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Abstract: A continuous growth in the global economy and population requires a sustainable energy
supply. Maximizing recovery factor out of the naturally occurring hydrocarbons resources has
been an active area of continuous development to meet the globally increasing demand for energy.
Coalbed methane (CBM), which is one of the primary resources of natural gas, associates complex
storage mechanisms and requires some advanced recovery techniques, rendering conventional reserve
assessment methods insufficient. This work presents a literature review on CBM in different aspects.
This includes rock characteristics such as porosity, permeability, adsorption capacity, adsorption
isotherm, and coal classification. In addition, CBM reservoirs are compared to conventional
reservoirs in terms of reservoir quality, reservoir properties, accumulation, and water/gas saturation
and production. Different topics that contribute to the production of CBM reservoirs are also
discussed. This includes production mechanisms, well spacing, well completion, and petrophysical
interpretations. The main part of this work sheds a light on the available techniques to determine
inijtial-gas-in-place in CBM reservoirs such as volumetric, decline curve, and material balance. It also
presents the pros and cons of each technique. Lastly, common development and economic challenges
in CBM fields are listed in addition to environmental concerns.
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1. Introduction

Continuous growth in the global economy and population requires a sustainable energy supply.
Table 1 shows the global primary energy consumption, measured in terawatt-hours (TWh) with crude
oil, natural gas, and coal being key suppliers [1].

Table 1. The global primary energy consumption by 2018 [1].

Data Item Contribution to Global Energy Consumption (TWh)
crude oil 50,000
natural gas 40,000
coal 40,000
traditonal biofuels 24,000
others >10,000

Petroleum engineers are always in a race towards maximizing recovery factor out of conventional
and unconventional reservoirs (tight gas and oil, coalbed methane, shale gas and oil, heavy oil, and gas
hydrate formations) in order to meet such demand. Extraction of gas generated and stored inside
coalbeds, also known as coalbed methane (CBM), is one of the tools to meet global energy demand.
This is mainly due to the large number of deposits of CBM scattered around the globe. CBM can be
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found in Australia, the United Kingdom, United States, Canada, and India [2]. The US has produced
more than 1000 Bef in 2017 [3]. It is worth mentioning that CBM is considered a clean-burning fuel
since it minimizes greenhouse emissions and lowers air pollution [4].

2. Literature Review

This section presents a literature review on coalbed methane from different aspects. This includes
reservoir and flow characteristics along with methods of reserves estimation for coalbed reservoirs.

2.1. Coalbed Methane Formation Characteristics

Coal is unique since it acts as a source rock and a reservoir rock for light gases generated inside.
These gases include methane, ethane, carbon dioxide, nitrogen, and hydrogen sulfide. The generation
of coalbed methane is done through biogenic (metabolic activities of microbes) or thermogenic
processes (due to increasing depth, pressure, and temperature) occurring throughout the diagenetic
cycle. Generated methane is usually adsorbed on the surface of the coal, mainly in micropores.
Adsorption can be defined as a process in which gas molecules adhere to the internal surface of
a coalbed.

In CBM reservoirs, the force that keeps the methane trapped inside the coalbed is the hydraulic
pressure; in order for CBM to be produced, there should be natural fractures or cleats connecting the
pores to the well. These cleats are formed as a result of regional and structural events. Cleats can also
be destroyed by burial or mineralization [5]. What is also unique about coal is that it has the capability
of adsorbing massive quantities of gas molecules due to large porosity with low permeability. The gas
saturation is affected by pressure, temperature, and fracturing degree [6-8].

The mechanism of producing methane depends largely on the hydraulic pressure and the
concentration of water and gas inside the bed. A reduction in the water content results in the release of
gas. The dewatering process reduces the partial pressure in the cleat and results in the desorption
of gas from the coal matrix and diffusion towards the cleat/fracture and then to the well. Moreover,
the continuous reduction in water saturation shifts the relative permeability curves favoring the
transport of methane in the larger pores. Dewatering simultaneously enhances desorption/diffusion
from micropores and advection in larger pores and cracks. Ultimately, methane production sharply
increases and water decreases.

2.2. Porosity

CBM reservoirs have been considered as dual or tri-porosity systems in the literature:
cleats (macropore) and matrix (micropore). The cleats help in flowing the gas, whereas the matrix
enhances gas storage. The majority of the porosity in CBM comes from the matrix, ranging from 10
to 20%. Cleat matrices are usually filled with water and have a porosity in the range of 0.1-1% [9].
Even though the value is small, it directly contributes to production. Figure 1 shows the CBM porosity
system with the mechanism involved inside it. The matrix of CBM has a higher storage capacity
compared to conventional reservoirs due to having pores with larger surface areas [10].

1~2 ym homogenized
image showing organic
matter in darker color

Figure 1. Coalbed methane (CBM) Dual-Porosity System.
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2.3. Adsorption and Sorption Isotherm

Coal has an adsorption capacity that can be defined as the volume of adsorbed gas in standard
cubic feet divided over the mass of coal in tons. The amount of gas adsorbed depends enormously on the
quality of coal [11]. At constant temperature, gas pressure and coal capacity or the volume of methane
stored can be related to each other using Sorption or Adsorption Isotherm. Adsorption Isotherm
is determined by conducting lab experiments on CBM cores. Something to note about Adsorption
Isotherm is that the results are affected by the applied temperature, moisture, and mineralogy of the
used sample. Moreover, results from this curve indicate the maximum amount of methane adsorption
but not necessarily the actual total methane existing in the tested core. A key difference between
Sorption Isotherm and Adsorption Isotherm is that the first one includes adsorbed gas, compressed,
or free gas, whereas the second accounts for adsorbed gas only [10]; a distinction that is needed in
some reserve estimation models where input parameters are either based on sorption or adsorption is
detailed in subsequent sections.

2.4. Coal Classification

Coal composition (type), maturity (rank), and grade (purity) all affect the methane sorption capacity.
Coal is made of three types of macerals, namely vitrinite, liptinite (exinite), and inertinite [11-15].
The rank of coal is considered a qualificative description of coalification, a process that involves the
decay of organic matter through biochemical and metamorphic transformation [12]. Table 2 shows the
properties of different ranks [12-14]. The higher the rank, the higher the gas content, and the deeper
the coal formation [14]. Coal purity is reflected in the term grade, which is based on chemical analysis
to determine how much organic material exists in the tested coal [15].

Table 2. Coal Rank [12-14].

