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Abstract Petrophysics of coals directly affects the
development of coalbed methane (CBM). Based on the
analysis of the representative academic works at home and
abroad, the recent progress on petrophysics characteristics
was reviewed from the aspects of the scale-span pore-
fracture structure, permeability, reservoir heterogeneity,
and its controlling factors. The results showed that the
characterization of pore-fracture has gone through three
stages: qualitative and semiquantitative evaluation of pore-
fracture by various techniques, quantitatively refined
characterization of pore-fracture by integrating multiple
methods including nuclear magnetic resonance analysis,
liquid nitrogen, and mercury intrusion, and advanced
quantitative characterization methods of pore-fracture by
high-precision experimental instruments (focused-ion
beam-scanning electron microscopy, small-angle neutron
scattering and computed tomography scanner) and testing
methods (u-CT scanning and X-ray diffraction). The
effects of acoustic field can promote the diffusion of
CBM and generally increase the permeability of coal
reservoirs by more than 10%. For the controlling factors of
reservoir petrophysics, tectonic stress is the most crucial
factor in determining permeability, while the heterogeneity
of CBM reservoirs increases with the enhancement of the
tectonic deformation and stress field. The study on
lithology heterogeneity of deep and high-dip coal
measures, the spatial storage-seepage characteristics with
deep CBM reservoirs, and the optimizing production
between coal measures should be the leading research
directions.
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1 Introduction

Coal petrology is the theoretical basis of coalbed methane
(CBM) exploration and development, transformation and
stimulation, and sustainable development of the industry
(Jiang et al., 2016). As the source rock and storage carrier
of hydrocarbon gas, the coal reservoir contains special
properties such as multiscale pores and fractures, large
specific surface area, and conductive medium capacity,
which enable CBM to be produced effectively (Fan et al.,
2010; Akhondzadeh et al., 2020). The petrological
characteristics of CBM reservoirs are mainly reflected in
the aspects of pore-fracture, permeability, reservoir
heterogeneity, genesis mechanism, and mechanical proper-
ties (Ahmad et al., 2019; Cai et al.,, 2019). Many
international scholars have studied the petrophysics
characteristics of CBM reservoirs, mainly in the aspects
of pore-fracture, permeability, and heterogeneity. Pores
and fractures are crucial spaces for CBM adsorption,
migration, and occurrence, in which matrix pore is the
CBM occurrence space, macro-fracture is the migration
channel, and micro-fracture is the bridge between pore and
macro-fracture (Liu et al., 2018a; Wang et al., 2019). The
geological conditions of coal reservoirs in China are more
complicated than those in the United States, Australia, and
Canada (Yang et al., 2019c; Lupton et al., 2020). The
sedimentary environment controls the porosity and pore
configuration of high-rank coal reservoirs in the Qinshui
Basin. Due to the intense and frequent evolutions of coal
facies, the difference in the development of pore systems
between the northern and southern coal reservoirs is vast.
The porosity of the southern coal reservoirs is generally
about 0.5% larger than that of the northern coal reservoirs
(Yao et al., 2010a). The difference in the transverse and
vertical macerals in the north-west and north China leads to
the strong anisotropy in the development of coal seam
micro-fractures, and the high porosity of coal with low
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metamorphism and intense deformation (Liu et al., 2018a;
Yang et al.,, 2018; Wang et al., 2019). Reservoir
permeability is one of the hot topics in the study of
petrophysics characteristics. The change of permeability is
controlled by many factors, among which the effective
stress and matrix shrinkage-swelling are the two main
factors (Jiang et al., 2010; Zhao et al., 2018). Generally, the
permeability of coal reservoir is high in the region with
small stress difference and decreases sharply with the
increase of depth. Matrix shrinkage-swelling and the
change of effective stress lead to the elastic self-regulation
effect of coal reservoir, which makes the permeability first
increase and then decrease with the increase of coal rank in
the process of drainage (Cai et al., 2014; Fang et al., 2018).
The effects of fracturing, nitrogen injection and acoustic
field are often used to improve the permeability in the field
construction process. The CBM reservoirs show substan-
tial heterogeneity in micro, plane, in-layer, and inter-layer
(Zhang et al., 2018). The degree of heterogeneity in the
coal reservoir parameters ranges from strong to weak in the
order of adsorption time, mineral content, the total density
of micro-fracture, total density of macro-fracture, inertinite
content, vitrinite content, gas content, and maximum
vitrinite reflectance (Li et al., 2016b). Using scanning
electron microscopy (SEM), small-angle X-ray scattering
(SAXS), computed tomography (CT), and combining
theory with practice, some scholars have researched the
field of petrophysics characteristics (Hoffman and Caers,
2005; Ju et al., 2005; Cai et al., 2013; Yang et al., 2015;
Clarkson and Qanbari, 2016). There are many factors
affecting reservoir geology, and the control mechanism is
complicated, especially the production layer combination
for CBM development under the condition of joint coal
seams (Yang et al., 2019a). Moreover, the main control
factors, accumulation mechanisms, physical characteris-
tics, and production mechanisms of each coal block are
different (Scott, 2002; Majdi et al., 2012; Mazumder et al.,
2012). The coal reservoirs in China were characterized by
low porosity, low permeability, and high heterogeneity.
The exploitability and development technology of CBM
reservoirs are closely related to the study of petrophysics
characteristics (Prinz et al., 2004; Yao and Liu, 2012;
Ibrahim and Nasr-El-Din, 2015). Previous studies on the
petrophysics characteristics of CBM reservoirs have
achieved fruitful results (Hodot, 1966; Prinz et al., 2004;
Yao and Liu, 2012), but there is a lack of systematic
summary after the mature technology of exploration and
development.

Based on the analysis of many works of literature and
the combination of theory and practice, the author
summarizes the research of petrophysics characteristics
in the field of CBM in recent years. The reservoir
heterogeneity and the coal petrographic front direction
are explored to provide guidance for abundant reservoir
geology theory and breakthrough in exploration technol-

ogy.

