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Abstract: The Baode block on the eastern margin of the Ordos Basin is a key area for the development
of low-rank coalbed methane (CBM) in China. In order to find out the genesis of CBM and its storage
and seepage space in Baode block, the isotopic testing of gas samples was carried out to reveal the
origin of CH4 and CO2, as well, mercury intrusion porosimetry, low temperature nitrogen adsorption,
and X-ray CT tests were performed to characterize the pores and fractures in No. 4 + 5 and No. 8 + 9
coal seams. The results showed that the average volume fraction of CH4, N2, and CO2 is 88.31%,
4.73%, and 6.36%, respectively. No. 4 + 5 and No. 8 + 9 coal seams both have biogenic gas and
thermogenic methane. Meanwhile, No. 4 + 5 and No. 8 + 9 coal seams both contain CO2 generated
by coal pyrolysis, which belongs to organic genetic gas, while shallow CO2 is greatly affected by
the action of microorganisms and belongs to biogenic gas. The average proportion of micropores,
transition pores, mesopores, and macropores is 56.61%, 28.22%, 5.10%, and 10.07%, respectively.
Samples collected from No. 4 + 5 coal seams have developed more sorption pores. Meanwhile,
samples collected from No. 8 + 9 coal seams exhibited a relatively low degree of hysteresis (Hg
retention), suggesting good pore connectivity and relatively high seepage ability, which is conducive
to gas migration. The connected porosity of coal samples varies greatly, mainly depending on the
relative mineral content and the proportion of connected pores.

Keywords: genesis of coalbed methane; pore-fracture system; storage and seepage space; Baode block

1. Introduction

Following the Qinshui Basin, the Ordos Basin is another large gas field in China with
proven reserves of more than 100 billion cubic meters. It is also the first demonstration area
for the exploration and development of low- and medium-rank coalbed methane (CBM) in
China [1,2]. The Carboniferous Permian coal seams in the Ordos Basin have undergone
different degrees of subsidence, uplift, and denudation, resulting in different degrees of
thermal evolution of coal seams in different regions [3–5]. The Baode block is located in
the northern part of the eastern margin of the Ordos Basin. The Ro,max of coal ranges from
0.52% to 0.89%, belonging to low- and middle-rank bituminous coal. Some CBM wells
in the Baode block have obtained industrial gas flow, showing a good prospect for CBM
development [6,7].

Previous studies have made preliminary discussions on the formation conditions and
genetic types of CBM in the eastern margin of the Ordos Basin, and pointed out that the
shallow part is a mixture of secondary biogas and thermogenic gas, while the deep part
is mainly composed of thermogenic gas [8,9]. However, there is a lack of a systematic
understanding of the origin of CBM in Baode block. In addition to methane, low-rank
coal reservoirs often contain a certain proportion of CO2 and N2, which can be used as
important objects for studying the genesis of CBM [10].

Energies 2022, 15, 81. https://doi.org/10.3390/en15010081 https://www.mdpi.com/journal/energies1
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In the current study, based on proximate analysis, mean vitrinite reflectance (Ro)
measurements and maceral analyses, the material composition (including macerals, ash,
moisture, volatile) of nine coal samples collected from Baode block were characterized. At
the same time, isotopic testing of 54 gas samples collected from desorption tanks in different
desorption periods was carried out to reveal the gas composition characteristics and gas
genesis. Finally, based on high-pressure mercury injection, low-temperature liquid nitrogen,
and X-ray CT experiments, the gas storage and seepage space were finely characterized,
which provides a theoretical basis for further clarifying the direction of CBM exploration
and development in the Baode block.

2. Geologic Setting

The Ordos Basin, a huge intra-cratonic basin, is located in North China and con-
tains the second largest accumulation of coal resources in China [11,12] (Figure 1a). The
basin is divided into seven structural units [13,14] (Figure 1b). The eastern margin of the
Ordos Basin is a N–S striking and west-inclined monocline within the following three
tectonic units: Weibei uplift in the north, Yimeng uplift in the south, and Jinxi fold in the
middle [15–17] (Figure 1b). The Baode block is located in the northern part of the eastern
margin of the Ordos Basin (Figure 1c). The formation is gentle, sloping westward at an
angle of 1◦ to 5◦. The faults are rare and small in scale, and the faults are mainly in the
northeast direction with a fault distance of 10–25 m.

Figure 1. (a) Location of the Ordos Basin. (b) Tectonic units of the Ordos Basin. (c) Division of eastern
margin of Ordos Basin and the location of Baode block, with the location of Wells B1 and B2.

In the Baode block, the main coal-bearing sequences occur in the Upper Carboniferous
Taiyuan Formation (C3t) and the Lower Permian Shanxi Formation (P1s) (Figure 2). The
C3t is in integrated contact with the underlying strata, with a thickness of 50–90 m. It is
mainly composed of black-gray mudstone, gray-white medium sandstone, gray coarse
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sandstone, and coal seam. A layer of bioclastic limestone is locally developed in the lower
part, and the bottom is gray-white thick layered medium coarse sandstone and gravelly
coarse sandstone. It is a set of interactive marine coal bearing deposits (Figure 2). The P1s
is 60–90 m thick. It is mainly composed of gray fine sandstone, black-gray black, sandy
mudstone, and coal seam. The bottom of P1s is gray-white coarse-grained quartz sandstone.
The formation is a set of meandering river and delta plain swamp facies deposits (Figure 2).
No. 4 + 5 coal seam in P1s and No. 8 + 9 coal seam in C3t are continuous and thick. They
are the main coal seams in the Baode block and the target seam for CBM development,
occurring at a depth of 400–1200 m, with a thickness ranging from 1.16 m to 20.21 m. The
lithology of the roof and floor of No. 4 + 5 and No. 8 + 9 coal seams is dominated by
mudstone, locally sandy mudstone. The thickness of the roof of the No. 4 + 5 coal seam is
4.3–13.9 m, and the thickness of the floor is 2.4–6.7 m, while those of the 8 + 9 coal seam are
2.8–6.8 m and 2.0–18.6 m, respectively.

Figure 2. Lower Permian stratigraphic column in the Baode block.

3. Samples and Analytical Procedures

3.1. Coal and Gas Samples

Eleven coal samples were collected from Wells B1 and B2 (Figure 1c) in the Baode
block, and the burial depths of the main coal seams in these two wells are 501.40–547.20 m
and 1011.40–1068.30 m, respectively. Among them, four samples were collected form No.
4 + 5 coal seam, and seven of them were collected form No. 8 + 9 coal seam. Part of the
sample was carefully packed and then immediately sent to the laboratory for experiments,
and another part of the sample was immediately put into different desorption tanks to
collect the desorption gas. A total of 54 gas samples were collected from eleven desorption
tanks in different desorption periods for gas composition and isotopes analysis.

3.2. Material Composition

Nine of the collected coal samples were analyzed for proximate analysis on an air-
dried basis following the Chinese national standard GB/T 212-2008 [18]. According to ISO
7404.3-1994 [19] and ISO 7404.5-1994 [20], mean vitrinite reflectance (Ro) measurements
and maceral analyses (500 points) were performed on the same polished section of the
coal samples using a Leitz MPV-3 photometer microscope. Nonlinear error: max. ±1 low
significance bit. A/D conversion accuracy: ±1 low significance bit, less than 2‰.
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3.3. Pore-Size Distribution

Based on the material composition analysis results, six samples were selected to
analyze the characteristic pore-size distributions by using mercury intrusion porosimetry
(MIP), low-temperature nitrogen adsorption (LTNA) and X-ray CT. Diameters of pores
detected by LTNA range from 2 to 300 nm, and those accessed by MIP are in the diameter
of 30– > 1000 nm. Thus, the adsorption pores (<102 nm) [21] can be determined by LTNA,
while the seepage pores (>102 nm) [21] can be well characterized by MIP. MIP was carried
out according to the national standard, SY/T 5346-2005 [22], by using Micromeritics Auto
Pore IV 9500 instrument. Before the LTNA experiments, all samples were crushed and
sieved to a size of 0.18–0.25 mm (60–80 mesh) (dried for 48 h), and then tested using a
Micromeritics ASAP2020 instrument at 77K. The X-ray CT was carried out by using U.S.
ACTIS-250/320PK/225FFI industrial CT system. The spatial resolution is close to 50 μm in
the process of X-ray CT measurement, and therefore large pores and microfractures can be
identified in the coal core plug. The specific experimental procedures and image processing
methods were presented in detail by Tao et al. (2019) [23].