Carbon Volatile Gross-Specific  In Situ Rank
Rank Stage (DAF) Matter Energy Moisture RRANDOM Rmax Subclass RRANDOM
(%) (DAF) (%) (MJ/kg) (%)
wood 50 65
peat 60 60 14.7 75 0.20 0.20 0.26
lignite 71 52 23 30 0.40 0.42 0.38
subbituminous 80 40 33.5 5 0.60 0.63 C 0.42
B 0.49
A 0.65
high volatile 86 31 356 3 0.97 1.03 C 0.65
bituminous
B 0.79
A 1.11
medium
volatile 90 22 36 1 147 1.58 1.50
bituminous
low volatile 91 14 36.4 1 1.85 1.97 1.92
bituminous
semianthracite 92 8 36 1 2.65 2.83 2.58
anthracite 95 2 35.2 2 6.55 7.00 5.00

2.5. Coal Permeability

The permeability of coal is controlled by two cleat systems known as face and butt cleats. Face and
butt cleats are formed 90 degrees to each other and as well as to the bed [11]. Face cleats have higher
capability of drainage compared to butt cleats. As mentioned above, micropores have a large surface
area. However, they have low permeability, which prevents the entrance and flow of fluid. However,
through the diffusion process, desorbed gas can flow through the primary pores. On the other hand,
cleat or fractures (macropores) are permeable and act as a sink to the micropores and conduits to the
wellbore. [16,17] The typical range of permeability encountered in coal is from 1 to 60 mD, with higher
and lower values attributed to the presence of natural fractures and nanopores, respectively [17].
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Similar to conventional reservoirs, cleats or fractures are subjected to a reduction in permeability or
closure due to confining stress.

Obtaining fluid and rock properties is essential towards understanding CBM reservoir properly.
Table 3 shows the techniques of obtaining different reservoir properties for CBM reservoirs,
whereas Table 4 shows different lab analyses conducted on coal samples [18].

Table 3. CMB Reservoir Data Acquisition Methods [18].

Data Item Primary Source (s)
permeability Well test
initial pressure Well test
initial water saturation Well test
gas desorption pressure Well test
pore compressibility Well test
desorption isotherm Core test
sorbed gas content Core test
desopation time Core test
relative permeability Production data and core test
porosity Core test
net pay thickness Well log and core test
temperature Well log
gas pvt properties Gas analysis
water pvt properties Water analysis
completion effectiveness Well test
well drainage area (spacing) Geologic description

Table 4. CMB Reservoir Data Acquisition Methods [15].

Analysis Results and Purpose

Provides volumes of desorbed gas (from coal samples placed in canisters),
gas content residual gas (from crushed coal), and lost gas (calculated). The sum of these is
the in situ gas content of a given coal seam.

Determines the percentage of methane, carbon dioxide, nitrogen, and ethane in
gas composition the desorbed gas. Used to determine gas purity and to build composite
desorption isotherms.

Visually captures coal brightness, banding, cleat spacing, mineralogy,
core description coal thickness, and other factors. Provides insights about the composition,
permeability, and heterogeneity of a coal seam.

A relationship, at constant temperature, describing the volume of gas that can be
adsorption isotherm  sorbed to a surface as a function of pressure. Describes how much gas a coal
seam is capable of storing and how quickly this gas will be liberated.

Provides the percentage of ash, moisture, fixed carbon, and volatile matter.
proximate analysis Used to correct gas contents and sorption isotherms to an ash-free basis, correct
the isotherms for moisture and determine the maturity of high-rank coals.

Determines the percentage of oxygen, carbon, hydrogen sulfur, and nitrogen.
ultimate analysis Used primarily to assess coal maturity. More commonly used in the mining
industry for CMB projects.

A value indicating the amount of incidental light reflected by the vitrinite
vitrinite reflectance maceral. This technique is a fast and inexpensive means of determining coal
maturity in higher rank coals.

Captures the types, abundance and spatial relationships of various maceral
maceral analysis types. These differences can be related to differences in gas-sorption capacity
and brittleness, which affect gas content and permeability.

Relationships between bulk density and other parameters (such as ash content
bulk density and gas content) can be used to establish a bulk-density cut-off for counting coal
and shale thicknesses using a bulk-density log.
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3. Differences between CBM and Conventional Reservoirs

Coal seams are appreciated as a reservoir and a significant source of methane due to the fact that
they store six to seven times more CHy than conventional gas reservoir. The CBM gas is found in three
different forms: (i) free gas, (ii) dissolved gas in the associate coal water, and (iii) absorbed gas on the
solid surface of the coal. Regardless of the immense quantity of methane in coal seams; it has special
features that make it distinctive from that in other conventional oil and gas reservoir. This is due to the
infinitesimal porosity and permeability nature of coal seams [19].

3.1. Reservoir Properties

Unlike conventional oil and gas reservoirs, where the matrix is not organic in nature, the matrix of
CBM reservoir is organic and contains 10-30% inorganic ash. The coal matrix is classified as brittle and
friable due to low Young’s modulus values and a high poison ratio [20]. The amount of gas content in
a coal seam is determined by the coal’s rank, which is measured by the quality and thermal maturity
of the organic material [19].

3.2. Gas Accumulation

Hydrocarbon gasses are stored in the conventional reservoir in a way that differs from that in a
coal seam. In the conventional reservoir, free hydrocarbon gases fill the available spaces between the
sand grain particles, whereas in a coal seam, the hydrocarbon gas is clutched to the solid surface in
copious micropores by a process called adsorption. The large amount of stored gas in the coal system
is because of the large surface area in the micropores and the closeness of the methane molecules in
the solid surface. Some of the free gas exists in the cleat of coal, while some methane is dissolved in
the water. The adsorption process that takes place in a coal system creates large gas storage in coal
systems with an effective porosity less than 2.5%; the majority of methane is stored in the micro- and
meso-porous constituents as a sorbed gas [19]. Moreover, the storage capacity is highly influenced by
the origin and the maturation of organic matter. The adsorption capacity positively correlates with
maturation as reported by different studies [20-22].

3.3. Water Production

In contrast to methane in a conventional gas reservoir, methane in CBM is dissolved in the water
formed from natural fractures in the coal. For the methane to be adsorbed from the coal matrix,
this water formation has to be thoroughly removed. The prolific production of water normally occurs
in the first or second year of production followed by a significant decrease in volume for the remaining
life of the well. On the contrary, a conventional reservoir naturally keeps the water of the pore spaces
fixed, and its production will not be assumed until the aquifer is encroached, which indicates a looming
stoppage of gas production [19].

3.4. Gas Production

The development of gas in a CBM has many similarities to its development in a conventional
reservoir. Nonetheless, the undeniable differences have an extensive impact on operations and
profitability. The pattern of gas production is another distinct feature that contrasts CBM wells from
conventional reservoir wells.

3.5. Coal Reservoir Analysis Permeability

This is the most important factor that significantly affects the economic viability of a gas containing
coal. Nevertheless, it is the most challenging parameter to assess precisely. Coal in its natural form
has a very low permeability, and its permeability is all due to the existing fractures. Furthermore,
the degree of fracture aperture opening, direction of face and butt cleats, saturation of formation water,
depth of burial, and the shrinkage of matrix associated with desorption and in situ stresses are all crucial
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elements that can alter the permeability as well. The difficulty of accurate evaluation of the permeability
is due to the fact that collected samples/cores for core tests are not usually representative [23,24]

4. CBM Production

4.1. Production Process

The flow process of CBM production is similar to the dual-porosity system derived by Warren and
Root. A CBM is a system of matrix blocks that are surrounded by fractures, namely cleats. The fluid is
drained from the matrix into the cleats, which are connected to the wellbore [25]. The sorbed methane
in the coalbeds is regulated by the water pressure gradient. Methane stays in the coalbed as the water
table remains above the gas-saturated coal. If the water table is lowered for any reason, the stored
methane will be released into the atmosphere. Cleats must exist to allow for connectivity between
sorption sites. If the coal beds are deep, cleats might get closed as a result of overburden stress [26].