2 Pores and fractures in CBM reservoir

2.1 Classification and characterization methodology

2.1.1 Pores and fractures classification

The pores and fractures in coal reservoirs are the crucial
places for CBM production, enrichment, seepage, and
diffusion. Refining the classification of pores and fractures
is essential for the subtle characterization of reservoir.
Based on the mercury injection experiment and fractal
calculation, and combining with the characteristics of
methane diffusion and seepage, Fu et al. (2005) divided the
coal pores into diffusion (<65 nm) and seepage pores
(> 65 nm), further dividing the diffusion pores into micro
(< 8 nm), transitional (8—20 nm) and small pores (20—65
nm), and the seepage pores into medium (65-325 nm),
transitional (325—-1000 nm) and large pores (> 1000 nm).
Su et al. (2002) conducted SEM tests on coal samples from
Jincheng, Pingdingshan, and Yima divided the fractures
into meshy, solitary and superimposed internal fractures,
and exogenous fractures such as tensile, shear, tension-
shear, and cleavage according to their genesis and
morphology. Based on nuclear magnetic resonance
analysis, Yao et al. (2010b) believed that microfractures
were those with a diameter greater than 1000 nm, and
divided them into four types: A, B, C, and D. Among them,
type A had strong ductility and excellent continuity, type B
was similar to the dendritic trunk, type C had strong
ductility and general continuity, and type D had poor
connectivity and limited direction. The mercury intrusion
method was utilized by Zhang et al. (2009) to evaluate the
pore size characteristics of coals in the Qinshui Basin. The
result indicated that the pore system was composed of
seepage and condensation-adsorption pores. The former
was mainly primary and metamorphic pores, and the latter
was mainly some metamorphic pores undergoing deforma-
tion and transformation. To better study the influence of
gas adsorption and flow capacity on pore-fracture, Cai
et al. (2013) adopted a joint classification method to
classify pores and fractures into super-micropores (<2
nm), micropores (2-10 nm), mesopores (10-10* nm),
macropores (10°~10° nm), super-pores (10°~10* nm) and
microfractures (> 10* nm). Micropores and mesopores, as
part of the coal matrix, provide a vast internal surface area,
and have a strong affinity for CH4 and CO,. Ju et al. (2005)
used X-ray diffraction and high-resolution transmission
electron microscopy to analyze coal pores and macro-
molecular structures. The pore structure in the tectonic coal
was divided into extreme micropores (<2.5 nm),
submicron pores (2.5-5 nm), micropores (5—15 nm), and
transition pores (15-100 nm). The volume of extremely
micropores, submicron pores, and micropores increases
obviously with the enhancement of structural deformation,
while the volume of transition pores decrease. Based on the
measured pore data of 50 samples in typical 16 mining
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areas, Qin et al. (1995) proposed a natural classification
scheme for high-rank coal pores, which was divided into
micropores, transition pores, mesopores, and macropores
with the boundaries of 15, 50 and 400 nm respectively.
There is no universal classification scheme for coal pores
and fractures. Due to the multi-phase, diversity, and
variability of the coal forming environment in China, the
pores and fractures of coal reservoir have substantial
heterogeneity, so it is necessary to adopt specific
classification schemes according to the coal quality
characteristics in different regions. At present, the
classification scheme of IUPAC is widely used in the
world. The pores of coal can be divided into micropore
(D < 2 nm), mesopore (2-50 nm), and macropore (D > 50
nm) (IUPAC, 1972).

2.1.2  Characterization methodology

The characterization of pore-fracture in coal reservoir has
gone through three stages: qualitative and semiquantitative
evaluation of pore-fracture by various techniques, quanti-
tatively refined characterization of pore-fracture by
integrating multiple methods including nuclear magnetic
resonance analysis, liquid nitrogen, and mercury intrusion,
and advanced quantitative characterization methods of
pore-fracture by high-precision experimental instruments
(focused-ion beam-scanning electron microscopy, small-
angle neutron scattering and computed tomography
scanner) and testing methods (u-CT scanning and X-ray
diffraction). These three stages are crucial to reveal the
mechanism of CBM occurrence and migration. Image
analysis, fluid injection, and non-fluid injection were used
to characterize the coal pores and fractures. The non-fluid
injection method has a broad application prospect for the
study of pore-fracture evolution.

The image analysis method is mainly to observe the
pores and fractures through the scanning electron micro-
scope, transmission electron microscope, atomic force
microscope, and other instruments, and to characterize the
morphology, size, connectivity, arrangement, and combi-
nation of pore-fracture utilizing a large number of SEM
images of coal reservoirs (Zhao et al., 2019). Figures 1 and
2 show a series of consecutive SEM images of the
bituminous (BC) and anthracite (AC) coal samples during
the focused-ion beam (FIB) section progress, respectively.
For the BC sample, a few isolated pores were developed in
the coal matrix, and many of them were organic-matter
(OM) pores. OM pores are elliptical and slit-shaped with
pore sizes ranging from ~25 nm to 600 nm, and are mainly
distributed independently within OM and partial pores
filled with minerals (Figs. 1(a) and 2(b)). Compared to the
BC sample, a large number of gas pores were widely
developed in the AC sample, which is generally circular or
elliptical with smooth edges and originated from gas
generation during coalification (Figs. 2(a)-2(d)). It can be
seen that the gas pores merge to form large clusters with
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pore sizes generally varying from several to more than
100 nm and are interconnected with each other, which is
conducive to gas storage and diffusion capacity in coals (Li
et al., 2017c). According to Harpalani and Zhao’s analysis,
the coal pores are granular, fibrous, spongy, and irregular
(Harpalani and Chen, 1995; Zhao et al., 2014). The
inertinite mainly developed mesopores, while the vitrinite
mainly developed small pores and micropores, and most of
the micropores were not connected. The microfractures are
perpendicular to the layer under the SEM, which are
mainly produced in the microstrip composed of homo-
geneous and structural vitrinite. The microfractures
connecting some residual pores connect many indepen-
dently developed micropores to form the pore-fracture
system of coal reservoir and become the main channel of
diffusion-seepage (Pillalamarry et al., 2011; Cai et al,,
2018; Li et al., 2020c). The difference in microfractures
density and development morphology leads to a significant
difference between endogenous and exogenous fractures.
Generally, the density of exogenous fractures is vast than
that of endogenous fractures, which can be used to judge
the existence of tectonic coal and the degree of tectonic
development (Li et al., 2017¢; Li et al., 2019a; Li et al.,
2019b).