Thus, the characteristics of seepage pores (>102 nm) were measured by MIP, and
then the characteristics of adsorption pores (<102 nm) were measured by LTNA. Finally,
the three-dimensional models of samples’ adsorption pores and percolation pores were
constructed by X-ray CT experiment.

3.4. Gas Composition and Isotopes

A total of 54 gas samples were collected from eleven desorption tanks to analyze the
gas composition by using an Agilent 7890B gas chromatograph, according to the Chinese
national standard GB/T 13610-2014 [24]. Afterward, δ13C values of CH4 and CO2, and δD
values of CH4 of 54 gas samples were determined on a Finnigan MAT 253 mass spectrometer.
The δ13C and δD values were calibrated with respect to the VPDB and VSMOW standards,
and the standard deviations were ±(0.1‰~0.3‰) and ±(1‰~2‰), respectively.

4. Results and Discussion

4.1. Basic Information of Coals

As shown in Table 1, the Baode coal samples have ash yields ranging from 4.96%
to 7.31%, whereas they have relatively high moisture contents (18.6–26.56%) and volatile
yields (25.95–30.32%). Higher volatile content means lower coal metamorphism, with Ro
of 0.62–0.76%. The vitrinite content is the highest (41.5–84.8%, mean 69.3%), followed
by inertinite (8.7–54.4%, mean 22.8%) and liptinite (0.5–17.0%, mean 7.9%). Macerals in
the Baode coal samples include: cutinite, microsporinite, desmocollinite, fusinite, semi-
fusinite, resinite, and liptodetrinite. The cutinite is usually distributed in strips, and the
microsporinite is distributed in parallel planes in a worm-like shape (Figure 3).

Table 1. Results of the proximate and maceral analyses.

Sample
No.

Coal
Seam No.

Depth (m) Ro (%)
Maceral Composition (%) Proximate Analysis (%)

Vitrinite Inertinite Liptinite Mad Aad Vad

BD-1 4 + 5 501.40–501.70 0.64 74.0 9.0 17.0 22.24 5.33 27.73
BD-2 4 + 5 502.90–503.30 0.67 45.1 54.4 0.5 26.56 4.96 26.46
BD-3 4 + 5 1011.40–1011.70 0.62 83.5 8.7 7.9 24.44 6.55 25.95
BD-4 4 + 5 1011.40–1011.70 0.62 84.8 10.0 5.2 18.60 7.31 30.32
BD-5 8 + 9 546.54–546.84 0.63 76.4 12.7 11.0 26.52 6.44 28.08
BD-6 8 + 9 546.84–547.20 0.68 82.3 14.8 2.8 22.95 7.25 30.12
BD-7 8 + 9 1061.10–1061.40 0.70 81.0 12.9 6.1 22.33 5.30 30.30
BD-8 8 + 9 1065.60–1066.00 0.76 54.7 38.8 6.5 25.73 6.51 30.02
BD-9 8 + 9 1068.00–1068.30 0.75 41.5 44.2 14.4 25.52 6.52 27.25

Notes: Mad = moisture content; Aad = ash yield; Vad = volatile yield; ad = air dried basis.
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Figure 3. Characteristic macerals from Baode coals, polished section, reflected fluorescence and re-
flected plane-polarized light (last two pictures). Cu: cutinite; MiS: microsporinite; DC: desmocollinite;
F: fusinite; Sf: Semifusinite; Py: Pyrite; V: Vitrinite; Cl: clay; Re: resinite; LD: liptodetrinite.
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4.2. CBM Composition and Origin
4.2.1. Compositional Characteristics of CBM

As shown in Table 2, the gas in No. 4 + 5 and No. 8 + 9 coal seams are dominated
by CH4, with a volume fraction ranging from 80.9% to 94.7% (mean 88.32%). The volume
fraction of N2 varies between 0.6–15.9% (mean 4.95%), and the N2 content in No. 4 + 5 coal
seam is higher than that in No. 8 + 9 coal seam. Meanwhile, as the depth increases, the
N2 content decreases relatively, which shows that the gas composition of shallow CBM
is affected by mixing with atmospheric air [25,26]. Figure 4 indicates that the N2 volume
fraction and CH4 volume fraction in the two sets of coal seams are negatively correlated.
The main difference between 8 + 9 coal seam (a) and 8 + 9 coal seam (b) is the different
proportions of N2 and CH4. Different proportions can characterize the source of coal seam
gas. The proportion of gas in No. 8 + 9 coal seam (a) is the same as that in No. 4 + 5 coal
seam. The CO2 content increases with increasing burial depth of No. 8 + 9 coal seam. This
phenomenon is related to the action of CO2-reducing bacteria in the shallow part which
decreases with depth [27].

Table 2. CBM composition of the collected gas samples from eleven desorption tanks in different
desorption periods.

Coal
Seam

No.

Depth/m Sample No.

Volume Fraction of Each
Component in CBM (%)

Coal
Seam

No.

Depth/m Sample No.

Volume Fraction of Each
Component in CBM (%)

CO2 N2 CH4 CO2 N2 CH4

4 + 5

501.40–
501.70 B1-1

B1-1-1 3.0 10.2 86.7

8 + 9

546.84–
547.20 B1-4

B1-4-3 3.3 10.7 86.0

B1-1-2 3.6 8.8 87.4 B1-4-4 3.5 9.9 86.6

B1-1-3 3.3 7.6 89.1 B1-4-5 3.6 5.6 90.8

B1-1-4 3.4 6.0 90.6 B1-4-6 1.9 4.7 93.5

B1-1-5 1.6 4.3 94.1

1061.10–
1061.40 B2-3

B2-3-1 9.0 2.8 88.1

502.90–
503.30 B1-2

B1-2-1 3.1 15.9 80.9 B2-3-2 9.4 2.6 87.9

B1-2-2 3.8 15.2 81.1 B2-3-3 9.0 2.5 88.3

B1-2-3 3.2 12.7 84.1 B2-3-4 8.6 2.7 88.5

B1-2-4 3.8 9.4 86.8 B2-3-5 8.9 2.5 88.4

B1-2-5 2.4 5.7 91.9

1064.00–
1064.35 B2-4

B2-4-1 10.6 1.9 87.3

1011.40–
1011.70 B2-1

B2-1-1 3.5 4.5 92.0 B2-4-2 10.4 1.6 87.8

B2-1-2 4.1 3.7 92.1 B2-4-3 10.7 1.7 87.4

B2-1-3 4.8 3.0 92.2 B2-4-4 12.0 2.1 85.7

B2-1-4 3.8 3.0 93.2 B2-4-5 10.2 1.7 88.0

B2-1-5 2.2 3.1 94.7

1065.60–
1066.00 B2-5

B2-5-1 9.3 1.7 88.7

1014.80–
1015.20 B2-2

B2-2-1 3.0 8.2 88.6 B2-5-2 9.2 1.6 88.8

B2-2-2 3.2 7.7 88.8 B2-5-3 10.7 1.5 87.4

B2-2-3 2.4 6.5 90.8 B2-5-4 12.0 1.7 85.8

B2-2-4 3.0 5.9 90.7

1066.80–
1067.10 B2-6

B2-6-1 9.7 5.5 82.6

B2-2-5 3.6 3.3 92.6 B2-6-2 13.1 2.6 82.2

8 + 9

546.54–
546.84

B1-3

B1-3-1 4.3 8.5 87.1 B2-6-3 11.6 1.2 84.9

B1-3-2 4.0 4.8 91.2 B2-6-4 11.7 1.1 85.0

B1-3-3 4.5 2.6 92.9 B2-6-5 9.7 0.7 87.3

B1-3-4 4.4 2.2 93.4

1068.00–
1068.30 B2-7

B2-7-1 7.8 1.2 88.0

B1-3-5 4.7 2.2 93.2 B2-7-2 9.5 0.6 87.2

546.84–
547.20 B1-4

B1-4-1 3.1 11.5 85.4 B2-7-3 9.6 2.7 84.1

B1-4-2 2.7 14.0 83.3 B2-7-4 6.7 1.6 87.9

6
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Figure 4. Relationship between N2 volume fraction and CH4 volume fraction.

4.2.2. Genetic Types of CH4 and CO2

CBM is divided into biogenic gas and thermogenic gas, and the thermogenic gas is
further subdivided into early thermogenic wet gas and late thermogenic dry gas [28]. To
some extent, different gas concentrations in CBM reflect the genesis of CBM which can be
identified by gas composition.