The production profile for CBM system exhibits water production from the cleats, where the
production behavior is governed by Darcy’s Law. Then, as the pressure in the system declines, the gas
starts to be desorbed from the matrix, causing the gas and water to flow through the cleats system as
a result of the concentration difference. The water production rate decreases as the gas production
increases until the gas peak is achieved. The production behavior in this stage is dictated by a diffusion
process. Then, as the matrix shrinks as a result of pressure depletion, which causes the porosity and
permeability in the system to reduce, the gas production rate decreases. [25,27]

4.2. Production Technology

As mentioned in the previous section, CBM systems are different from conventional gas reservoirs.
Thus, the technique used to drill and complete CBM wells must take account of these differences.
Early coalbed methane wells are used to complete the well with open-hole completion, which means
basically drilling to the burial depth and enlarging the hole beneath the previous casing to remove any
damage that might have occurred while drilling operation. However, this technique is still associated
with fine production [26,28]. For example, it was challenging to produce from San Juan Basin at
the early stage of the project due to drilling activities, as the latter damaged the brittle reservoirs,
causing coal fines production, which in turn clogged the surface equipment [29]. A new technique is
now used that aims to isolate the reservoir by a cemented casing, where the methane flows into the
well through small holes, namely perforations made in the casing.

It was observed that open-hole completions are not as successful as cased-hole completions [30].
The disadvantage associated with the cemented casing completion type is that the cement can invade
the cleat structure and cause potential damage [31]. In addition, when the cemented casing is
perforated, rubble from the friable coal might be formed due to explosive charges, which might cause
the perforations to be plugged. Another way to complete CBM wells is by making a cut through the
casing and cement and into the reservoir by using a hydraulic jetting tool, which flushes the coal
material away from the fluid conduit. Lambert [32] ranked the cemented casing type of completion as
the most suitable compared to others. The only drawback is the possibility of restricting the inflow
flow around the wellbore due to debris.

4.3. Well Spacing

The well position and spacing in CBM are of prime importance in obtaining the maximum
recovery [33]. Conventionally, if the wells are not properly distant, then they compete to deplete the
drainage area [34]. However, in CBM wells, closer well spacing causes an additional pressure drop
and increases the desorption rate and thereby more gas production. Zuber et al. [35] showed that the
optimum well spacing is a function of permeability. Thus, wells with low permeability need to be even
closer. They stated that closer wells archive high production gas rates at an early stage, while wider,
distant wells result in a better return in the long-term. Thus, producers prefer wider wells spaced out
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in an attempt to save on the drilling and production cost. To drill wells with a close distance mandates
a large area to accommodate the number of wells; therefore, CBM development is appropriate in a
highly populated area. Alternatively, drilling fewer wells assisted by hydraulic fractures can assure
reaching the required pressure drop to desorb methane [35]. The production can be further augmented
by targeting natural fractures to create a network of interconnected fractured systems. The integrity
of the natural fracture can be sustained by the injection of graded proppant for higher connectivity
throughout the production span.

4.4. Open Hole Cavity

The open-hole cavity completion, which is called stress relief, has been used in the San Juan
Basin. The technique involves injecting the well with compressed air or air/water for about six hours.
Once the injection process is terminated, the well is open to the atmosphere and pressure reduces
rapidly. The process is repeated until the wellbore is full of solids, which are then circulated out by air
and frequent water sweeps [36]. The open hole cavity technique is considered as stimulation since
it enhances the permeability near the coal seam and removes the formation damage due to drilling
activities. The magnitude of vertical stress, i.e., the overburden, above the cavity is distributed equally
on each side of the created cavity. As a result, the coal fails and moves toward the cavity. In general,
the shear failure around the cavity is not more than two cavities in diameter. The increased conductivity
is extended more than 90 m into all sides of the cavity. The reduction in stress thereby widens the
fractures and increases the permeability.

4.5. Coal Seam Stimulation Techniques

The techniques used in CBM stimulation can be categorized into three classes [37]: (i) mechanical
stimulation, which includes hydraulic fracturing technique and formation blasting; (ii) thermal
stimulation, such as using the cryogenic liquid nitrogen and heating, which intends to increase the rate
of methane desorption, deteriorate the integrity of coal body, and weaken the mechanical strength
of the coal as a result of temperature effect, which in turns lead to an improvement of permeability;
(iii) chemical stimulation, such as acidification and microbial stimulation techniques, which focus
mainly on dissolving the minerals in the coal to alter the porosity and enhance permeability.

4.5.1. Hydraulic Fracturing

Hydraulic fracturing involves injecting fluids containing proppant at high pressure into the coal
seam system. The hydraulic fluid is then pushed further to increase the geometry of the primary
fracture, which can intersect with a secondary fracture, causing an improvement of the permeability [38].
The effect of the hydraulic fracturing technique on gas production has been looked at extensively
during the past few years. Presently, hydraulic fracturing has become a standard stimulation method
for tight oil and gas reservoirs. There is a challenge associated with such a stimulation technique,
that is, the permeability of the coal reaches a peak value just after the fracturing process, but then the
gas recovery declines as a result of the closure of the initiated fracture [37]. Thus, different improved
hydraulic fracturing techniques have been proposed to overcome the problem, such as a graded particle
injection and pulse hydraulic fracturing [39-42].

4.5.2. Blasting

The deep-hole blasting technique involves using dynamite to act on the coal around a wellbore,
causing damage to the mass of the coal and relief of stress around the borehole, which enhances the
permeability. The deep-hole blasting technique can be divided into different types: (i) deep-hole
presplit controlling blasting, (ii) deep-hole loose blasting, and (iii) energy-accumulated hydraulic
blasting [43]. The affected zones of deep-hole blasting can be divided into three parts: crushed
zone, fractured zone, and vibration zone. The permeability in the first two zones can be significantly
improved. There are some obstacles associated with blasting technique, such as [37] (i) the inability to
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use deep-hole blasting in a high gas content coal seam; (ii) the possibility of causing roof and floor
damage to the coal seam, which can make water to flow into the coal seam; and (iii) difficulty to
construct an adequate borehole due to collapse, mainly in a soft coal seam.

4.5.3. Cryogenic Liquid Nitrogen

Conventional hydraulic stimulation methods use a large amount of water and can contaminate
groundwater aquifers [8]. Therefore, many researchers have looked at the cryogenic liquid nitrogen
stimulation technique. The cleat of the original coal seam has a large amount of water, and at low
temperature, when water turns into ice, the volume increases by 9.1%. Thus, the change of the phase
can theoretically generate an expansion of pressure of 270 MPa. During the phase transition of water,
the cryogenic liquid nitrogen is injected into the coal seam to fracture the coal medium, which enhances
the coal permeability [44]. Furthermore, the liquid nitrogen gasification and low-temperature effect
can damage the coal and create the fracture to increase the permeability. Although the liquid nitrogen
technique can preserve water resources and reduce the reservoir damage, it also has some challenges
compared to other techniques, such as (i) cost and (ii) faster closure of the initiated fracture due to the
inability of the liquid nitrogen to carry proppant with low liquid viscosity.