The fluid injection method mainly injects N,/CO, or
liquid into the coal sample under different pressure
conditions. Based on different mathematical models, the
specific surface area, pore-volume, and size distribution of
the experimental sample are obtained according to the
injection-adsorption amount. Jiang et al. (2011) analyzed
the results of the low-temperature liquid nitrogen test and
believed that the specific surface area, pore-volume, total
pore specific surface area, and total pore volume of
micropores all showed an increasing trend with the
increase in the degree of coal destruction. Moreover, the
adsorption-desorption curve of primary structural coal is
roughly parallel. When the relative pressure is 0.5, a slight
inflection point appears in the desorption curve of
fragmented coal. Mylonitic coal increases with the increase
of pressure, and the adsorption-desorption curve rises slowly.
Yao et al. (2010b) conducted saturation and centrifugal
spectrum tests on different coal ranks and found that the
NMR relaxation time of 0.5-2.5 ms, 20-50 ms, and greater
than 100 ms correspond to the distribution characteristics
of micropores, large pores, and fractures, respectively. The
porosity and pore size distribution of coal samples can be
obtained according to the correlation between the cutoff
value T, and the centrifugal radius (Yang et al., 2019b).
The method of nuclear magnetic freezing-thawing pore
measurement can more accurately characterize the pore
structure of porous materials, which has distinct advan-
tages in the quantitative identification of total pores. The
pore size measurement range is from 2 nm to 1000 nm,
which has a considerable perspective in the pore size
distribution, pore morphology characteristics, and liquid-
matrix surface interaction (Guo et al., 2016).
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SEM images by sequential FIB showing the 2-D pore-fracture structure of BC sample. (a) image of 1st FIB slice; (b) the partial

enlarged image of (a); (c) image of 201st FIB slice; (d) the partial enlarged image of (c); () image of 401st FIB slice; (f) image of 599th

FIB slice (Li et al., 2017c).

The non-fluid injection method is an efficient non-
destructive scanning technique (such as small-angle X-ray
scattering, focused-ion beam-scanning electron micro-
scopy, computed tomography) to reveal and characterize
the pore information. CT and SEM have a very high degree
of coincidence in the identification of the same fracture
morphology and development scale in coal (Fig. 3), which
can show the three-dimensional spatial distribution of
pores and fractures, and characterize the pore-fracture with
the pore diameter greater than 12.40 pm in the coal sample
(d = 19.20 mm, & = 10.59 mm) (Song et al., 2018).
Compared with the fluid injection method, SAXS can

obtain the information of closed pores, pore size distribu-
tion, and coordination number, and the characterization of
coal pore-fracture is not affected by pore connectivity,
shielding effect, and surface tension. Focused-ion beam-
scanning electron microscopy (FIB-SEM) can avoid new
pores during sample preparation and truly restore the
spatial configuration of nanometer pores. Besides, p-CT
scanning combined with X-ray diffraction cannot only
conduct 3D visual and quantitative characterization of
pore-fracture size, morphology, and spatial distribution but
also accurately display mineral development characteris-
tics, filling conditions and spatial distribution rules
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Fig. 2 SEM images by sequential FIB showing the 2-D pore-fracture structure of AC sample. (a) image of 101st FIB slice; (b) the partial
enlarged image of (a); (c) image of 301st FIB slice; (d) the partial enlarged image of (c); (e) image of 501st FIB slice; (f) image of 701st

FIB slice (Li et al., 2017c).

(Salmachi and Karacan, 2017). The characterization
methods of pores and fractures in different scales show
in Fig. 4. Based on the detailed description of pore-fracture
by various methods, a set of theories of 3D reconstruction
characterization for coal reservoir is developed.

2.2 Multiscale structure of pores and fractures

During coal formation, the development of matrix pores
with large specific surface area provides the storage space
for CBM. Endogenous and exogenous fractures serve as
the main channel for CBM migration. The individual
differences of plant remains and multi-phase structure
movement have resulted in differences in pore size,

structure, and spatial distribution. Studying the develop-
ment and evolution characteristics of pore-fracture is of
great significance for clarifying the diffusion-seepage
mechanism and reservoir corporality character.

The microfractures have various shapes, such as
reticulate, dendritic, oblique, and solitary. The reticulate
and dendritic microfractures increase with the develop-
ment density (Li et al., 2017c). Endogenetic fracture
mineral filling is relatively few, mostly perpendicular to
bedding, with excellent directivity, and widely developed
in homogeneous vitrinite. Part of it penetrates fusinite and
sporophyte, which can distinguish X intersecting or
orthogonal primary/secondary fracture (Karacan, 2013).
Yao and Liu believed that the development of endogenous
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Fig. 3 Comparison of fracture recognition between SEM and CT slice images. (a) Fractures in SEM images; (b) fractures in the CT

section; (c) an enlarged view of local fractures in SEM; (d) an enlarged local view of a CT section (Song et al., 2018).
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Fig. 4 A schematic diagram of the characterization methods of pores and fractures in different scales (Yu et al., 2020).
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microfractures was constitutionally selective, and put
forward the hypothesis of “gas accumulation-volume
expansion-fracture,” holding that the composition selec-
tion was caused by the generation, accumulation, and
drainage of hydrocarbon gases (Yao and Liu, 2012). The
development of exogenous fractures is mainly controlled
by tectonic stress and has strong heterogeneity. Generally,
the macerals of coal are damaged or run through, to
enhance the connectivity of micro-fractures and improve
the permeability of reservoirs. The exophytic fracture has
poor directivity and is inclined to cross with coal layers at
various angles, and sometimes overlaps with the endo-
genous fractures (Jiang et al., 2010). In general, there are
many extraneous tensile fractures in the vicinity of normal
faults, with broad and straight openings, and sometimes
they run through each other to form irregular reticular
fracture networks. Closed compression fractures are often
developed with a small width and a relatively consistent
extension direction in the vicinity of thrust faults. Due to
the action of the multi-stage tectonic movement, the
compression fracture will also break and extend along with
multiple directions (Harpalani and Chen, 1995; Hou et al.,
2017).

The thermal effect is an essential factor that affects the
molecular and pore structure characteristics of coal and
causes the coal reservoir pore-fracture space configuration
to change accordingly, which significantly affects on coal
pore and morphology changes (Cai et al., 2014). The
weight loss of coal is related to organic decomposition and
gas production during pyrolysis. Major gases generated
during coal pyrolysis show in Fig. 5 (Li et al., 2015),
including H,O, H,, CH4, CO, CO,. The extensive
evolution of gases happens in the temperature range of
300°C to 800°C. The characteristics of pore evolution
under thermodynamic action are analyzed, and the
morphology characteristics of pores at different tempera-
tures are characterized by SEM. The results show that the
pore morphology changes little with the increase of
temperature, and the pore diameter increase with the
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Fig. 5 Evolution curves of gaseous products of the coal sample
with elevated temperatures by mass spectrometry (Li et al., 2015).
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evaporation when the temperature is lower than 200°C
(Figs. 6(a)-6(d)). The scale structure appears at the
interface, and the pore diameter and volume increase
significantly after reaching 400°C (Figs. 6(e) and 6(f)). The
pore volume increases significantly with the production of
a large number of gas pores, and the surface of the coal
matrix is spongy, accompanied by coking after reaching
600°C (Figs. 6(g) and 6(h)). Improving pore morphology
and structure through heating up can be considered to
promote CBM production.