As shown in Table 3, the value of δ13C (CH4) in No. 4 + 5 coal seam varies between
−55.6‰ and −47.7‰, with an average of −52.5‰, and the value of that in No. 8 + 9
coal seam varies between −62.3‰ and −50.4‰, with an average of −54.5‰. The δ13C
(CH4) values of the two coal seams are within the range of national δ13C (CH4) observation
values of CBM (from −73.7‰ to −24.9‰) [29], belonging to light carbon isotopes. The
value of δ13D (CH4) in No. 4 + 5 coal seam ranges from −256.2‰ to −241.6‰, with an
average of −249.4‰, and the value of that in No. 8 + 9 coal seam ranges from −261.8‰
to −247.6‰, with an average of −252.8‰. At shallower than 550 m, the average value
of δ13C (CH4) is less than −55‰, indicating that biogenic gas is the main source. With
the increase in burial depth (about 1000 m in Table 3), the average value of δ13C (CH4) is
around −50‰, indicating that thermogenic gas is dominant. Figure 5 also shows that No.
4 + 5 and No. 8 + 9 coal seams both have biogenic gas and thermogenic gas [30].

Figure 5. Genetic type discrimination map of CBM. (C1 stands for CH4) (modified from [31]).
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Table 3. Carbon and hydrogen stable isotope compositions and CDMI values of gas samples from
eleven desorption tanks in different desorption periods.

Coal
Seam

No.

Depth/m Sample No.
δ13C (‰) δD

(‰) CDMI
Coal
Seam

No.

Depth/m Sample No.
δ13C (‰) δD

(‰) CDMI
CH4 CO2 CH4 CO2

4 + 5

501.40–
501.70

B1-1

B1-1-1 −55.5 −7.2 −253.6 3.4

8 + 9

546.84–
547.20 B1-4

B1-4-4 −61.5 −9.6 −259.0 3.9

B1-1-2 −54.6 −7.3 −253.2 3.9 B1-4-5 −61.3 −9.2 −259.9 3.8

B1-1-3 −55.4 −6.0 −253.9 3.6 B1-4-6 −60.3 −11.3 −256.0 2.0

B1-1-4 −55.5 −5.6 −254.3 3.6 average −61.4 −10.5 −259.3 /

B1-1-5 −54.0 −9.8 −253.2 1.7

1061.10–
1061.40 B2-3

B2-3-1 −51.5 3.1 −252.3 9.3

average −55 −7.2 −253.7 / B2-3-2 −51.4 3.4 −248.9 9.6

502.90–
503.30 B1-2

B1-2-1 −55.6 −10.5 −256.2 3.7 B2-3-3 −51.2 3.7 −250.2 9.3

B1-2-2 −55.4 −9.2 −255.8 4.4 B2-3-4 −50.8 4.2 −250.6 8.9

B1-2-3 −55.3 −8.0 −255.1 3.6 B2-3-5 −50.5 3.7 −252.3 9.2

B1-2-4 −55.3 −6.9 −255.9 4.2 average −51.1 3.6 −250.9 /

B1-2-5 −54.8 −9.0 −254.9 2.6

1064.00–
1064.35 B2-4

B2-4-1 −51.7 5.1 −248.5 10.8

average −55.3 −8.7 −255.6 / B2-4-2 −51.6 5.5 −249.4 10.6

1011.40–
1011.70 B2-1

B2-1-1 −51.4 −1.8 −241.6 3.7 B2-4-3 −51.7 5.2 −249.7 10.9

B2-1-2 −51.3 −1.9 −242.1 4.3 B2-4-4 −51.3 6.7 −250.3 12.3

B2-1-3 −50.9 −0.9 −241.6 5 B2-4-5 −50.5 4.8 −249.2 10.4

B2-1-4 −50.8 −2.9 −243.1 3.9 average −51.4 5.4 −249.4 /

B2-1-5 −50.5 −2.8 −243.8 2.3

1065.60–
1066.00 B2-5

B2-5-1 −52.0 1.8 −249.2 9.5

average −51 −2.1 −242.5 / B2-5-2 −51.4 7.6 −251.2 9.4

1014.80–
1015.20 B2-2

B2-2-1 −49.6 −6.5 −246.6 3.2 B2-5-3 −51.0 5.5 −251.3 10.9

B2-2-2 −49.0 −1.0 −245.3 3.5 B2-5-4 −50.5 4.9 −250.0 12.3

B2-2-3 −48.4 −6.6 −245.3 2.6 average −51.2 5 −250.4 /

B2-2-4 −48.2 −3.8 −246.1 3.2

1066.80–
1067.10 B2-6

B2-6-1 −51.8 2.8 −248.5 10.5

B2-2-5 −47.7 −0.6 −245.9 3.8 B2-6-2 −51.5 7.1 −249.2 13.7

average −48.6 −3.7 −245.9 / B2-6-3 −51.4 5.6 −249.3 12.0

8 + 9

546.54–
546.84

B1-3

B1-3-1 −61.3 −12.0 −258.4 4.7 B2-6-4 −51.2 5.8 −249.1 12.1

B1-3-2 −62.3 −10.3 −259.9 4.2 B2-6-5 −51.1 5.4 −250.0 10

B1-3-3 −62.0 −8.8 −261.8 4.6 average −51.4 5.3 −249.2 /

B1-3-4 −61.8 −8.8 −258.0 4.5

1068.00–
1068.30 B2-7

B2-7-1 −51.1 5.2 −249.7 8.1

B1-3-5 −61.6 −9.0 −258.9 4.8 B2-7-2 −50.4 3.8 −247.6 9.8

average −61.8 −9.8 −259.4 / B2-7-3 −50.9 5.1 −249.2 10.2

546.84–
547.20 B1-4

B1-4-1 −62.3 −12.4 −260.7 3.5 B2-7-4 −50.6 5.8 −248.0 7.1

B1-4-2 −61.9 −11.0 −260.5 3.1
average −50.7 5 −248.6 /

B1-4-3 −60.9 −9.6 −259.8 3.7

CO2 in CBM is mainly generated in the low maturity evolution stage of organic matter,
which is generated through the chemical reaction of oxygen-containing groups such as
decarboxylation and carbonyl in coal molecules [31]. Previous studies have shown that
the value of δ13C in organic CO2 is generally −39‰~−8‰, where the value of δ13C (CO2)
produced by humic organic matter is generally −25‰~−5‰; while the value of δ13C (CO2)
produced by thermal degradation of organic matter is −28‰~−10‰, and the value of
δ13C (CO2) transformed by microbial reduction is more important, reaching 18‰. In the
study area, the δ13C (CO2) value in No. 4 + 5 coal seam is between −10.5‰ and −0.6‰,
and that in No. 8 + 9 coal seam is between −11.3‰ and −7.6‰ (Table 3), which conforms
to the carbon isotope characteristics of organic (biological) genetic gas. Among them, some
samples have higher δ13C (CO2) values due to microbial transformation. The burial depth
also affects the δ13C (CO2) values. The burial depth of No. 4 + 5 coal seam and No. 8 + 9
coal seam in the same well is similar, but that of the same coal seam in different wells (such
as No. 4 + 5 coal seam in wells B1 and B2) is quite different. Therefore, the δ13C (CO2)
values of samples are separated in two groups in Figure 5.
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According to the component data of CBM, the CO2–CH4 coefficient of each sample is
calculated by:

CDMI =
CO2

CO2 + CH4
× 100%

The CDMI value and the δ13C (CO2) are used to draw the relationship diagram
reflecting the genetic types of CO2 (Figure 6). No. 4 + 5 and No. 8 + 9 coal seams both
contain CO2 generated by coal pyrolysis, which belongs to organic genetic gas [28], while
shallow CO2 is greatly affected by the action of microorganisms and belongs to biogenic
gas. In the stagnant CBM system, the water-soluble consumption of CO2 produced by
coalification (including associated gas during microbial methane production and thermal
degradation gas of coal-forming material) is not complete [32], resulting in high CO2
concentration in gas components, and increases with the increase of burial depth.

 

Figure 6. Relationship between δ13C (CO2) and CDMI.