4.5.4. Heating

Steam injection is used widely to stimulate an oil reservoir [45]. However, the rapid loss of heat
can limit the stimulation efficacy as the depth increases [46]. Therefore, some works have been planned
to use a microwave heating stimulation technique. This technique involves using microwave radiation
to heat coal medium to enhance production. However, the high temperature eliminates the water
in the void space, which increases the permeability. On the other hand, in a gas reservoir, the high
temperature can eliminate the water-block effect and reduce gas adsorption capacity. There are some
challenges associated with this technique, such as that (i) a robust microwave radiation antenna is
needed, (ii) time and frequency are prerequisite parameters that must be known, and (iii) the range of
microwave heating needs to be known. The subsurface heating element can be placed to increase the
reservoir temperature, increasing desorption rate, reducing the condensation rate, and minimizing the
molecular fractionation effect [47,48]. The rate of methane desorption can be enhanced further through
coupling carbon dioxide injection with heating [49]. For sustainable production, a renewable source of
energy for heating can be utilized [50].

4.5.5. Acidification Reconstruction Coal Seam

The channel of gas transport of the coal contains carbonate and clay minerals. The acid has the
ability to dissolve the minerals and cause the matrix of the coal to swell and enhance the permeability.
The acidification can be split into two types: (i) acidification with low pressure and (ii) acid fracturing.
The low-pressure acidification process involves pumping the acid into the coal seam at a pressure
below the pressure required to damage the coal. On the other hand, the acid fracturing is relatively
similar to the hydraulic fracturing process. Nevertheless, few field trials of acidification reconstruction
have been reported [51]. There are challenges associated with acidification, including (i) potential
contamination of groundwater aquifers, (ii) corrosion of surface equipment, and (iii) unsuitability for
coal seams that have low mineral content.

4.5.6. Microbial Stimulation

The microbial stimulation technique involves using the microbial to destroy the small molecular
substances in a coal seam, which in turn enhances the permeability and gas production. However,
few field applications of microbial stimulation have been reported [37]. There are some challenges
associated with microbial stimulation, such as (i) an appropriate microorganism needing to be selected,
(i) the difficulty of degrading high-rank coal by microbial stimulation, (iii) the long time it takes to
notice the effect of the stimulation.
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5. Petrophysical Logs in CBM

There are distinctive petrophysical properties of CBM wells, which include interval transit time
(AC) spontaneous potential (SP), fluid resistivity (R), gamma rays (GR), density (DEN), and compensated
neutron (CNL), that can be measured by performing logging. To confirm the presence of CBM, DEN, GR,
CNL, AC, and R can be studied. The physical features of CBM differ from other types of rocks, such as
sandstone, and limestone; therefore, the log responds differently [52]. Seismic data can be utilized
to characteristically distinguish coalbed methane from other lithologies, especially intrusions [52].
The AC, porosity, and R are relatively high in CBM reservoirs in comparison with conventional
rock reservoirs. On the other hand, the DEN, SP, and GR are low compared to conventional gas
reservoirs [53]. The aforementioned logs exhibit a characteristic response in CBM that is attributed to
different factors such as the high organic matter contents, interpore connectivity, and multi-nature
storage mechanisms; e.g., anthracite has an AC response of 350-450 usm~'. The CNL for CBM
reservoirs varies between 30 and 50%, which indicates high porosity. The DEN is less than 1.8 g/cm?
due to the brittleness of CBM compared to conventional reservoir rock, with a DEN more than 2.3 g/cm3.
The GR ranges from 20 to 100 APL

6. Methods of Estimating Initial Gas in Place (IGIP)

There are several methods used to predict the Initial Gas in Place (IGIP) for coalbed methane.
This part will illustrate the details and the restrictions of the available techniques such as volumetric
methods and performance methods (decline curve and material balance) [54].

6.1. Volumetric Method

One of the methods that can be used to calculate the initial gas in place is the application of
the volumetric estimation [55]. This method is used for conventional resource calculations, and it is
considered simple as it does not require many data to calculate the initial gas in place. On the other
hand, it is more likely to provide results with errors as it depends on primary parameters that are
partially assumed such as the reservoir bulk volume and in situ gas content [56].

In order to predict the volume of the adsorbed gas in coal, several approaches have been developed.
One of these approaches is the technique developed by Pope et al. [57], in which he measured the gas
content based on the methane partial pressure. In Lamarre’s approach, he calculated the gas content by
assuming that the methane partial pressure is equal to the gas in solution, which is the produced water.
This assumption requires the availability of sufficient coal isotherm. Another method is evaluating
the bubble point pressure of the water in order to calculate the critical desorption pressure (CDP),
which was developed by Carlson [58].

Determining the correct coal thickness is another challenge associated with the estimation of
the adsorbed gas content in coal, which has a heterogeneous thickness along the reservoir. In many
cases, the coal thickness is assumed to be equal to the reservoir thickness, which is usually measured
from density logs. Another challenge that increases the uncertainty of the adsorbed gas calculations
is measuring the natural fracture porosity and initial water saturation. Generally, these values are
measured from core analysis, but they also have their share of difficulty and uncertainty [54].

Another part of calculating the initial gas in place by the volumetric method is the estimation of
the free gas. The free gas quantity is usually considered very small compared to the adsorbed gas,
but it has a major impact on calculating the total gas.

By combining both the volumes of the adsorbed gas in coal and the free gas, the total initial gas in
place can be calculated volumetrically from the following equations [18]:

Initial gas in place = Free gas 4+ Adsorbed gas (1)
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where

G; = Initial gas in place

A = Drainage area, acre

h = Thickness, ft

¢ = Natural fracture porosity

Swi = Initial water saturation

B g = Initial gas formation volume factor, ft3/scf
pc = bulk density of coal, gr/cm3, kg/m3

G¢ = Adsorbed gas content, scf/to

G = Free gas, scf/to

V1 = Langmuir volume constant, scf/ton, scf/ft
P = Reservoir pressure, psia

Pr = Langmuir pressure constant, psia

6.2. Performance Methods

The performance methods are the methods that depend on historical data of gas and water
production to calculate the initial gas in place. The performance methods include two methods,
namely the Decline Curve Analysis and Material Balance. These methods are based on the principle of
water production reduction with time, which results in decreasing the reservoir pressure. This drop
in the pressure allows the located gas in the matrices to be released. The gas production starts at a
low flow rate since the pressure drop is still very small. The gas production increases with pressure
reduction until it reaches the peak [59].

6.2.1. Decline Curve Analysis

Based on the method of decline curve analysis with the conventional resources, several models
of the decline curve analysis have been developed for calculating the gas in place of the coalbed
methane. Some of these models were created based on Arps’s [60] empirical equation of the exponential,
hyperbolic, and harmonic models. One of the issues with Arps’s empirical model was that it did not
match the transient flow period, which makes it unsuitable for modeling unconventional resources.
This issue was solved by using the modified hyperbolic model [61], which changes the hyperbolic
model into an exponential curve to match the curve of the historical production data during the
transient flow period [62].