3 Permeability quantification of CBM
reservoir

3.1 Quantification methodology

The traditional means obtaining permeability include 3D
seismic data, core analysis, well test. The principle of
determining permeability based on 3D seismic data is the
correlation between permeability and porosity, and the
permeability often increases with the increase of porosity
(Yao et al., 2009). The reservoir can be regarded as a two-
phase medium filled with fluid. The instantaneous force
generated by the earthquake source excitation will produce
a pressure gradient field, which will cause the change of
reservoir volume and promote the relative movement of
pore fluid (Li et al., 2015). The seismic record is a general
reflection of the medium’s microscopic fluctuations on the
surface, reflecting the changing rule of the reservoir’s
physical property space. However, the test accuracy of
deep coal seam is low due to the sophisticated seismic
attributes and the interferences of multiple factors. Core
analysis is to measure the absolute permeability by coring
the target layer and cleaning the core. Usually, the coring is
carried out along the vertical direction of the wellbore, and
the actual measurement is often used to acquire the
permeability of the core along the vertical direction of the
reservoir. However, core analysis can no longer represent
the seepage capacity of the whole coal reservoirs for coal
reservoirs with substantial heterogeneity, so it must be
combined with other dynamic data for comprehensive
analysis (Li et al., 2020a). The well test technology is an
essential method to understand CBM reservoirs, monitor
production performance, and evaluate completion effi-
ciency, which is divided into stable and unstable well
testing. The stable well test establishes the well’s
productivity equation, while the unstable well test is to
determine the permeability and other physical character-
istic parameters of the coal reservoir (Ni et al., 2019).
Although the well test is highly accurate, it is expensive to
test the permeability of each well in the same block, which
is very limited for highly heterogeneous reservoirs.

The geological strength index (GSI) is introduced to
obtain the permeability of coal reservoir to avoid the
disadvantages of the above test methods. Since coal is a
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Fig. 6 Evolution characteristics of pore structure at different temperatures (Li et al., 2017c).

particular rock, the matrix block corresponds to the
lumpiness in the classification of the rock mass, and the
fracture width and filling condition replace the weathering
condition of discontinuous surfaces. Therefore, it is
theoretically possible to obtain permeability with GSI
(Guo et al., 2010; Jia et al., 2019). By observing the coal
structure of 20 CBM parameter wells and calibrating the
sampled coal cores, the relationship model between
logging parameters and GSI was established (Eq. 1).

GSI = 72.9DEN + 1.2GR-6.9CALX

+6.5CALY —77.6, (1)

where DEN is the compensated density, g/cm’; GR is
natural gamma, API; CALX and CALY are well diameter X
and Y, cm, respectively.

GSI calibration was carried out on the coal core of the
drilling sample in Shizhuang block of Qinshui Basin by
using typical logging parameters such as compensated
density, natural gamma, well diameter, structural surface
characteristics (Fig. 7). The relationship model between

GSI and permeability was established based on the existing
well test data (Eq. 2).

k = 0.0078 + 1.00276(—0.0106(GSI—55.0272)2)’ (2)

where k is permeability, mD; e is a constant, which is
approximately 2.72.

GSI and permeability were normally distributed. When
the GSI value is 55.03, the permeability is the maximum. If
the coal seam is too complete or broken, the permeability
decreases instead (Fig. 8). The different rank coals have
diverse permeability variation with the increase of flow
velocity, but the overall trend of permeability reduction
with the increase of flow velocity for all samples is
consistent except sample A damaged at 1.5 mL/min
(Fig. 9). Also, the permeability damage rate at different
flow velocities was depicted in Fig. 10. The results show
that most samples’ permeability was damaged at the high
flow velocity, while samples A and E were not damaged
due to the limited flow velocity (Liu et al., 2018b). Figure
11 shows that the R, ., exhibits no significant relationship
with effective diffusion coefficient and permeability.
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However, there is a subtle exponential relationship with the
coefficient of determination (R?) of 0.41 between perme-
ability and diffusivity as shown in Fig. 12. Moreover, the
unipore model correlates well with the experimental curve
for CH4 adsorption (Fang et al., 2018), and the pressure
decreases rapidly within the initial 1000s, and then the
diffusion process approaches the equilibrium state gradu-
ally (Fig. 13).

3.2 Permeability of CBM reservoir and its controlling
factors

Reservoir permeability is the ability of pore-fracture to
conduct medium, which reflects the property of coal seam
to allow fluid to connect with pores (Li et al., 2014; Zhao
etal., 2018). As a critical parameter of CBM development,
its advantages and shortcomings reflect the development,
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Fig. 9 Relationship between flow velocity and core permeability
(a high velocity sequence; b low velocity sequence) (Liu et al.,

2018b).

openness, and connectivity of pore-fracture in the
reservoir. Permeability is closely related to gas production
(Yao et al., 2009). The coal reservoirs with high
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Fig. 10 Change of permeability damage rate at different flow
velocities (a high velocity sequence; b low velocity sequence) (Liu
et al., 2018b).

permeability have higher gas production. The reservoir
permeability and average gas production per well in
China’s CBM blocks show in Table 1. When reservoir
permeability is less than 0.01 mD, the average gas output
per well is difficult to reach 1000 m*/d. More horizontal
wells are distributed than vertical wells in blocks with
permeability exceeding 2 mD.

Permeability is controlled by a variety of geological
factors (such as throat shape and size, coal quality,
formation pressure, tectonic stress, coal facies), in which
tectonic stress and coal facies jointly determine the
distribution characteristics of tectonic coal both horizon-
tally and vertically (Hoffman and Caers, 2005). Jiang et al.
(2016) obtained the geological stress data based on the
logging information and the Anderson model and found
that the vertical stress was conducive to the fracture
opening and connection. Yang et al. (2015) thought that the
principal horizontal stress increased linearly with the
increase of depth, and the current geological stress and
permeability followed a negative exponential function, and
the matrix stress could be used to explain the permeability
change caused by adsorption and desorption of CBM. Ni et
al. (2019) believed that the interaction between the
paleotectonic and the present tectonic stress led to the
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Fig. 11 Diffusion coefficient and permeability for the low,
medium, and high rank coals. (a) Diffusion coefficient for the
low, medium, and high rank coals; (b) Permeability for the low,
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Fig. 12 Diffusivity vs. permeability for the different rank coals
(Fang et al., 2018).

complex change of the relationship between geological
stress and permeability. The relationship between the stress
difference and permeability was not apparent when the
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Fig. 13 Experimental and unipore model fitting curves of
adsorption kinetics of CH4 adsorption on various coals (Fang
et al., 2018).

tectonic superposition zone was not divided. The perme-
ability increased exponentially with the increase of the
stress difference after the tectonic superposition zone was
divided. However, the growth trend of different super-
position zones was different. For the deep coal reservoir,
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the influence of tectonic stress will be more complicated.
When the stress enters the elastic-plastic stage, new
microfractures may occur in the reservoir. The closer to
the stress peak, the more microfractures are generated,
resulting in a sharp increase in permeability, which
increases to the maximum in the plastic flow stage and
then decreases (Li et al., 2016b).