4.3. Characterization of Gas Storage and Seepage Space
4.3.1. Characteristics of Seepage Pores

The experimental data of mercury injection are shown in Table 4, and the mercury
injection curves are shown in Figure 7. The pores contained in the coal samples are mainly
micropores and transition pores, and the development of mesopores and macropores is
less. The average proportion of pores in each pore size class is 56.61%, 28.22%, 5.10%, and
10.07%, respectively. Mercury injection curves can be divided into three types. Type 1
contains samples BD-1 and BD-3. At pressures lower than 10 MPa, the amount of mercury
injected increased rapidly; at pressures greater than 10 MPa, the amount of mercury injected
increased slowly, indicating that micropores are more developed. The mercury intrusion
curve and the extrusion curve basically overlap, indicating that the mercury removal
efficiency is high and the pore connectivity is good. Type 2 contains BD-5 and BD-6. At
pressures below 10 MPa, the amount of mercury injected increased slowly, and at pressures
greater than 10 MPa, the amount of mercury increased rapidly, indicating that the pore
structure is dominated by micropores. The large offset between the mercury injection
curve and the mercury extrusion curve shows the low mercury removal efficiency and poor
pore connectivity. The Type 3 mercury injection curve of BD-2 and BD-9 has a three-stage
structure. At pressures less than 2 MPa, the mercury injection curve rises linearly; at
pressures between 2 MPa and 10 MPa, the mercury injection rate gradually slows down;
at pressures greater than 10 MPa, the mercury injection rate increases again, indicating
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that compared with the first two types of curves, mesopores and macropores are more
developed in samples BD-2 and BD-9.

Table 4. Mercury injection data of typical samples in the Baode block.

Sample No. Coal Seam No.
Porosity

(%)

Pore Volume Percentage (%)

Micropore
(<10 nm)

Transition Pores
(10–102 nm)

Mesopore
(102–103 nm)

Macropore
(>103 nm)

BD-1 4 + 5 5.07 64.09 26.41 2.46 7.04
BD-2 4 + 5 5.39 61.15 22.19 3.99 12.67
BD-3 8 + 9 5.42 62.24 26.58 3.35 7.83
BD-5 8 + 9 6.89 54.89 31.38 4.65 9.08
BD-6 8 + 9 6.09 47.91 32.87 9.61 9.60
BD-9 8 + 9 5.29 49.38 29.89 6.54 14.19

Figure 7. Mercury injection curves of typical samples in the study area.

Overall, the seepage pores (>102 nm) are poorly developed in Baode coal samples.
Compared with No. 4 + 5 coal samples, No. 8 + 9 coal samples have a relatively small
hysteresis and good pore connectivity. At the same time, the proportion of mesopores and
macropores is relatively high, which is conducive to gas migration (Table 4).

4.3.2. Characteristics of Adsorption Pores

Low-temperature liquid nitrogen adsorption experiments are often used to finely
characterize the adsorption pores (<102 nm) of coal samples [33,34]. As shown in Table 5,
the BET specific surface area (SSA) is 1.41–5.14 m2/g, and the total pore volume of BJH is
0.0063–0.0166 mL/g. The average pore diameter (APD) ranges from 11.50 nm to 19.86 nm,
and the proportion of transition pores is the largest.

10



Energies 2022, 15, 81

Table 5. Nitrogen adsorption data of typical samples in the study area.

Sample No. Coal Seam
No.

BET SSA
(m2/g)

BJH
TPV (10−3 mL/g)

APD (nm)
Pore Volume Percentage (%)

<10 nm 10–100 nm >100 nm

BD-1 4 + 5 4.04 0.0119 11.50 29.55 50.33 20.12
BD-2 4 + 5 5.14 0.0166 12.51 24.12 62.65 13.23
BD-3 8 + 9 1.81 0.0080 17.17 16.31 55.01 28.68
BD-5 8 + 9 2.93 0.0156 19.86 12.76 55.12 32.12
BD-6 8 + 9 1.76 0.0074 17.73 16.20 52.69 31.11
BD-9 8 + 9 1.41 0.0063 18.33 14.34 52.41 33.25

Notes: BJH TPV = Total pore volume; APD = Average pore diameter; BET SSA = Specific surface area.

Based on the adsorption/desorption curve of the nitrogen adsorption experiment,
scholars use the hysteresis loop to classify the pore morphology in coal [35–37]. As can be
seen in Figure 8, the pore morphology of the samples is divided into two types. Type 1
contains samples of BD-1 and BD-2 collected from No. 4 + 5 coal samples, which has an
obvious hysteresis loop located at the relative pressure of 0.5–1, indicating that ink bottle
pores are well-developed in No. 4 + 5 coal samples. Type 2 contains samples BD-3, BD-5,
BD-6, and BD-9, which belong to the No. 8 + 9 coal samples. There is no hysteresis loop or
an obvious hysteresis loop, which means that the inflection point of desorption curve is not
obvious, thus the adsorption and desorption curves are roughly parallel, indicating that
the samples mainly develop an airtight pore closed at one end.

Figure 8. Typical nitrogen adsorption and desorption curve of coal samples in Baode block.

As shown in Figure 9, all samples have pores with a diameter of 1–100 nm, and
micropores with a pore diameter of less than 10 nm are less developed, and there is a peak
around 40–50 nm. The contribution of SSA is dominated by 1–10 nm micropores. The
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difference is that the 1–3 nm pores of the No. 4 + 5 coal samples have a great contribution,
while the 3–10 nm pores of the No. 8 + 9 coal samples have a great contribution. Compared
with No. 8 + 9 coal samples, No. 4 + 5 coal samples have developed more adsorbed pores
such as ink bottle pores, so the SSA is relatively large, which is conducive to the adsorption
of CBM but not conducive to desorption.

 

Figure 9. Relationship between pore diameter, SSA, and pore volume of typical coal samples in
Baode block.

The BET model, FHH model, and thermodynamic model are often used to calculate
the fractal dimension of micropores of coal [38,39]. In this paper, the FHH model is used to
calculate the fractal dimension based on nitrogen adsorption data;

ln(V/V0) = A ln (lnP/P0) + C

where V is the volume of gas molecules adsorbed at equilibrium pressure; V0 is the volume
of gas adsorbed by the monolayer; P0 is the saturated vapor pressure of gas adsorption; A
is the slope of the double logarithm curve of lnV and ln(ln(P0/P)); C is a constant.

In the process of liquid nitrogen adsorption, micropores are filled first, and then
monolayer adsorption occurs, followed by multi-molecular layer adsorption. When the
relationship between the relative pressure and pore diameter conforms to the Kelvin
equation, capillary condensation occurs [40]. Therefore, taking the relative pressure as
the boundary of 0.5 [40], the fractal dimensions D1 and D2 can be calculated respectively
(Table 6). The fractal dimension D should meet 2 ≤ D ≤ 3, in which the larger the fractal
dimension, the rougher the coal surface and the stronger the adsorption capacity [41,42].
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Table 6. Fractal dimension of typical samples in the study area.

Sample
No.

Relative Pressure (P/P0): 0~0.5 Relative Pressure (P/P0): 0.5~1

A1 D1 = 3 + A1 R1
2 A2 D2 = 3 + A2 R2

2

BD-1 −0.45 2.55 0.9997 −0.41 2.59 0.9864
BD-2 −0.46 2.54 0.9996 −0.45 2.55 0.9996
BD-3 −0.47 2.53 0.9975 −0.49 2.51 0.9996
BD-5 −0.51 2.49 0.9908 −0.54 2.46 0.9991
BD-6 −0.41 2.59 0.9962 −0.47 2.53 0.9999
BD-9 −0.44 2.56 0.9947 −0.48 2.52 0.9987

As shown in Figure 10, the fractal dimension D1 has no obvious correlation with the
SSA and APD. The fractal dimension D1 reflects the porosity of the sample with a relative
pressure of 0~0.5, which cannot characterize all the pore characteristics of the sample.
The fractal dimension D2 is positively correlated with the SSA and negatively correlated
with the APD, which indicates that the larger the SSA, the smaller the average pore size,
and the higher the overall micropore proportion of the sample. It indicates that the more
developed the micropore, the stronger the adsorption capacity of coal. As the value of D2
increases, the pore structure becomes more complex, and the adsorption capacity of coal
becomes stronger.

Figure 10. (a) Relationship between fractal dimension and SSA; (b) Relationship between fractal
dimension and APD.

4.3.3. Three-Dimensional Model of Storage and Seepage Space

In order to intuitively obtain the distribution characteristics of pores and fractures,
the samples are selected for X-ray CT imaging tests (Table 7). The results show that the
porosity of the selected coal samples varies from 0.76% to 4.39%, with an average of 2.38%.
However, the proportion of connected pores is extremely low (0–35.04%), resulting in an
extremely low connected porosity of 0–1.21%. There is a negative correlation between the
porosity and the mineral content. Sample BD-3 has the lowest porosity, because most of the
fractures inside the sample are filled with minerals (Figure 11).