The modified hyperbolic model is given by the below equation:

When D > D;:

q= qi (6)
(1 + bD;t )

=

When at D < D;:
q — qie(_Di) (7)



Sustainability 2020, 12, 10621 11 of 26

where

g = Production rate

g; = Initial production rate at the beginning of the boundary-dominated period
D = Nominal decline rate

D; = Arps’ initial decline rate

Stretched Exponential Decline Curve Model

The stretched exponential model is an empirical model that was developed based on the original
Arps model [61]. Similar to the modified Arps model, the advantage of this model over the Arps model
is that it can be applied for unconventional resources, including coalbed methane, where it has a good
fitting for both the transient and the bounded flowing periods. This applies the idea of the modified
hyperbolic model. This will benefit in the calculation of the estimated ultimate recovery (EUR) for the
individual wells. [63] The stretched exponential decline model can be calculated from the following
equation:

g(t) = giel==)] ®
where

q(t) = Production rate at time ¢, scf/month
g; = Initial gas production rate, scf/month
t = Time of production, month

n = Exponential parameter

T = Time parameter, month

Duong Decline Model

Another model that was developed to overcome the issue of modeling the transient flow period is
the Duong model [64]. The Duong model displays a good match for long transient periods, which means
that it can be applied to unconventional resources. Generally, the unconventional resources have low
permeability in the pay zone and require hydraulic fracturing in order to have economical production
rates. The Duong can be used to calculate the production rate and the cumulative production rates of
coalbed methane from the following equations:

Gas Production Rate:

q(t) = Qit_meﬁ(tl‘"’—l) )

Gas Cumulative Production Rate:

Gp = Ter (1) (10)

where

q(t) = Production rate at time t, m3/day
g; = Initial gas production rate, m3/day

Gp = The cumulative gas production, m?
t = Time of production, day

a = Coefficient of the intercept

m = The slope.

The plot of the relationship between t and /G, on a log-log plot is used to predict the
basis of Duong’s model. It can be observed from the plot that Duong’s model is a linear model,
which distinguishes this model from the other decline models. Duong’s model may overestimate
the well-estimated ultimate recovery (EUR) because of the variation of the flow regimes during the
production period.
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Power-Law Decline Model (Ilk Model)

Based on the Loss-Ratio derivatives presented originally by Johnson and Bollens [65] and Arps [60],
Iik et al. [66] developed the Power-Law exponential decline model in 2008. This model is more suitable
for representing the unconventional gas resources (including coalbed methane) than Arps’ hyperbolic
model. This model provides a better match for the decline curve for both the transient and the bounded
periods in the tight gas formations (especially for the transient period), which means it can be utilized
for the prediction of the unconventional reserves. The Power-Law decline model can be given by the
following equation:
4(t) = gel D=0 ()

where

q(t) = Production rate at time ¢, Mscf/day

g; = The rate intercept, Mscf/day

D, = The initial decline constant

Do = Decline constant at infinite time (t = co)
t = Time of production, day

n = Time exponent.

Logistic Growth Model

By using the principle of population growth, Clark et al. [67] developed the logistic growth
decline curve model to estimate the production from a single well. This model is also considered
another solution for the original Arps model issue of predicting the flow in the transient period,
which applies the fact that the logistic growth model can be applied for unconventional resources
production performance. In addition, Clark et al. [67] have made some modifications to the original
work in order to model the production rate and the cumulative production rate. The flow rate and the
cumulative production rate are given by the following equations:

K n—1
q(t) = ﬁ (12)
Kt"
Q(t) = paT (13)

where

q(t) = Production rate at time t, Mscf/day

Q(t) = The cumulative production at time ¢, Msc
K = The recoverable resources

a = constant

t = Time of production, day

n = Hyperbolic exponent.

6.2.2. Gas Material Balance Equation (MBE)

One of the most common methods used for the prediction of the Initial Gas in Place (IGIP) is the
Material Balance Equation (MBE) method. Initially, this method was developed to calculate the gas
reserves in the conventional volumetric reservoirs, as the material balance equation depends on the
relationship between p/Z and Gy, to predict the initial gas in place. This relationship can be obtained

p_pif,_Cr
Z_Zi(1 G) (14)

from the below equation [66]:
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where,

p = Reservoir Pressure, psia

pi = The initial reservoir pressure, psia

Z = Gas compressibility factor

Z; = Gas compressibility factor at the initial reservoir pressure
G = Initial gas in place, scf

Gp = Produced gas, scf.

The plot of p/Z vs. G, is commonly used to predict the original gas in place. Other driving
mechanisms are not considered appropriate in this model. In addition, this model does not consider
the adsorbed gas in coal, which is an important factor for estimating the initial gas in place of the
coalbed methane, and neglecting its impact can lead to inaccurate results of estimating the reserves of
CBM. Several modifications have therefore been applied to the gas material balance equation in order
to find the most suitable model for different types of reservoirs, including CBM. Below are some of the
modified models of the material balance equation for the CBM [68].

King’s Method

In 1993, King [69] developed the method of material balance to predict the initial gas in place
(IGIP) of CBM by assuming that the reservoir consists of two types of porosities (a dual-porosity
reservoir). The two types are matrix porosity, where most of the adsorbed gas is located, and the
natural fracture porosity, which contains most of the free gas. The existence of these two types of
porosities creates a state of equilibrium in the reservoir between the adsorbed gas and the free gas.
Furthermore, this method of material balance includes rock compressibility, water compressibility,
and water production. The equation that describes the material balance by King’s method is given by:

Vip®iZscT ;
~ Vip¢iZsc sc(&_z) (15)

G, =
P PgcT zZ 7
where,

Gp = Cumulative gas production, MMscf.

Vi = Bulk volume of the matrix porosity, ft3

P = Reservoir pressure, psia

P; = The initial reservoir pressure, psia

Psc = Standard pressure, psia

Z* = Gas compressibility factor for unconventional gas reservoir, dimensionless

Z: = Initial gas compressibility factor for unconventional gas reservoir, dimensionless
Zsc = Standard gas compressibility factor, dimensionless

T = Reservoir temperature, °R

Tsc = Standard temperature, °R.

In order to calculate the initial gas in place by using King’s method, several iterations must be
conducted. The process of King’s method begins with the estimation of the average water saturation
(5) by assuming a value of the matrix bulk volume (V;). The calculation of the average water
saturation is given by the following equation:

5.615( W.—By, W,

Sl (P )] 4 2B)

Sw — (7)/ b2 (16)
[1-cs(Pi-P)]

where



Sustainability 2020, 12, 10621 14 of 26

% = Average water saturation

¢s = Rock compressibility, psia~!

cw = Water compressibility, psia~!

By, = Water formation volume factor, bbl/stb
W, = Water influx, bbl

W, = Cumulative water production, bbl.

The resulted value of the average water saturation (S;) is used to calculate the gas compressibility
factor (Z*), which is given by the below equation:

Z

- [1-cp(Pi=P)|(1-S0) + 7S ¢<1§LViP)

Z>(-

(17)

where
Cyr = Langmuir isotherm volume constant, scf/ft3.