3.3 Methodologies for improving CBM reservoir perme-
ability

The common minerals in coal seam include clay, quartz,
carbonate, pyrite. These minerals can be widely distributed
on the surface of coal seam pores and fractures, resulting in
low permeability of coal reservoir. Besides, during the well
drilling and completion process, drilling fluid and cement
slurry can enter the natural fracture and harm the coal
seam, thereby reducing the permeability of the coal seam
near the wellbore. The permeability of coal reservoirs in
China is generally low, and reservoir reformation must be
carried out to increase the permeability (Jiang et al., 2010).

The traditional hydraulic fracturing method cannot meet
the increasing industrial demand, so other effective
methods must be adopted to improve the reservoir

Table 1 The reservoir permeability and average gas production per well in China’s CBM blocks
Blocks Working seam The era of coal seam  R,—Riax Burial depth Permeability Average gas Remarks
1% /m /mD production per
well /(m®-d™")
Jincheng No. 3 and 15 C—P 2.5-3.5 400-1200 0.01-2 1420 The permeability of
(Shanxi Formation, (Well ZY-285); different partition
Taiyuan Formation) 310 blocks varies greatly,
(Well TS-306)  and some horizontal
drainage wells exist
Tunlun No. 3 P, 2.0-3.0 400-900 0.02-0.10 > 1100 The permeability is
(Shanxi Formation) (Tun well 2) generally low
Enhon No. 9, P, 1.2-1.5 500-1500 0.04-6.10 500 High porosity and per-
16, and 23 (Xuanwei (Well EH-5) meability
Formation)
Jixian—Hancheng  No. 5 and 8 C—P 1.1-2.1 350-1500 0.01-43 852 The permeability of the
(Shanxi Formation, (Jishi well 3); two layers of coal is
Taiyuan Formation) > 2500 very different, and
(Jishi well 1)  some CBM wells allow
the two layers of coal to
be discharged together
Zaoyuan No. 3 P, 0.5-0.8 550-750 0.5-1.8 706 The fracture has strong
(Shanxi Formation) (Well FZ-007)  conductivity, and the
permeability is very
high
Baode No. 8 and 9 Cc—P 0.8-1.4 400-800 0.01-3.73 1482 The coal reservoir has a
(Shanxi Formation, (Well 3V) high water content, and
Taiyuan Formation) the permeability differ-
ence is enormous.
Binchang No. 4 I, 0.5-0.7 400-650 3.06-5.73 12964 High permeability and
(Yanan Formation) (Well DFSC-02) porosity
Tiefa No. 4-2,9, 12, J—K, 0.5-0.6 300-950 0.10-1.60 5750 High gas content and
and 15-2 (Fuxin Formation) (Well DT3) permeability
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permeability further. In the development of CBM,
acidizing treatment is to inject one or several acid solutions
(such as inorganic acid, organic acid, and multi-component
acid) into the formation through the wellbore, and use the
acid solution to dissolve the rock cement or the plugging
material in the formation pores and fractures, thus
becoming an effective way to improve the permeability
of coal reservoir (Du et al., 2019). Since the adsorption
capacity of coal for CO, is higher than that for CHy4, the
permeability of coal reservoir can be improved by
competitive adsorption (Du et al., 2019). The coal samples
of medium and high-rank coal were collected from Tunliu
and Shihe coal mine in China, respectively. Experimental
apparatus adopting mixed gas displacement testing
machine, Its working principle is that the stress loading
device can apply confining and axial pressure and simulate
the stress state of the coal sample, and the gas pipelines at
both ends of the sample are respectively connected with a
metering pump, flow rate controller, flow gauge, pressure
gauge. The equipment can inject gas into coal samples at
different pressures and collect corresponding data to
calculate permeability (Fig. 14). The results show that
the permeability of coal reservoir decreases first and then
increases with the increase of gas injection pressure
(Fig. 15). The higher the confining pressure is, the smaller
the permeability of coal reservoir is. The permeability of
medium rank coal samples is roughly equal when the gas
injection pressure is 1.3 and 6.25 MPa. The permeability of
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high-rank coal samples is roughly equal when the gas
injection pressure is 2.25 and 6.25 MPa. Besides, The
effects of acoustic field can promote the diffusion of CBM
and generally increase the permeability of coal reservoirs
by more than 10%. There is a negative exponential relation
between CBM flow increments and the source (Rice et al.,
2008).

4 Petrophysics heterogeneity of CBM
reservoir

4.1 Microscale petrophysics heterogeneity

The research on coal reservoir heterogeneity is mainly
reflected in macroscopic and microscopic aspects (Zhang
et al., 2018). Macro-heterogeneity is mainly studied from
the three levels of inter-layer, in-layer, and plane. Micro-
heterogeneity is mainly studied from the distribution law
of pore structure, porosity, pore size distribution, fracture
size, and structure (Li et al., 2016a). Figure 16 suggests
that the 3D spatial distribution of the pore-fracture system
has apparent heterogeneity. Besides, it can be clearly seen
that X-ray p-CT data have a larger number of pore-
fractures than the FIB-SEM data. The research methods
mainly include SPSS factor analysis, Lorentz curve,
comprehensive gray evaluation based on GIS, heteroge-
neous degree coefficient, statistics, gray set pair analysis,
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Fig. 14 Working principle of mixed gas displacement testing machine (Ni et al., 2018).
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X-ray diffraction, high-pressure mercury injection experi-
mental analysis, and transmission electron microscopy
(Prinz et al., 2004; Radlinski et al., 2004; Yao et al., 2009;
Majdi et al., 2012; Yao and Liu, 2012).