 

Figure 11. Two-dimensional slices of mineral filling fractures in sample BD-3 ((a) is the first slice and
(b) is the 45th slice; white means the fractures are filled with minerals).
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Table 7. X-ray CT imaging test results of typical samples.

Sample No. Porosity (%)
Connected

Porosity (%)

Proportion of
Connected
Pores (%)

Mineral
Content (%)

BD-1 1.97 0 0 3.31
BD-2 3.92 0.79 20.15 0.27
BD-3 0.76 0.07 9.21 4.5
BD-5 4.39 1.21 27.56 0.26
BD-6 1.17 0.41 35.04 3.52
BD-9 3.47 0.17 4.85 2.17

After three-dimensional reconstruction, the distribution of the coal matrix, pores,
fractures, and minerals in coal samples can be more easily displayed (Figure 12). The
distribution direction of minerals is similar to the direction of densely developed pores,
especially in samples BD-3 and BD-6, and the distribution of pores and fractures is extremely
uneven. Meanwhile, although some samples have relatively high porosity, such as BD-9,
due to the extremely low proportion of connected pores, the connected porosity is still very
low. On the contrary, if the mineral content in coal is small and distributed in a dispersed
state, the proportion of connected pores will be high, and the connected porosity will be
high, which is conducive to gas flow, such as sample BD-5. Therefore, it is not the measured
porosity that plays a key role in the development of CBM, but it depends on the connectivity
of the pore and fracture system.

Figure 12. (a) Three-dimensional reconstruction image of coal samples (gray: matrix, blue: pores
and fractures, orange: mineral). (b) Three-dimensional image of connected and isolated pores
and fractures (blue: connected pores and fractures, red: isolated pores and fractures). (c) Three-
dimensional image of minerals.
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5. Conclusions

(1) Gases disrobed from No. 4 + 5 and No. 8 + 9 coal seams in Baode block are
dominated by CH4, followed by N2 and CO2. Under the influence of air mixing, the
N2 content decreases with the increase of burial depth. Meanwhile, the CO2 content
increases with increasing burial depth of No. 8 + 9 coal seam, which related to the action of
CO2-reducing bacteria in the shallow part.

(2) The δ13C (CO2) value in No. 4 + 5 coal seam is between −10.5‰ and −0.6‰,
and that in No. 8 + 9 coal seam is between −11.3‰ and −7.6‰. No. 4 + 5 and No. 8 + 9
coal seams both have biogenic gas and thermogenic methane. Meanwhile, No. 4 + 5 and
No. 8 + 9 coal seams both contain CO2 generated by thermal maturation of coal (ther-
mogenic gas), while shallow CO2 is likely to result from the action of microorganisms
(microbial gas). With the increase of burial depth, the content of CO2 increases.

(3) The seepage pores (>102 nm) are poorly developed in the Baode coal samples.
Samples collected from No. 4 + 5 coal seams have developed more sorption pores such as
ink bottle pores, so the SSA is relatively large, which is conducive to the adsorption of CBM.
The mercury intrusion and extrusion curves of samples from No. 8 + 9 coal seams exhibit a
relatively low degree of hysteresis (Hg retention), indicating good pore connectivity. At
the same time, the proportion of mesopores and macropores is relatively high, which is
conducive to gas migration.

(4) The porosity of the coal samples is inversely related to the mineral content and
the occurrence of the mineral. If the mineral content in coal is small and distributed in a
dispersed state, the proportion of connected pores will be high, and the connected porosity
will be high, which is conducive to gas flow.
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Abstract: Due to the complex microscope pore structure of shale, large-scale hydraulic fracturing is
required to achieve effective development, resulting in a very complicated fracturing fluid flowback
characteristics. The flowback volume is time-dependent, whereas other relevant parameters, such as
the permeability, porosity, and fracture half-length, are static. Thus, it is very difficult to build an end-
to-end model to predict the time-dependent flowback curves using static parameters from a machine
learning perspective. In order to simplify the time-dependent flowback curve into simple parameters
and serve as the target parameter of big data analysis and flowback influencing factor analysis, this
paper abstracted the flowback curve into two characteristic parameters, the daily flowback volume
coefficient and the flowback decreasing coefficient, based on the analytical solution of the seepage
equation of multistage fractured horizontal Wells. Taking the dynamic flowback data of 214 shale
gas horizontal wells in Weiyuan shale gas block as a study case, the characteristic parameters of
the flowback curves were obtained by exponential curve fittings. The analysis results showed that
there is a positive correlation between the characteristic parameters which present the characteristics
of right-skewed distribution. The calculation formula of the characteristic flowback coefficient
representing the flowback potential was established. The correlations between characteristic flowback
coefficient and geological and engineering parameters of 214 horizontal wells were studied by
spearman correlation coefficient analysis method. The results showed that the characteristic flowback
coefficient has a negative correlation with the thickness × drilling length of the high-quality reservoir,
the fracturing stage interval, the number of fracturing stages, and the brittle minerals content.
Through the method established in this paper, the shale gas flowback curve containing complex flow
mechanism can be abstracted into simple characteristic parameters and characteristic coefficients,
and the relationship between static data and dynamic data is established, which can help to establish
a machine learning method for predicting the flowback curve of shale gas horizontal wells.

Keywords: shale gas; flowback; big-data analysis; horizontal well; fracturing fluids

1. Introduction

Multistage fracturing of horizontal wells is widely used in the exploration and devel-
opment of shale gas. It typically takes tens of thousands of square meters of fracturing
fluids and thousands of tons of sand to fracture a shale gas horizontal well, and the flow-
back of the fracturing fluids directly affects shale gas production. Hence, the flowback
curve of fracturing fluids is a key issue in shale gas exploration [1]. The pores and fractures
in shale gas reservoirs have different scales [2], and new multiscale pore-split systems are
created by multistage fracturing. Thus, the shale gas flow mechanism is very complex,
including pressure sensitivity, adsorption, diffusion, slip, imbibition, and seepage [3–6].
Currently, no consensus has been reached on this flow mechanism. Moreover, there is
gas–water two-phase flow in the formation after large-scale fracturing. At present, there is
no commercial software to realize the numerical simulation of flowback curve. It may take
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several years to develop such software because, when developing such calculation pro-
grams, the solutions of the flow equations, unstructured meshing, equation discretization,
and large-scale irregular sparse matrix are very complex. The gas flow equation for shale
gas involves many flow mechanisms. The solution of this equations requires many known
parameters which are difficult to obtain directly or measure experimentally. For example,
shale gas is a multicomponent mixture containing hydrocarbons and nonhydrocarbon gases
(CO2 and N2) [7], and its molecular free path at a high temperature and pressure cannot
be obtained for unknown component proportions. Even if there is a perfect numerical
simulation program, inaccurate parameters will affect the reliability of the results.

In recent years, with the development of big-data-related technology, researchers
began to introduce machine learning into the research of oil and gas development and
have mainly used it as a prediction tool. Kohli et al. [8] took well-log data as input
parameters and trained the multilayer forward neural network by using the least square
Levenberg–Marquardt optimization algorithm to predict the formation permeability; the
predicted permeability is consistent with field data. Jia et al. [9] studied the water channel
problem resulting from long-term water injection. A density peak clustering algorithm
based on streamline clustering was used to quantify the flow area for water flooding in
the oil reservoir and thereby effectively identify the invalid water injection circulation
channels between the injection and production wells, as well as areas with development
potential. Adibifard et al. [10] carried out a Chebyshev polynomial interpolation of pressure
derivative data and input the results to an artificial neural network to estimate reservoir
parameters. Ghaffarian et al. [11] processed the pseudo pressure of gas wells and used the
pseudo pressure derivative data as the input of single and coupled multilayer perceptron
network to identify the condensate gas reservoir model. Tian et al. [12] used recurrent
neural network learning to train the data collected by permanent downhole pressure gauge
(PDG) for the inversion of reservoir permeability and other parameters and production
prediction. Hung et al. [13] introduced the application of Gaussian process regression
(GPR), support vector machine (SVM), and random forest (RF) to predict CO2 trapping
efficiency in saline formations.