This procedure should be repeated for several of V}, assumed values in order to create the plot of
P/Z* vs. Gp, which is a straight-line plot.
After this, other values of V), should be calculated using the below equation:
T

Vip = —mPgc—— 1
b2 mPsc $ZscToc (18)

where
m = The slope of the P/Z" plot.

By completing this part, two sets of V}, values will be allocated (assumed and calculated).
By plotting the two sets of V},; versus each other, the actual value of Vj,; can be estimated by assigning
the intersection of the plot through the origin. By using the actual value of V;, the initial gas in place
can be calculated.

Jensen and Smith Method

Jensen and Smith [70] developed the following equation in 1997 to predict the initial gas in place
(IGIP) of CBM:
4 -1 p
pL+p  1.3597VpAhp. " pL+p

(19)

where,

pr = Langmuir pressure constant, psia
V1, = Langmuir volume constant, scf/ton
pc = Coal bulk density, g/cm3.

Jansen and Smith’s method was developed based on some simplified assumptions such as a
volumetric reservoir; no storage of the free gas, which means neglecting the water storage in the natural
fractures; and that the coal is saturated with the adsorbed gas in a single layer (monolayer), which is
described by Langmuir Isotherm model.

This method is similar to the p/z vs. Gp method to calculate the IGIP for conventional resources.
By plotting F’LL'H’ vs. Gp, the IGIP can be estimated from the intercept with the x-axis.

Seidle Method

In 1999, Seidle [71] modified King’s method in order to achieve a simpler approach by neglecting
formation compressibility, water compressibility, and water influx. By applying these changes,
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Seidle aimed to create a method with more precision of the IGIP estimation. Predicting the IGIP by
Seidle method begins by plotting the resulting p/Z* vs. G, values from the below equation:

P P, P
7z~ 7" ZG Cr (20)
where the gas compressibility factor is calculated from the below equation:
* Z
Z = 1-g 0.031214ZTPsc Vinpe (1-a) pypb (21)
(1-Sw) + ZscTsc(14+bP)¢
The water saturation Sy, in the previous equation is given by the following equation:
5.615W
Sw = Swi = (pThP (22)
The drainage area A is calculated from the below equation:
—PscT
SC (23)

A= —F——
mpAhZscTsc
where,

Vimpe = Pure coal Langmuir volume constant, scf/ton
a = Mass fraction of ash constant
b = Langmuir pressure constant, pisa~!

pp = Bulk density of coal, gm/cm3.

Similar to King’s method, several iterations are required to calculate the actual drainage area,
which will be used in the following equation in order to create p/Z" vs. G,.

 Ah¢ZscTsc ( P, P ) 24)

PT PseT \Z Z¢

After completing the plot, the IGIP for the CBM can be predicted from the resulting straight line
and its intercept.

Clarkson and McGovern Method

The Clarkson and McGovern method was developed in 2001 [72]. This method is a modification
of the Jensen and Smith method, such that it includes free gas storage. This modification provides
more accuracy in the estimation of the IGIP for the CBM, where the free gas is considered a major part
of the CBM reserves. The Clarkson and McGovern method is given by the following equation:

P 037¢(1-Su) _ —0.7355 p o 32,087¢(1 - Syi)
pL+p V1Bgpe ViAhpe " | pL+ pi ViBgipe

(25)

This equation is used to create a plot of PLZ 5+ 32'0?2(%(;:57”)
determination of the free-gas-saturated porosity, gas properties, coal density, and Langmuir volume.
The IGIP is predicted from the resulting straight line and its intercept.

Although Clarkson and McGovern have included the water saturation in the above-mentioned
equation, they assume constant water saturation in their calculation in order to avoid the

iteration process.

vs. Gy, which requires the
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Ahmed’s Method

In 2006, Ahmed [73] developed a new approach to the material balance method. The advantage
of Ahmed’s method is its inclusion of the initial free gas, water expansion, formation compaction,
and Langmuir isotherm in the equation. In addition, the development of this method has ended the
necessity of the iteration process to calculate the drainage area. In addition, Ahmed’s method was
divided into two cases, where one of them includes the rock and fluid compressibility, and the other
neglects them.

(1) Neglecting rock and fluid compressibility:

The material balance equation for this case of Ahmed’s method is given by:

Gp + By W,Eg = Ah[1359.7pB(GC — V) = 77584(1 - Swi)Eg]+7758Ahqb(1 ~ SuwiEgi) (26)
where,

E; = Gas expansion factor at the reservoir pressure, scf/bbl

E,; = Initial gas expansion factor, scf/bbl

G = Coal-gas constant, scf/ton

pp = Bulk density of coal, gm/cm?

V = Gas content at pressure p, scf/ton. V is calculated by the following equation:

V= le_l;_—PbP (27)
where,
Vi = Langmuir’s constant.
b = Langmuir’s constant.
The MBE is representing a straight-line relationship as in the following equation:
Y=mX+a (28)

where

Y =Gy + By WyEg
X = 1359.7p5(Ge — V) = 77586(1 — Su)

m = Ah = The slope

a = 7758Ah¢(1 — Syi)Egi = The intercept.

(2) Including rock and fluid compressibility:

By WpEg

Gp + = Ah 1359.7pB(GC -
1—(csAP)

77586 AP(c s + Swicwi) — (1= Swi) |E
1‘/:_’1;71;) i (f:r_ (CfAl))) ( ) g}+7758Ah¢(1—5w,-)Egi (29)

Similar to the first case, the previous equation represents a straight-line relationship as in the
(Y = mX + a) equation.

In the two cases of Ahmed’s method, plotting the resulted values of X and Y from the available
production data will lead to predicting the drainage area A by using the (Y = mX + a) equation.
After this, the resulting drainage area A will be used to calculate the initial gas in place (IGIP) as the
summation of free and sorbed gases:
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Moghadam Method

Moghadam developed another form of material balance equations [68]. The objective of the new
form was to create a more generalized form of the material balance equation by adding expansion
and aquifer support. Moghadam’s method uses the approach of plotting P/Z* vs. G, instead of P/Z,
in which he modifies the total compressibility equation as following:

Z** — p G (30)
p Pi| G f

where the effective compressibility is linked to the gas compressibility factor for the unconventional
gas reservoir that was derived by King’s method by the following equation:

w o Zi
Z —Z(Z;) 31)

Similar to Ahmed’s method, Moghadam method can be represented by a straight-line relationship
equation (Y = mX + a) as follows:

GyBgi GfBgi( Vipi  Vip
GyBgi = (Gf - Gp)Bg + (W. = W,By) + 5 (cf + cwSuwi + coSai)(pi = p)+p5Bg Sg0 (pL P p) (32)
The previous equation can be simplified as the following equation:
p Pif;_Cp
Z(Sgi — Cwip — Cep — Cd) = Z(l - G_f)sgi (33)

From the previous equation, the value of Gy can be predicted by plotting %(S i — Cwip — Cep — Cd)
vs. Gy, where Gy value is the intercept of the straight line with the x-axis. After this, the resulting value
G should be used in the following equation:

G¢Bgi pp Vip;

S¢i ¢ pL+pi

G=Gs+ (34)

This will lead to an estimated value of Z*. By plotting P/Z* vs. G, based on the following
equation, the initial gas in place can be estimated from the intercept with the straight line.