The study of microscale petrophysics heterogeneity is
active, mainly reflected in the distribution rules of porosity,
pore size distribution, and mineral composition (Zhang
et al., 2018). The study on the pore development
characteristics of coal reservoirs in north China shows
that both the porosity and pore size distribution are
heterogeneous. Porosity was generally high, ranging from
2.38% to 10.3%, with an average of 5.72%. In particular,
the average porosity of Jiaozuo and Yinggong coal fields is
over 10%, which is rare in coal. The coal porosity of
Anghe and Pingdingshan coal fields is also high, while
other coal fields are generally low. Even in the same
mining area, each sample’s porosity varies greatly (Yao
et al., 2010b). The pores of coal reservoir in north China
are generally dominated by adsorption pores, accounting
for about 80%, among which the small pores are the most
developed, generally accounting for more than 50%. The
seepage pores are generally undeveloped, among which
the macropores are more developed than the mesopores.
From the perspective of the output contribution to CBM,
the coal pore structure in Jiaozuo and Huaibei coal fields is
the best, with a large number of micropores and small
pores as well as a certain proportion of mesopores and
macropores, which is conducive to the desorption,
seepage, and production of gas. In the Anhe, Yinggong,
Huainan, and Pingdingshan coalfield, the pores of all levels
are more evenly developed, which is also conducive to the
storage and production of CBM (Yao et al., 2010a). The
proportion of micropores and small pores is large so that
the CBM can be produced successfully by means of
exogenous fractures in northern, central, and southern
Qinshui Basin. However, the proportion of micropores and
small pores in Yongxia and Datong coal fields is too large,
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which is not conducive to the production of CBM
(Table 2). The distribution and quantity of pores in mineral
components vary significantly at the microscale. Many
clay minerals, berry-shaped pyrite, granular pyrite, brittle
quartz particles, and organic matter particles are scattered
and disordered. The pores in them are difficult to observe
under the horizon of 100 pm. Some slip-shaped clay
minerals, silty quartz particles, organic particles, and pyrite
crystals are stacked closely together, and a small number of
pores can be observed under the horizon of 10 um.

4.2 Macroscale petrophysics heterogeneity

Coal reservoirs are affected by sedimentary environment,
metamorphism, diagenesis, and tectonic movements.
There are generally uneven changes in in-plane distribu-
tion and longitudinal space (Ahmad et al., 2019; Li et al.,
2020b). The heterogeneity of coal seam formed by fluvial
peat bogs was the strongest, followed by that formed by
delta peat bogs, and the heterogeneity of coal seam formed
by peat flat was the weakest (Scott, 2002). In the same coal
seam, the gas-bearing heterogeneity of the coal reservoir is
shown as “the heterogeneity of the longitudinal top and
bottom is weak, and that of the middle is strong. The
heterogeneity near or across the fault area is strong, while
the heterogeneity in the simple structure area is weak”
(Mazumder et al., 2012). The heterogeneity of fracture
density development in coal reservoir is characterized by
“both the fractal dimension and the stagger coefficient of
the fault zone are generally vast, and the heterogeneity is
strong.” The permeability heterogeneity of coal reservoir is
characterized by “vertical distribution of coal with
different metamorphic degrees, more internal fractures in
the middle than in the bottom, serious permeability
stratification and significant heterogeneity” (Kumar et al.,
2016; Lupton et al., 2020). The development of natural
fractures in adjacent CBM Wells reservoirs in the same
block may also vary greatly. The microseismic monitoring
results show that the fracture extension directions of CBM
well SZ1 in the Shizhuang block of Qinshui Basin are
48°NE and 50°NW (Fig. 17(a)), while the fracture
extension directions of adjacent CBM well SZ2 are
51°NE (Fig. 17(b)). Affected by tectonic movement, the
original structure of the coal reservoir changes, and the
heterogeneity becomes more potent with the structural
deformation and the enhancement of the stress field
(Karacan and Okandan, 2000; Fan et al., 2010). Different
pore configuration, fracture distribution, and seepage
networks were formed in the multi-stage tectonic move-
ment and different coal-forming environments, which
resulted in a precise correlation between the coal reservoir
heterogeneity and the degree of CBM exploitation (Fan
et al., 2010;).

In general, the phenomenon of coal reservoir height
heterogeneity is widespread in China. The exploration and
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Fig. 16 3D spatial distribution of pore-fraction system in different ranges. al-a3: FIB-SEM data of sample LHG; b1-b3: X-ray p—CT
data of sample LHG; c1-c3: FIB-SEM data of sample L-1; d1-d3: X-ray u—CT data of sample L-1 (Li et al., 2020b).

development of CBM will pay more attention to the
distribution of reservoir heterogeneity. There are many
kinds of research on the corporality parameters of coal
porosity, pore structure, coal quality, vitrinite reflectance,
and industrial components. The study on lithology
heterogeneity of deep low-rank coal, especially the large
dip angle reservoirs, needs to be further revealed. Besides,
the control mechanism of reservoir heterogeneity from the
geological structure and coal-forming environment needs
to be further explored for the coal reservoir with high H,S
concentration.

5 Geological controls on CBM reservoir
petrophysics

5.1 Geological stress

Geological stress refers to the stress state in the earth’s
crust. Both the paleotectonic stress and the present stress
control the permeability of coal seam (Ni et al., 2019).
There are cleat systems with different degrees of develop-
ment in coal seams (Cai et al., 2019). The opening degree
of the cleat is greatly influenced by the geological stress
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Table 2 Pore development and pore size distribution of coal reservoir in north China

Mercury injection test data

Pore size distribution

The average

The efficiency

Coalfield (Basin) Porosity Displacement  diameter of Irr:e(;rcr::ng of mercury Macropores Mesopores Sl:rzlsl Micropores
1% pressure/MPa  pore throat ury withdrawal 1% 1% P 1%
saturation/% /%
/um /%
Northern Qinshui 3.50 7.01 0.06 23.1 65.6 6.5 6 67.0 20.5
Central Qinshui 3.78 6.83 0.05 19.4 61.0 7.4 6.1 69.3 17.2
Southern Qinshui 423 7.67 0.12 24.6 65.6 8 7.9 26.4 57.7
Datong 4.24 11.37 0.04 22.0 82.7 43 2.6 324 60.7
Pingdingshan 6.75 7.93 0.08 43.4 73.0 9.1 10.3 54.7 259
Anhe 8.38 3.71 0.18 27.5 43.7 11.4 12.2 71.4 5
Jiaozuo 10.30 3.98 1.26 36.9 39.5 20.7 11 37.7 30.6
Yongxia 2.80 7.08 0.04 17.3 65.7 6 5.7 49.1 39.2
Xinggong 10.38 3.92 0.23 31.8 55.8 13.8 11.1 59.8 15.3
Huainan 4.61 0.07 12.27 37.1 33.1 18.8 6.5 57.9 16.8
Huaibei 3.94 0.15 11.14 55.2 37.8 27.6 15.4 37.7 19.3
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Fig. 17 Microseismic monitoring results of CBM well. (a) well SZ1; (b) well SZ2 (Jia et al., 2019).

field. The change of geological stress field can cause the
cleat opening and closing, affecting the change of coal
seam permeability. All the stresses in the untapped coal
reservoir are in equilibrium. The pressure of coal reservoir
gradually decreases with the drainage of water and gas,
increasing effective stress of coal reservoir, the compres-
sion and closure of pore-fracture in coal reservoir, and the
significant elastoplastic deformation of coal body in the
process of CBM development, which leads to the apparent
decrease of permeability.

