company and another three wells to perform the tests using the USBM method. The roof of
the CBM zone lies at the depth interval ranging from 950 to over 1100 m.

The estimated recoverable reserves in the third prospective area are shown in Table 7.

4.2. Numerical Simulation of CBM Extraction

In all of the simulation scenarios examined, hydraulic fracturing combined with directional
drilling and casing string perforation was applied. The purpose of the casing string perforation was to
achieve the maximum production rate of the well. The particular scenarios differed in terms of the
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hydraulic fracturing. For all of the production wells, hydraulic fracturing simulations were carried out
for a number of depth intervals within the period of six to eight months from the commencement of
the injection.

During the first six months, it was clearly observed for each of the simulations that, predominantly,
water was produced from the seams. In this period, it was found that the rock mass pressure decreases,
which is caused by water production from the seam. The process prompts methane desorption from
the coal matrix. The simulation covered the period of five years; the daily production rates of methane
and water are presented in Figure 6. The simulated methane extractions from seams 333, 336, and 337
are facilitated by means of horizontal wells in particular seams—Studzienice 1H, Studzienice 2H,
and Studzienice 3H, respectively. The Studzienice 5V well performs the function of monitoring the
depth of the coal seam deposition and, thus, constitutes a benchmark for the horizontal wells. Due to
the low value of coal seams’ permeability of the analyzed deposit, a multilateral production well was
used in the model.
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Figure 6. Daily production rates of water and methane during the simulated extraction of CBM for the
entire model of the deposit using three directional wells.

Multilateral directional drilling is a technology developed and applied for the first time in the
United States in order to improve the production flow and increase the efficiency of production
rates of single wells. The system of branched multilateral wells drilled into the coal seam facilitates
the extraction of approximately 85%-90% of gas contained in a 5-km? play over a period of about
30 months [39]. So far, the systems of branched multilateral wells have been successfully applied in the
development of CBM technology in Alberta Basin, Canada and San Juan Basin, the United States, as
well as in Bowen/Sydney Basin, Australia [40-43]. Branched multilateral wells constitute an effective
solution to achieve high production rates of the CBM extraction process. The application of the system
of branched multilateral wells is beneficial for the CBM technology due to the larger extent of drainage
zone. Moreover, such a system enables to achieve the maximum rate of methane production in a
relatively short time, along with the decrease in water drainage from the coal seam [44].
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Figure 7 presents the distribution of multilateral wells in the simulation model and the changes in
the distribution of coal seam pressure during the simulation of methane extraction. The considerable
decrease in the rock mass pressure was caused by the extraction of water and methane from the
coal seams.
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Figure 7. Distribution of pressure in coal seams (a) before the simulation and (b) after 5 years of
methane extraction (end of the simulation).

For the assumed parameters of the deposit, the aggregate methane production rate from coal
seams 333, 336, and 337 totaled approximately 76.2 million Nm?. The rates of methane production for
the particular horizontal wells are presented in Table 8, whereas Figure 8 shows the comparison of the
aggregate methane production rate in the wells during the simulation.

Table 8. Rates of methane production for the particular wells.

Production Well Methane Production Rate (Nm?3)
Studzienice-1H 23,633,812
Studzienice-2H 27,043,441
Studzienice-3H 25,513,001

Total 76,190,254
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Figure 8. The comparison of the changes in methane production rates in the particular wells.

The results of the numerical simulations demonstrate that the aggregate volume of methane
extracted from three coal seams totals 76.2 million Nm? in the five-year period of the simulation. Due to
the low permeability of coal in the deposit (the assumed coal permeability in the numerical model
equals 1.5 mD), the technology of multilateral wells was decided to be incorporated into the simulation
model. The aggravate methane production rate for each of the branches of the multilateral well—in
particular, coal seams—was in the range of 23.6-27.0 million Nm?, whereas the average daily methane
production rates ranged from 12,900 to 14,800 thousand Nm?3/d. The obtained results of the numerical
simulations can be compared with the results of experimental works carried out in the Upper Silesian
Coal Basin in the period of 20162018 within the framework of a research project Geo-Metan [45,46].
Geo-Metan was a pilot project executed in the area of an undeveloped coal deposit Miedzyrzecze
whose main objective was the development and refinement of Polish technologies of CBM exploration
and pre-mining extraction. Within the test phase, which covered the period of 145 days, the directional
well drilled into a coal seam of 0.2-0.8-mD permeability achieved a maximum flow of methane of
10,000 Nm3/d after a hydraulic fracking procedure was applied. With the completion of water drainage,
the daily production rate of methane stabilized at the level of approximately 5000 Nm?/d. The lower
values of the daily production rates achieved in the experimental works, as compared to the results
of numerical simulations, may be caused by different reservoir parameters of the analyzed deposits,
especially coal permeability.

5. Conclusions

The paper presents the assessment of the resources of methane considered as the main mineral
in the most prospective selected areas of the Upper Silesian Coal Basin, Poland in the region of
undeveloped deposits. The methane resources were estimated by means of the volumetric method
(GIP) at three depth levels—1000, 1250, and 1500 m.

Three areas of the Upper Silesian Coal Basin were selected as the most prospective in terms of
methane resources. The analysis allowed assessing the distribution of CBM resources in the vertical
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profile in the adopted intervals for estimating resources: (a) from the roof of the zone to 1000 m,
(b) 1000-1250 m, and (c) 1250-1500 m for three prospective areas.

The total recoverable reserves of CBM considered as the main mineral in the first prospective
region equal 17,243.3 million Nm?3, in the second region—12,447 .4 million Nm?3, and in the third
region—3887 million Nm?>. The Studzienice deposit was selected for the numerical modeling of CBM
extraction. A structural parameter model of the coal-bearing Upper Carboniferous formations was
developed, and the reservoir parameters were analyzed. The static model was supplemented with
detailed reservoir parameters, as well as the thermodynamic properties of reservoir gases and fluids.
Next, numerical simulations of methane extraction from the selected seams were carried out.

The above analyses were possible to perform by means of ECLIPSE software with the CBM option.
The software compatibility with the petrel reservoir engineering package enabled to simulate the
process of CBM extraction. The results concerning the changes in the average rock mass pressure
during the simulated methane extraction were presented. The findings concerning the efficiency of a
multilateral well system extracting methane from three selected coal seams were discussed.

The total resources of methane in the area amounted to approximately 446.5 million Nm?>. Based on
the simulations, it was concluded that, in the first six months, water is produced from the seams, which
is connected with the decrease in the rock mass pressure. The process prompts methane desorption
from the coal matrix, which, in turn, results in a total methane production of 76.2 million Nm? within
the Sfive-year period of the simulations, which constitutes about 17% of total methane resources (GIP).

The results of numerical simulations confirm that the application of multilateral well systems
combined with hydraulic fracturing considerably improves the efficiency of CBM extraction from seams
characterized by low coal permeability. In comparison with the conventional wells, the multilateral
well systems provide the possibility of optimizing the economic and technical performance of CBM
extraction. In addition, the paper also presents an in-depth analysis of Polish legislation concerning
the activities aimed at prospecting, exploring, and extracting the deposits of hydrocarbons in light of
the binding regulations stipulated by the Act on Geological and Mining Law.
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