P _(, Gr)\pi

The resulting straight-line plot of P/Z™ vs. G, from the previous equation should provide similar
results to the P/Z vs. Gy in conventional resources, where

Gy = Free gas in place, Bcf

cg = Relative volume change caused by CBM gas desorption

¢o = Oil compressibility, psia™

cwip = Relative volume change caused by water influx and production
cep = Relative volume change caused by residual fluid and formation.

Watson Method

In 2013, Watson [74] derived a new material balance equation model for CBM. In this method,
Watson used the Havlena-Odeh method to include water invasion and water production in his model.
These factors affect gas desorption by decreasing the reservoir pressure, which will eventually affect
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the gas production. In addition, Watson considered both free gas content and adsorbed gas in his
calculation for the initial gas in place of CBM, which is given by the following equation:

43560 (1 - Suyi)

G; = Ah B +1.359Cgipe(1 = fo = fm) (36)
gl

The material balance equation from Watson method is given by the following equation, where he
created a comparison between the historical production performance and the predicated production
performance to confirm the validity of his method. In addition, he used the non-linear regression
technique to get more accurate results.

W;B
GiBg + W, = Zk‘ J(Pi = Pe) Aty + ApWilcw + c5) + ﬁ{mmpc[w(l —fa —fm)( (Pdljf’PL) - JI: B3 )]} (37)

where

] = Aquifer productivity index, gm/cm?

P; = Desorption pressure, psia

Swfi = Initial water saturation for the interconnected fractures, fraction
fa = Average weight fraction of ash, fraction

fm = Average weight fraction of moisture, fraction

W; = Initial water in the drainage area

pc = Pure coal density, gm/cm?.

6.3. Comparison between the Different Methods of Predicating the IGIP for CBM

The discussed methods have some similarities and differences. The selection of the method used
should be based on the available type of data and the stage of the analysis. For example, the volumetric
method can be used during the exploration stage, but it includes a high percentage of uncertainty
due to the lack of accurate data. On the other hand, the decline curve method can provide the future
performance of the gas production, but it has a difficulty in predicting the performance during the
transient flow period. The material balance equation method can also include the different factors
affecting gas production, but it requires the allocation of gas production data for a long period [54].
Moreover, material balance equations, as listed, heavily rely on Langmuir parameters; they should be
approached with caution for multicomponent systems, where Langmuir or even extended Langmuir
may associate some deficiency. Table 5 demonstrates the advantages and disadvantages of each method.

Table 5. Comparison between the IGIP predicting methods.

Method Advantages Disadvantages

- Can be implemented during the

exploration stage. - Inaccurate results due to the
Volumetric Method - Important for reserves estimation. uncertainty of data.

- Does not require production data. - Difficult to applied at well level.

- Avoid production operation cost.

- Predict the well Estimated - Requires historical production data.
Ultimate Recovery (EUR). - Requires Rate Transient Analysis

Decline Curve Method - Can be applied at well level. (RTA) data.
- Predict the future forecast of - Including a percentage of inaccuracy

the well. for the transient flow period.
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Table 5. Cont.

Method Advantages Disadvantages

- Predict the gas reserves.
- Predict the well Estimated
Material Balance Equation Ultimate Recovery (EUR).
- Consideration for different gas
reservoir types.

- Requires a long period of
historical data.

- Requires measurements of different
gas reservoir parameters.

7. CMB Recovery Methods

The primary key for coalbed methane (CBM) recovery is decreasing the reservoir pressure.
The decline in the reservoir pressure allows for the methane desorption from the coal to the natural
fractures due to the pressure difference. This driving mechanism is considered the primary mechanism
for methane recovery. This mechanism can achieve up to 50% recovery of the total available methane
in the reservoir [75].

Recently, several methods have been developed in order to enhance the recovery of the coalbed
methane, such as injecting CO;, N, or a mixture of both into the coal seams. The objective of using
the gas injection to produce CBM is to reduce the partial pressure of methane, which decreases the
required time for the desorption process [76].

The first trial of improving the recovery of the coalbed methane was conducted in the United States
in 2000 [77]. This test was conducted by injecting carbon dioxide (CO,) from four (4) injection wells,
which resulted in increasing the recovery of the CBM from 77% to 95%. After this, several attempts of
using CO, injection to increase the CBM recovery have been carried out in Poland, Canada, and Japan.
These trials exhibited an increase in the recovery ratio of the CBM. Accompanied by this increase in
CBM production, there was the disadvantage of the permeability reduction, which was caused by the
coal swelling. The reason for this reduction in the reservoir permeability is the fast adsorption of CO,
by coal. In some cases, the damage caused by CO, injection could reduce the reservoir permeability by
two orders of magnitude, especially around the CO, wells’ injection wells [78].

After this, another approach was tested to enhance the recovery of CBM, which is injecting
nitrogen (Ny). The idea of injecting N, was the target of overcoming the permeability reduction that
was encountered with injecting CO,, where N, adsorption affinity to coal is lower than methane.
This means that injecting N can decrease the methane partial pressure, which leads to accelerating the
gas desorption from coal, and eventually it causes an expansion in the coal permeability. The conducted
trials indicated an increment in the CBM production by 20% of the original recovery. On the other
hand, the approach of injecting N, approach encountered an early breakthrough in production that
was caused by the adsorption affinity of N; to methane. This requires adding additional charges for
production operation in order to separate the methane from Nj. Moreover, the exhibited production
period from N injection was shorter than the period of CO; injection [79].

A new approach of injecting a mixture of the two gases (CO, and N,) was proposed after this.
In Canada, Mavor et al. conducted experiments of injecting flue gas, which is Np/CO, mixture. From his
experiments, Mavor et al. [80] concluded that the flue gas could effectively improve the permeability of
coal. After this, Jessen et al. [81] developed the idea of ternary gases (CH4, CO;, and Ny) displacement,
where he managed to implement this approach by numerical simulations since the ternary gases have
complex coupling responses. Sayyafzadeh et al. [82] achieved an enhancement of the recovery ratio of
CBM by 21.1% more than the original recovery mechanism, where he used a semisynthetic simulation
model to prepare a mixture of gases with less CO,. The negative side of Sayyafzadeh’s approach is
neglecting effects on coal permeability, but the results of his numerical simulation led to establishing
the basis of improving the CBM recovery.

Besides these attempts, other studies were conducted by considering different coal reservoir
parameters, several compositions of gas mixtures, and concentrations of mixed gases in order to
reveal the coupling mechanism of the ternary gases (CHy4, CO,, and Nj). Establishing the coupling
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mechanism can lead to predicting the most effective approach for developing a certain coalbed methane
reservoir [76].

8. CBM Resources Development Challenges

There are several challenges facing the CBM industry. Some of these challenges are specific
to certain parts of the world, but the major concerns facing the development of CBM resources are
shared worldwide. In addition to the complex geological conditions and production technology
constraints, the CBM industry still faces other major challenges leading to higher operation costs and
low return on investment (ROI). Since 2013, CBM exploration and development has slowed down due
to the fluctuating global energy markets, restricted policies, and other development challenges [83].
The following are some of the challenges that accompany the development and production of CBM.