The geological stress is closely related to the mechanical
parameters of coal petrography. It can accumulate coal bed
stress under the conditions of rock integrity and high
elasticity modulus (Jiang et al., 2016). The elasticity and
mechanical strength of coal decrease with the increase of
temperature, while the plasticity increases. The effect of

temperature on the mechanical properties of coal is so
small that the effect on the overall mechanical strength of
coal can be ignored. The elastic properties and mechanical
strength of coal are different in different stress ranges. The
elastic modulus of coal increases with the increase of
effective confining pressure, while Poisson’s ratio
decreases in the elastic deformation stage. When plastic
deformation occurs, the corresponding stress and strain
value increase with the increase of effective confining
pressure, and the yield point becomes more evident in the
plastic deformation stage. The residual strength of coal
also increases with effective confining pressure in the
residual strength stage. Due to the differences in macerals,
metamorphism degree, and lithology of the roof, the
mechanical properties of coal rock and surrounding rock
are quite different, resulting in different geological stress
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values accumulated by different lithotypes. Different
lithotypes have apparent differences in petrophysical
properties, which may lead to different directions of
geological stress. At the same time, lithotypes are affected
by tectonism. The heterogeneity of geological stress also
has a significant influence on the late coal petrography
reconstruction.

There are many methods to measure geological stress,
such as field monitoring, microseismic, laboratory testing,
based on deformation or related physical quantities to
obtain the state of geological stress, which belongs to
indirect measurement. In comparison, the hydraulic
fracturing method can measure the relatively reliable
geological stress, which can be regarded as the direct
measurement of geological stress within a certain accuracy
range (Ni et al., 2019). Its calculation method shows in

Eq. (3).

{UH =30y —pr—po + 5 3)

On = PISTP

where oy is the maximum horizontal principal stress, MPa;
0}, denotes the minimum horizontal principal stress, MPa;
Po is the coal reservoir pressure, MPa; p; is the pressure on
the coal to be fractured, MPa; s, denotes the tensile strength
of the coal, MPa; pigrpcan be read directly from the
hydraulic fracturing curve.

When the hydraulic fracturing curve is standard, the
method of hydraulic fracturing is more accurate to obtain
geological stress. However, the fracture pressure will be
higher than the actual value when the drilling results in the
expansion of well diameter or pollution near the well are
caused by cementing. Besides, the unreasonable pumping
procedure in the fracturing process may increase in the
construction pressure, resulting in the instantaneous shut-
in pressure is inconsistent with the actual situation. At this
time, the acoustic logging method can obtain accurate
geological stress (Eq. 4).

i
oy = (H +A> (ov=0po) + ¢po
, 4)

L
op = (ﬁ + B) (ov=9po) + ¢po

where u is the Poisson’s ratio of the coal; o, is vertical

stress, MPa; 4 and B are the tectonic stress coefficients; ¢ is

the pressure contribution coefficient of the coal reservoir.
Given that:

p(3V3—4rY)
Pm ( 3Vr%1p74Vnz1s ) ’

p=1- 5)

where p is the bulk density of coal, g/cm?; p,,, is the skeletal
density of coal, g/cm?; Vinp and ¥y, are the longitudinal and
transverse velocities of the skeleton, m/s; V;and V; are
vertical and transverse wave velocities respectively, m/s.

5.2 Sedimentary environment

The thickness and distribution areas of coal are mainly
controlled by the sedimentary environment (Karayigit
et al., 2018; Eble et al., 2019). The No. 3 coal seam of
Shanxi Formation developing in delta-lake facies has a
large thickness and stable distribution, while the No. 15
coal seam of Taiyuan Formation developing in coastal
shelf and lagoon is relatively thin and unstable. Whether in
tidal flat, delta, or flood basin of the river system, the coal
seam with significant thickness and stable distribution can
only be formed if the sedimentation rate is the same as the
deposition rate. On the contrary, the relatively volatile
environment is difficult to form a stable distribution of coal
seams (Zhao et al., 2018). The sedimentary environment
has a direct influence on the content of coal components,
and the content of vitrinite is high in the coal seam formed
in the water-covered and reducing environment (Goodarzi
et al., 2019). The more reductive the environment is, the
higher the content of telocollinite is, the more developed
the cleat is, and the better the permeability is. The No. 3
coal seam of Shanxi Formation formed in the front margin
of the delta, which is easy to form the overlying water
swamp facies with substantial reducing property, more
gelatinous microcomponent, and better reservoir perme-
ability in this environment. The No. 15 coal seam of
Taiyuan Formation was formed in a peat marsh. Due to the
high content of sulfur in the coal affected by the
transgression, the coal seam has a strong reducing
property.

The intense and frequent evolutions of coal facies in the
coal-accumulation basin lead to the different development
of coal reservoirs both horizontally and longitudinally,
which leads to the formation of substantial reservoir
heterogeneity (Oskay et al., 2019). Most of the coal
reservoirs in the Ordos Basin formed in forest peat marsh,
and living water peat marsh facies have useful properties,
while the coal reservoirs formed in dry peat marsh facies
have medium or weak properties. The sedimentary
environment affects both mineral composition and ash
content (Chinelatto et al., 2020). Some of the pores are
filled with minerals due to mineralization, which leads to a
decrease in reservoir permeability. This phenomenon is
common in north China. Ash contents are mainly
inorganic, most of which are derived from terrigenous
detritus and transgression. Generally, the higher the ash
yield is, the higher the mineral content of the reservoir is.
Besides, there is a linear relationship between the ash
content and the fractal dimension of coal reservoir pore
structure. Most of the coal micropores in northern Qinshui
Basin are filled with ash due to frequent sedimentation,
resulting in a high fractal dimension and substantial
heterogeneity of pore structure.
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5.3 Coal petrology and composition

The petrological characteristics of coal reservoir can
directly reflect the genesis of coal seam and the difficulty
degree of coal powder production, mainly through
controlling permeability, adsorption-desorption character-
istics, and gas-bearing to affect gas-water migration. An in-
depth study of macroscopic coal rocks, microscopic coal
rocks, macerals, and coal facies can enrich the geological
theory of CBM and guide the rational and efficient
development of CBM resources (Ibrahim and Nasr-El-
Din, 2015; Oskay et al., 2019).