As the fracturing fluids flowback is influenced by many factors, big data technology
has attracted increasing attention. Bai et al. [14] used exponential and harmonic functions
to fit the water production in the flowback stage and produced the water stages of 32 wells
and developed a prediction tool for accumulated water production based on the fitting
results. Zhou et al. [15] used various binary and multivariate methods to analyse the data
from 187 wells in the Marcellus block in the USA. The flowback rate during the first three
weeks of data collection was found to increase with the thermal maturity and decrease with
increasing strata thickness. Lin et al. [16] used a back propagation neural network to model
the static data and flowback rate for 74 wells in Sichuan Province, China. The flowback
rate and gas production in the first month were estimated using six parameters with
relatively high weights in the model. Liu et al. [17] developed two neural networks with
different structures to predict the flowback rate at specific time points and compared the
predictions. In summary, current big data-based methods used to determine the flowback
pattern focused on static or dynamic data of many wells for a given block, and a combined
analysis of static and dynamic data has not been conducted. Some studies have been
performed by using a fixed data point or a periodic average of dynamic data, which is
a static data methodology in essence. All these lead to incomplete data utilization and
limited application scope of the method.

In order to simplify the time-dependent flowback curve into simple parameters, as the
target parameters of big data analysis and flowback influencing factor analysis, this paper
combined the flowback dynamic data and static data of shale gas fracturing horizontal wells
to study the flowback curve. The approaches and processes used in this study are shown
in Figure 1. The first part of this paper briefly introduces the geological background of the
research area and the relevant data collected. In the second part, the multi-stage fracturing
physical model of shale gas horizontal wells was established. The flow equation in Laplace
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space was obtained from the convolution formula, and the time-dependent flowback
rate was obtained. In the third part, the flowback data of 214 horizontal wells in the
Weiyuan block were fitted to obtain the characteristic parameters. The calculation formula
of characteristic coefficient including characteristic parameters was established. Then, the
correlation analysis was carried out by using a flowback characteristic coefficient, and the
influencing factors of the flowback characteristic coefficient were comprehensively studied.
Through the method established in this paper, the shale gas flowback curve containing
complex flow mechanism can be abstracted into simple characteristic parameters and
characteristic coefficients, and the relationship between static data and dynamic data is
established, which can help to establish a machine learning method for predicting the
flowback curve of shale gas horizontal wells.

 

Figure 1. Schematic diagram of the approach used in the study 2. Research area background and
analysis data.

Weiyuan shale gas block is located in the southwest of Sichuan Basin of China. The
whole Weiyuan block has a monoclinic structure inclined to the southeast. The Longmaxi
Formation (LF) is the main exploration target layer. The LF can be divided into two layers:
L1 and L2. The first layer of L1 can be subdivided into two sublayers, namely, L11 and
L12. The L11 sublayer can be further subdivided into four layers, namely, L11

1, L11
2,

L11
3 and L11

4, from bottom to top. The middle and lower parts of L11
1 have the best

reservoir quality.
Table 1 shows the data from the study area. A total of 20 different types of data were

collected from 282 wells in Weiyuan shale gas block, including the fracturing lateral length,
the number of fracturing stages, first-year average daily production rate, vertical depth,
TOC, porosity, high-quality reservoir thickness, gas saturation, pressure coefficient, brittle
mineral content, average fracturing stage interval, fracturing fluid intensity, proppant
intensity, average hydraulic fracturing fluid displacement, drilling length in high-quality
reservoir, EUR (Estimated Ultimate Recovery), 30 day flowback rate, 90 day flowback
rate, 180 day flowback rate, 360 day flowback rate, and peak gas production flowback
rate. The data volume ranges from 214 to 282. The minimum data volume is 214, and
the corresponding data of these 214 wells is used in subsequent analysis. The 30 day
flowback rate, 90 day flowback rate, 180 day flowback rate, 360 day flowback rate, peak
gas production flowback rate, and first-year average daily production rate are taken from
the daily production reports of the horizontal wells. The fracturing lateral length, number
of fracturing stages, average fracturing stage interval, fracturing fluid intensity, proppant
intensity, and average hydraulic fracturing fluid displacement are taken from the drilling
and completion reports of horizontal wells. The vertical depth, TOC, porosity, high-quality
reservoir thickness, gas saturation, pressure coefficient, brittle mineral content and drilling
length in high-quality reservoirs are taken from well logging interpretation.
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Table 1. Statistical tables of data for the study area. Copyright permission: The copyright of Table 1
belongs to the publisher and authors.

Data set Data Volume Minimum Value Maximum Value Average Value
Standard
Deviation

30 day flowback rate 260 5% 77% 24% 0.12

90 day flowback rate 240 8% 103% 35% 0.16

180 day flowback rate 231 10% 116% 42% 0.18

360 day flowback rate 214 13% 129% 48% 0.20

Peak gas production flowback rate 243 3% 83% 23% 0.15

Fracturing lateral length (m) 281 502.00 2577.00 1515.87 308.47

Number of fracturing stages 281 3.00 36.00 22.63 5.56

First-year average daily production
rate (104m3/d)

281 0.98 34.02 9.47 5.28

Vertical depth (m) 279 2200.00 3800.00 3008.24 352.49

TOC content (%) 282 3.30 7.80 5.39 0.76

Porosity (%) 282 5.00 8.90 7.11 0.96

High-quality reservoir thickness (m) 282 2.30 7.50 5.17 1.36

Gas saturation (%) 279 60.00 83.00 75.70 3.14

Pressure coefficient 282 1.35 2.05 1.74 0.19

Brittle mineral content (%) 282 62.50 96.00 78.67 7.79

Average fracturing stage interval (m) 281 43.10 479.33 69.94 27.81

Fracturing fluid Intensity (m3/m) 281 7.12 47.94 27.25 4.51

Proppant intensity (t/m) 281 0.29 3.00 1.63 0.38

Average hydraulic fracturing fluid
displacement (m3/min)

281 6.19 15.00 11.80 1.33

Drilling length in high-quality
reservoir (m) 206 40.60 2380.50 1011.98 452.00

2. Basic Theory

The time-dependent daily flowback volume curve for the Weiyuan shale gas block in
southern Sichuan Province, China, shows that the daily flowback volume is large during
the early stages of continuous production and decreases to a stable value during the late
stage of production. The daily flowback volume during early-stage production is two to
three orders of magnitude higher than that during the later stage, and the relationship
between daily flowback and time is generally exponential. The flowback of a fracturing
fluid after large-scale fracturing is essentially the seepage of fluid from the stimulated
reservoir volume (SRV) area to the wellbore. The corresponding law can also be obtained
from the seepage equation of fracturing fluid.

2.1. Bottomhole Flow Equation

The formula derivation in this paper considers single-phase liquid seepage, assumes
constant flowing bottom hole pressure (FBHP) and continuous production, and is based
on the multi-stage fracturing seepage equation of horizontal well [18]. The following
dimensionless parameters are defined:

Dimensionless pressure:

PD =
2πkh[pi − p(r, t)]

qBμ
(1)

Dimensionless time:
tD =

kt
φμCtL2 (2)
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Dimensionless distance:
xD =

x
L

(3)

yD =
y
L

(4)

where K denotes the permeability, m2; φ denotes the porosity; μ denotes the viscosity, Pa.s;
Ct denotes the comprehensive compressibility coefficient, 1/Pa; xfi denotes the half-length

of the ith fracture, m; and L =
n
∑

i=1
x f i denotes the sum over the half-lengths of n fractures, m.