8.1. CBM E&P Technological Constraints

The aspect of producing from unconventional resources was not considered by many of the
hydrocarbon producers in the world until the last decades. The idea of utilizing CBM as an energy
source was introduced in the USA. The beginning of the research was not focused on the production of
the CBM to provide energy, but it was concerned mainly with the mine safety. The production methods
of the CBM were therefore not implemented comprehensively on many reservoirs with different
characterizations, and they were significantly limited to USA fields until recent years. In addition,
the complex geological features and reservoir characteristics encountered in the USA fields may not
be the same for the other fields in the world. Since the gained knowledge of handling the CBM
reservoirs was obtained from the challenges in the USA only, a variety of geological issues should be
considered. Due to the complexity and the lack of experience with unconventional resources compared
the conventional ones, there are many challenges that require using the suitable technology in order to
start the production [10].

CBM E&P is relatively young, and further development of its technologies is needed.
The multi-process drainage recovery of CBM that undergoes a drainage—-depressurization-desorption—
diffusion—percolation processes leads to the restriction of CBM production in each stage. This restriction
of production will lead to a long drainage cycle, low well productivity, and long duration to reach the
targeted production. Therefore, the current stimulation technologies need further improvements to
avoid these issues [84].

8.2. Environmental Challenges

As the interest in utilizing CBM as a new source of natural gas has increased recently,
new environmental concerns have been raised that are associated with the development of the CBM
reservoirs. CBM extraction can increase the methane released into the atmosphere, causing several
environmental problems such as global warming, tropospheric ozone formation, and stratospheric
ozone depletion. The environmental issues related to the extraction of the CBM can vary during the
different stages of the production. It can start from the exploration, during the field and the facility
development, and continue through the production operations. With the exploration phase, managing
the drilling fluids during the drilling of the exploration wells might be difficult due to the ambiguity of
this phase. As for the development phase, the environmental effect could be bigger because it includes
working on different sites with highly intense activity at the same time. The production operation
has a major influence on the environment, where it requires the management of the produced water,
water treatment, and water disposal that accompany CBM production. Large quantities of water have
to be removed from the coal to decrease the pressure initiating methane desorption. Therefore, the cost
of water disposal and treatment is critical in the investment decisions associated with CBM [85].

Another environmental challenge that CBM industry has to address is the large surface footprint
that is created due to the density of wells and the surface infrastructure requirements. To obtain
maximum recovery, unlike the production of conventional oil and gas, production of CBM requires
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drilling and development of several wells with small well spacing. This proximity of wells is crucial to
facilitate depressurizing the seam and initiating the desorption of methane from the coal matrix [85].
This high density of wells leads to great land disturbance at different levels, including construction
activities, access roads, and the increased density of pipelines connecting the wells [86]. Furthermore,
this land disturbance could lead to significant soil disturbance, which could be further contaminated
by the CBM waters that are discharged into unbounded reservoirs and allow water to penetrate into
the subsurface or percolate into the surrounding soil [87].

There is always the claim that utilizing the CBM instead of other traditional energy resources
has positive effects on the environment as it helps in reducing methane emission to the atmosphere.
This part of methane reduction is only limited to removing the gas that could be produced during the
coal mining process. Otherwise, the production of CBM has an equal environmental impact to the
other energy resources in this matter [10].

8.3. Economic Evaluation Concerns

Similar to conventional resources, the development of unconventional resources including CBM
requires economic considerations. In fact, they require more thinking from the economical side than
conventional resources because of the cost factor associated with the stimulation treatments [88].

One of the issues that need to be studied is the infrastructure of field development and gas
transportation. The development of this type of energy resource requires systematic spacing between
the drilled wells to achieve the most optimized production rates, which requires a sufficient field area
to be achieved. The transportation of natural gas is constrained by the pipeline capacity, where locating
pipelines with the appropriate size is not an option in all fields. In addition, there is always the cost for
the required technologies to start producing from the field such as hydraulic fracturing and stimulation
jobs [88].

In order to evaluate any prospect of CBM economically, there are certain parts besides the capital
and operations costs that need to be analyzed, which are the gas resources, gas reserves, and gas
deliverability. These three parts depend on different factors that need to be included in the economic
analysis in order to provide a clear judgment and justification of any CBM prospect [89].

In the case of gas resources, CBM is one of the unconventional resources for natural gas. This means
that the production of CBM requires massive treatments to the gas reservoir in order to be economically
profitable. In addition, other production methods need to be considered in the development stage of
the gas reservoir in the case of unconventional resources. For example, well spacing can be challenging
in some fields due to the lack of free land [90].

Reserves are those quantities that are anticipated to be commercially recoverable under defined
conditions. Generally, calculating the reserves of hydrocarbons is based on the information from
different resources. This information provides several measurements that are used to estimate the
reserve of hydrocarbons in a reservoir. The provided measurements can be divided into two types,
which are known and assumed. These measurements are considered based on the available geological
and engineering information. Unfortunately, the estimation of the reserves based on the assumed
measurements is not commercially viable in all situations. The estimation of the CBM deposits
depends mainly on the exploration data and assumptions due to the lack of historical data. In addition,
the nature of the CBM reservoirs is more complex and very hard to model. Therefore, it is more difficult
to estimate the reserves of CBM than conventional hydrocarbons. Due to this uncertainly in the reserve
estimation, several questions will be raised about the value of the investment in new CBM prospects,
and it could lead to a decrease in the demand for investing in CBM production [91].

The estimation of the reserves is a critical part of the economical evaluation of a CBM reservoir,
where calculating the reserves is the key to determine the profitability of the target prospect.
As mentioned in the section on the methods of predicting IGIP, there are several factors that could
affect the estimation of the reserves, and selecting the suitable method for estimating the reserves is
essential in this process.
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As for gas deliverability, it starts from the ability to drive the gas from the natural fractures
to the wellbore, which requires an accurate prediction of the properties in the coal fracture system.
Furthermore, there are other requirements for methane production such as low-pressure pipelines,
water disposal facilities, and natural gas liquids (NGL) plant. In the analysis of these costs, different
conditions need to be considered as the capacity of the plants and the pipelines and the distance for
the gas to be transmitted [88].

By analyzing these three major parts of CBM development and taking into account the average
present and expected gas prices, an economical evaluation for the CBM reservoir can be conducted.
Due to the complexity of CBM development projects, the capital costs (CAPEX) and the operation costs
(OPEX) have to be evaluated and determined precisely to achieve successful development [88].

9. Conclusions

This study is a general review of the CBM, including the aspects of reservoir characterization,
developed technologies, reserves estimation, and challenges of the field development. Focusing on
the methods of predicting the Initial Gas in Place (IGIP), there were several methods that have to
be developed to estimate the IGIP. These methods have strong parts and weak parts due to the
complexity and ambiguity of the CBM formations. Some of these methods are simple, such as the
volumetric method, and others are more accurate, such the Material Balance Equation (MBE). Each of
these methods includes several models, which are developed based on previous models. Inthe end,
the selection for each of these methods is dependent on the type of available data and the stage of the
CBM reservoir development.
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