The microscopic coal rocks and macerals control the
development of microfractures. The difference of maceral
in transverse and vertical direction leads to the anisotropic
heterogeneity of microfracture development (Eble et al.,
2019). The microfractures develop more and more with the
increase of the brightness of coal. The micromirror coal
content has a significant positive correlation with micro-
fractures’ development (Yao et al., 2010a; Karayigit et al.,
2018). Different macerals of coal have vast differences in
gas generation potential and adsorption capacity. The
exinite has the most considerable gas generation potential,
followed by the vitrinite and inertinite. The vitrinite has the
largest adsorption capacity, followed by the inertinite and
exinite (Yao et al., 2010a; Li et al., 2017a). The content of
the vitrinite at the density level of —1.35 g/cm’ increased
first and then decreased with the increase of the grinding
time by analyzing the macerals of low-rank bituminous in
Shigetai coal mine. The inertinite content at the density
level from 1.35 to 1.40 g/cm® showed a similar trend (Table
3). The reason is that both the vitrinite and inertinite
dissociate better in the early stage of grinding. The
dissociation degree between the inertinite and the minerals
increases with the increase of the grinding time, which
leads to the tendency that both the vitrinite and inertinite
increase first and then decrease at different density levels
(Radlinski et al., 2004). In the case of coal with higher
inertinite and lower vitrinite, the inertinite plays a leading

role in controlling the porosity. The coal metamorphic
degree and porosity change regularly when the inertinite is
lower, and the vitrinite is higher (Crosdale et al, 1998). The
macerals of coal dominate the uneven distribution of
permeability and porosity, while coal facies control it.
Through the reflection of the frequent changes of plant
types, preservation conditions, water flow types, and
overburden depth, the coal facies dominates the macerals,
which affects the degree of fracture development and
permeability, and indirectly causes the change of coal
reservoir pressure, ultimately leading to the formation of
substantial reservoir heterogeneity (Zhang et al., 2009; Li
et al., 2017b). There is an apparent relationship between
coal facies and pore development. As the value of tissue
preservation index (TPI) and wood index (WI) increased,
the percentage of micropores and transition pores (< 10?
nm) increased. The negative correlation between TPI or
WI and macropores could be observed, while there was no
significant correlation between pore size between 10 nm
and coal facies index, pore size between 10° nm and coal
facies index (Fig. 18). Figure 19 shows the correlation
analysis between groundwater index (GWI) and various
types (Type A, B, C, and D) of fractures for coal samples.
For type A and type B fractures, which are slightly
developed in the coal samples with a range from 0 to 2 and
0 to 3 per 9cm?, respectively, these two types of fractures
do not have any trend with the GWI. Fracture frequency of
Type C and Type D shows a positive relationship as GWI
increases, as shown in Figs. 19(c) and 19(d). There is a
comprehensive elastic self-regulating effect in coal
petrography, which largely counteracts the destructive
effect of unfavorable geological conditions on the gas
reservoir (Lu et al., 2020). The elastic self-regulation effect
of coal petrography is negatively correlated with coal rank
under the same pressure of the CBM system, which is
strictly controlled by the evolution of coal structure with
the change of coal rank (Davudov and Moghanloo, 2018).
No matter what the coal rank is, the mechanical properties
of coal petrography are mainly controlled by stress. As the

Table 3 The macerals of coal samples with different grinding rod time (Tao et al., 2020)

Density level/(g-cm )

Grinding rod time/min Macerals 135 135140 =140
5 Vitrinite 73.26% 34.57% 49.77%
Inertinite 26.74% 65.43% 50.23%
10 Vitrinite 75.83% 31.84% 44.62%
Inertinite 24.17% 68.16% 55.38%
15 Vitrinite 74.49% 32.80% 45.11%
Inertinite 29.51% 67.20% 54.89%
20 Vitrinite 70.78% 34.70% 45.99%
inertinite 34.22% 65.30% 54.01%
30 Vitrinite 66.53% 39.77% 46.45%
Inertinite 33.47% 60.23% 53.55%
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stress increases, the opening degree of pore-fracture
decreases, the mechanical strength of coal petrography
increases first and then decreases, and the elastic modulus
also increases first and then decreases (Mora and
Wattenbarger, 2009). The strength of coal petrography is
influenced by the coupling action of temperature and
pressure. The influence of temperature is more critical than
the confining pressure in the low strain stage of medium
and high- rank coals, while the confining pressure plays a
leading role in the strength of coal petrography in the high
strain stage.

In a word, previous research on coal petrology
characteristics, macerals, and coal facies has achieved
fruitful results, promoting the effective reformation of
shallow coal reservoirs and avoiding the contradictions
caused by the heterogeneity of some reservoirs in the
process of drainage. However, facing the real situation of
shallow CBM shortage, the spatial multi-layer production,
the storage-seepage characteristics of deep CBM domi-
nated by coal petrology, and the coupling relationship of

the optimized productivity should be further revealed to
promote the maturation of reservoir engineering theory.

6 Conclusions

This paper summarizes the research progress of petrophy-
sics characteristics from the aspects of pore-fracture
evolution, permeability, heterogeneity, and geological
controls. Three characterization methods of pore-fracture
and the evolution characteristics of multiscale pore-
fractures are introduced in detail. The non-fluid injection
method has broad development prospects. The systematic
rule of permeability change is analyzed, and then the
corporality characters under the restriction of coal
petrology are clarified. On this basis, the leading direction
of petrophysics characteristics in CBM reservoirs is
prospectively proposed. The following conclusions can
be made:

1) The characterization of pore-fracture has gone
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through three stages: qualitative and semiquantitative
evaluation of pore-fracture by various techniques, quanti-
tatively refined characterization of pore-fracture by
integrating multiple methods including nuclear magnetic
resonance analysis, liquid nitrogen, and mercury intrusion,
and advanced quantitative characterization methods of
pore-fracture by high-precision experimental instruments
(focused-ion beam-scanning electron microscopy, small-
angle neutron scattering and computed tomography
scanner) and testing methods (u-CT scanning and X-ray
diffraction), which significantly promoted the development
of the pore-fracture research.

2) Tectonic stress is the most crucial factor determining
the permeability, but there are vast differences in the
impact on shallow and deep coal seams. The effects of
acoustic field can promote the diffusion of CBM and
generally increase the permeability of coal reservoirs by
more than 10%. The heterogeneity of CBM reservoirs
increases with the enhancement of the tectonic deforma-
tion and stress field, and there is a precise correlation
between the heterogeneity of coal reservoir and the degree
of CBM exploitation.

3) The study on lithology heterogeneity of deep low-
rank coal, especially the high-dip angle reservoirs, needs to
be further revealed. Facing the real situation of shallow
CBM shortage, the spatial multi-layer production, the
storage-seepage characteristics of deep CBM dominated
by coal petrology, and the coupling relationship of the
optimized productivity should be further revealed to
promote the maturation of CBM reservoir engineering
theory.
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