For multistage fractured horizontal wells, the total flowback volume is the sum of the
flowback volumes of all the individual fractures. The flowback volume can be related to
the FBHP in Laplace space as follows:

n

∑
j=1

qDj =
1
s

(5)

PWDi( f (u)) =
n

∑
j=1

sqDjPDij( f (u)) (6)

where:
PDij( f (u)) = π

∫ ∞

0
PD(tD)e− f (u)tD dtD (7)

PD(tD) =
∫ tD

0
GxD(τD)GyD(τD)dτD (8)

The expressions for GxD and GyD vary with the external boundary conditions. For
enclosed strata with rectangular boundaries, GxD and GyD are defined as follows [19]:

GxD(τD) =
1

xeD

[
1 + 2

∞

∑
n=1

exp

(
−n2π2(τD)

2x2
eD

)
cos

nπxwD
xeD

cos
nπxD

xeD

]
(9)

GyD(τD) =
2

yeD

[
1 +

2yeD
π

∞

∑
n=1

1
n

exp

(
−n2π2(τD)

2y2
eD

)
sin

nπ

yeD
cos

nπywD
yeD

cos
nπyD
yeD

]
(10)

Equations (5) and (6) can be used to obtain the following linear equation:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

f (u)PD1,1 f (u)PD1,2 f (s)PD1,3 · · · f (u)PD1,n
f (u)PD2,1 f (u)PD2,2 f (s)PD2,3 · · · f (u)PD2,n

. . . . . .
f (u)PDk,1 f (u)PDk,2 f (u)PDk,3 · · · f (u)PDk,n

. . . . . .
f (u)PDn,1 f (u)PDn,2 f (u)PDn,3 · · · f (u)PD,n

u u u . . . . . . u

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

q1D
q2D

. . . . . .
qkD

. . . . . .
qnD
PWD

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0

. . .
0

. . .
0
0
1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(11)

The solution of Equation (11) without considering the wellbore storage and the skin
factor yields the FBHP as the dimensionless pressure PWD. The dimensionless pressure
PCWD is obtained considering the skin factor and wellbore storage for multistage fracturing
of horizontal wells in low permeability reservoirs as:

PCWD =
f (u)PWD( f (u)) + S

u
{

1 + CD f (u)SPWD( f (u)) + S
} (12)

where C is the wellbore storage constant, Pa/m3; CD = C
2πφCthL2 denotes the dimensionless

wellbore storage constant; S is the total skin factor of the fracture system; u is the Laplace
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transform variable; and f (u) is a function that characterizes the properties of the strata. For
a homogeneous stratum, f (u) = u.

For production wells with a variable flowback volume, the dimensionless pressure
can be expressed in the following convolution form:

PD(xD, yD, zD, tD) =
∫ tD

0
QD(tD − τ)

∂Pu(xD, yD, zD, τ)

∂τ
dτ (13)

where Pu(xD, yD, zD, t) denotes the dimensionless pressure of multistage fractured hori-
zontal wells per unit flowback volume; QD(tD) =

q(t)
qI

denotes the dimensionless flowback
volume; and qI represents the unit flowback volume.

Using the properties of Laplace transform for convolutions yields the relationship
between the pressure and flowback volume in Laplace space:

PD(xD, yD, zD, u) = QD(u)uPu(xD, yD, zD, u) (14)

Equation (14) can be used to obtain the flowback volume in Laplace space:

QD(u) =
PD(xD, yD, zD, u)
uPu(xD, yD, zD, u)

(15)

Equation (15) can also be expressed in terms of the FBHP as follows:

QD(u) =
Pw f D(u)

uPw f u(u)
(16)

where Pw f u(u) is the PWD obtained by solving Equation (11) for a unit flowback using GxD
and GyD, which are both exponential functions of time. Therefore, the flowback can be
simplified to Ql(t) = αexp(−βt). Thus, the time-dependent flowback curve is defined by
two characteristic parameters, α and β. Figure 2 shows the flowback volume versus time
for horizontal segments of a 1000-m horizontal well with 20 stages, an effective fracture
half-length of 40 m, and an effective fracture permeability of 0.25 mD. Fitting the curve
yields the following equation for the flowback volume:

q(t) = 109.23exp(−0.007t) (17)

where t denotes the flowback time, (d); and q(t) is the daily flowback volume, (m3/d).

Figure 2. Theoretical flowback curve for multistage fracturing of horizontal wells.

Equation (9) accurately describes the characteristics of the flowback curve of horizontal
wells, which indicates that α and β can be effectively used to parametrize the dynamic
flowback curves. In addition, the flowback pattern is consistent with field measurements
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(Figure 3). The field data in Figure 3 are from one of the 282 Wells in Table 1. The abscissa
is production days, the ordinate is daily fracturing fluid flowback volume, and the blue dot
represents the daily flowback volume of a specific day.

Figure 3. Field flowback curve for multistage fracturing of horizontal wells.

2.2. Fitting

The exponential expression for the flowback volume can be used to obtain the daily
flowback rate Rl for a single well as follows:

Rl(t) =
q

Qtotal
=

α

Qtotal
exp(−βt) = γexp(−βt) (18)

where q denotes the daily flowback volume, m3/d; Qtotal denotes the total quantity of in-
jected fracturing fluid, m3; α is a daily flowback volume coefficient, m3/d; β is a decreasing
flowback coefficient, 1/d, which is a fitting parameter; γ = α/Qtotal is the daily flowback
rate coefficient, 1/d, which is also a fitting parameter; and t denotes the production time (d).

The curves for the daily flowback rate and daily flowback volume have the same
shape but different magnitudes. For a total daily flowback volume that is recorded only
once a day, the range of t in Equation (18) is {t ≥ 1,t∈Z}. The cumulative flowback rate ŜN
for the previous N days can be then calculated as:

ŜN =
N

∑
t=1

γexp(−βt)
γ

eβ − 1

(
1 − 1

eNβ

)
(19)

The cumulative flowback rates on the 30th, 90th, 180th and 360th day of production
for a shale gas well are used as the characteristic flowback rates, and the estimated values
of α and β are obtained by solving Equation (20):

⎧⎪⎪⎨
⎪⎪⎩

S30 = ˆS30
S90 = ˆS90

S180 = ˆS180
S360 = ˆS360

(20)

The values on the left and right sides of Equation (20) correspond to measured data
and the calculation results from Equation (19), respectively. As there are fewer unknowns
than equations in Equation (20), exact solutions for γ and β cannot be obtained. Therefore,
γ and β are estimated by minimizing the sum of squares of the differences between the two
sides of Equation (20): (

γ̂, β̂
)
= argmin

(γ,β)
∑
N

(
ŜN − SN

)2 (21)

where the values of N are 30, 90, 180, and 360.
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2.3. Big Data Analysis

A large quantity of data is generated during the exploration and development of
shale gas, i.e., from drilling to fracturing and from well closing in to flowback. Various
factors affect the flowback, which cannot be solved using currently available mathematical
equations. Big data can be used to solve this problem. In this study, the Spearman
correlation coefficient and distribution estimation were used to perform a big data analysis.

2.3.1. Correlation Analysis

The Spearman correlation coefficient has two advantages. First, sortable variables are
assumed, and a normal sample distribution of the samples is not required, which is appro-
priate for the dataset used in this study. Second, the Spearman correlation corresponds to a
monotonous, rather than linear, correlation between two random variables X and Y and
is therefore likely to reveal a nonlinear relationship between the variables. The Spearman
correlation coefficient is defined as follows [18]:

ρXY = 1 − 6 ∑N
i=1[rank(xi)− rank(yi)]

2

N(N2 − 1)
(22)

where N denotes the number of samples, and rank denotes the rank number of an observed
value of X or Y.

The range of ρXY is [−1, 1]. A positive or negative ρXY indicates a positive or negative
correlation between X and Y, respectively. The higher the absolute value of ρXY is, the
stronger the correlation is. The significance of the Spearman correlation coefficient can be
tested by the following hypotheses [20]:

H0 : ρXY = 0 (23)

H1 : ρXY �= 0 (24)

If H0 is satisfied, then:

ρXY
.∼ Normal

(
0,

1
n − 1

)
(25)

Generally, if p ≤ 0.05, H0 is rejected, and ρXY is considered significant, whereas p > 0.05
indicates there is insufficient evidence to reject H0, and ρXY may be false.

2.3.2. Estimation of Distribution of Fitted Parameters

In order to test whether the study sample is statistically significant, it is necessary
to analyse the probability distribution of parameter fitting results. Consider a candidate
distribution for the set of fitted parameters with a probability density function f (x/p) and a
log-likelihood function l(p/x). The optimal parameter p̂ of this candidate distribution can
be obtained using the following equation:

p̂ = argmax
p

l(p|x) (26)

Let f̂ (x| p̂) denote the optimal estimate of the probability density function f (x|p).
The quality of the estimate can be tested using the following equation:

SSE =
NH

∑
i=1

(
f̂ (xi| p̂)− h(xi)

)2
(27)

where SSE denotes the sum of the squares of the errors; h(x) denotes the probability density
obtained from a histogram; and NH denotes the number of bins of the histogram.

26



Energies 2022, 15, 325

The optimal estimate minimizes SSE and is denoted as P̂ . The correctness of the
estimation can be evaluated by the Kolmogorov–Smirnov test. For a dataset D with a
sample size n and a reference distribution P , the Kolmogorov–Smirnov test is [20]: H0 : D
and P have the same distribution and H1 : D and P have different distributions.

The tested statistics are as follows:

Dn = sup
x
|Fn(x)− F(x)| (28)

where Fn (x) is an empirical distribution function for the data, and F(x) is the cumulative dis-
tribution function of the reference distribution P . Let the fitted parameters corresponding
to the dataset D and P̂ denote the optimal reference distribution for the reference distribu-
tion P . When p ≤ 0.05 in Equation (28), H0 is rejected, that is, the estimated results may
not conform to the distribution of the fitted parameters. For p > 0.05, H0 cannot be rejected,
that is, the estimated results may conform to the distribution of the fitted parameters.

3. Results and Discussion

The Weiyuan shale gas block was considered as a case study. Flowback, production,
fracturing, drilling, and geological data were collected for 214 horizontal wells as shown in
Table 1. The flowback data of each well was fitted to yield the following daily flowback rate:

Rl(t) = 0.0121exp(−0.0293t) (29)

where 0.0121 and 0.0293 are the mean values of γ̂ and β̂. The mean R2 for all the fitting
results is 0.9212, and the mean value of the mean absolute error is 0.0157, indicating a good
fit. The distributions of the fitted parameters, γ̂ and β̂, are asymmetrical. Therefore, it is
inappropriate to use normal distributions for γ̂ and β̂. The theoretical domain of γ̂ and β̂ is
(0,+∞). To obtain the distributions of γ̂ and β̂, seven candidate distributions with support
sets of (0,+∞) or (0,+∞) were selected, and the optimal parameters of each distribution
were calculated by considering scaling but not translation, as shown in Table 2.

Table 2. Estimated probability densities for γ̂ and β̂.

Distribution SEE,
^
γ SEE,

^
β

Contrast Normal 200,347.01 86,414.97

Candidate

Chi-square 109,125.65 52,896.92

Exponential 147,857.30 73,137.37

F 96,919.53 52,771.35

Gamma 109,125.86 52,896.91

Rayleigh 126,688.09 54,432.71

Rice 126,703.31 55,320.32

Inverse Gaussian 127,636.96 64,920.44

Table 2 shows that the F distribution is the optimal distribution for γ̂ and β̂, and the
estimated results and optimal parameters are shown in Figure 4.

The Kolmogorov–Smirnov test was conducted on the empirical distributions of γ̂ and
β̂, and the optimal distributions had p values of 0.8209 and 0.4793, respectively, which
were both above 0.05. Therefore, the distributions in Figure 3 can be used as empirical
distributions of γ̂ and β̂. As can be seen from Figure 3, the fitting results of 214 wells are
statistically significant and can be further used for big data analysis. For the Weiyuan shale
gas block, this empirical distribution can be used to predict the most likely distribution
range of γ and β of wells that are about to be put into production and further predict the
flowback curve.
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Figure 4. Best estimated distribution of γ̂ and β̂.

A physical interpretation of the results is that γe(−β) corresponds to the flowback
rate on the first day, which is also the peak daily flowback rate, and β corresponds to the
speed at which the theoretical daily flowback decreases. Thus, the larger γ is, the higher
the starting point of the flowback curve is; the larger β is, the lower the starting point of
the flowback curve is, and the more rapidly the flowback decreases. Figure 5 shows the
relationship between γ̂ and β̂.

Figure 5 shows a strong and significant correlation between γ̂ and β̂. Both parameters
are related to the shape of the theoretical flowback curve and are therefore very likely to
depend on each other. As the curve shape is jointly determined by two factors, the height
of the starting point and the speed of decrease, neither factor can fully reflect the flowback
volume. Hence, a variable composed of γ and β was used in this study to directly describe
the flowback volume or flowback rate and is used in conjunction with static variables to
perform a binary analysis. The fitting results are as follows: the minimum and maximum
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values of β̂ are 0.0068 and 0.0658, respectively, and the 0.01th and 99.99th percentiles of the
estimated distribution are 0.0052 and 0.0686, respectively.

Figure 5. Correlation between γ̂ and β̂.

Figure 6 shows that the higher the value of β is for the theoretical curve, the more
rapidly f (N; β) = 1 − 1

eNβ converges to 1. For β = 0.0052, f (N;β) reaches 0.9945 at N = 1000,
and for β = 0.0686, f (N;β) reaches 0.9990 at N = 100, indicating that there is a minimal frac-
turing fluid volume after 1000 days of flowback for most shale gas wells. In Equation (19),
γ/(eβ − 1) corresponds to the approximate long-term cumulative flowback rate; thus, a
flowback characteristic coefficient is defined, η = γ/(eβ − 1), that reflects the flowback
potential of a horizontal well.

Figure 6. Sensitivity analysis of f (N;β).

The flowback curve can be simplified by flowback characteristic coefficient. With
η as the analysis object, the Spearman coefficient can be used to analyse the correlation
between flowback rates and geological and engineering parameters and find the main
affecting factors.

The correlation between η and the 14 static parameters in Table 1 was analysed using
the Spearman correlation coefficient method. For comparison, the correlation between the
first-year average daily production rate and 14 static parameters was also studied. Table 3
shows the correlations between these two variables and the static parameters, where the p
value is given in parentheses. Static parameters with nonsignificant correlations with the
two variables were excluded.
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Table 3. Correlations between η, first-year average daily production rate, and static parameters.

Variable η
First-Year Average Daily

Production Rate

Fracturing lateral length −0.1767 (0.0096) 0.4435 (0.000)

Number of fracturing stages −0.2102 (0.0020) 0.4068 (0.000)

Fracturing stage intervals 0.1991 (0.0034) −0.1036 (0.1308)

Gas saturation −0.1061 (0.1216) 0.2536 (0.0002)

brittle mineral content −0.1746 (0.0105) 0.3302 (0.0000)

Pressure gradient × vertical depth 0.1923 (0.0047) −0.0335 (0.6265)

Thickness × drilling length of
high-quality reservoir −0.2928 (0.0002) 0.6400 (0.000)

Table 2 shows that the first-year average daily production rate is highly correlated
with the thickness × reservoir drilling length of high-quality reservoir, and the correlation
coefficient exceeds 0.5, indicating that the larger the thickness × drilling length of the
high-quality reservoir, the higher the first-year average daily production rate, which is
consistent with the results of Ma et al. [21]. The correlation between the static parameters
and the first-year daily production rate can be sorted by the correlation coefficient as
follows: thickness × drilling length of high-quality reservoir > fracturing lateral length >
number of fracturing stages > brittle mineral content > gas saturation > fracturing stage
interval > pressure coefficient × vertical depth. The drilling length of the high-quality
reservoir, the fracturing lateral length, the number of fracturing stages, and the fracturing
stage interval are engineering parameters. The better the drilling effect, the better fracturing
effect and the higher the first-year average daily production rate. High-quality reservoir
thickness, brittle mineral content, gas saturation and pressure coefficient × vertical depth
are geological parameters. The better physical properties of shale gas reservoir, the higher
first-year average daily production rate. This is why there is a good correlation between
the first-year average daily production rate and various parameters.

Although the correlation coefficients between η and the static parameters are less than
0.5, relatively speaking, η and the thickness × drilling length of high-quality reservoir
are best correlated, and the correlation symbol is opposite to that of the first-year daily
production rate, which means that the higher the first-year average daily production rate,
the lower the flowback rate. The correlation between static parameters and η is sorted
by coefficient, which is basically consistent with that of first-year average production
rate, but the positions of individual parameters are interchanged. The order according to
the absolute value of correlation is thickness × drilling length of high-quality reservoir
> number of fracturing stages > pressure coefficient× vertical depth > fracturing stage
interval > fracturing lateral length > brittle mineral content > gas saturation. η is positively
correlated with the fracturing stage interval, which means that the larger the fracturing stage
interval, the worse the fracturing effect. The hydraulic fracturing process does not create
complex fracture networks, and the fracturing fluids mainly concentrate near the main
fracture and wellbore, resulting in high flowback rate. η is positively correlated with the
pressure coefficient × vertical depth. The pressure coefficient × vertical depth represents
the formation pressure. The higher the formation pressure, the stronger the liquid carrying
capacity of the shale gas well and the higher the flowback rate. η is negatively correlated
with the fracturing lateral length, the number of fracturing stages, and the content of brittle
minerals. The higher the brittle minerals, the easier the reservoir is to be fractured; the
longer the fracturing lateral length is and the more the number of fracturing stages is, the
more complex the fracture network will be formed after hydraulic fracturing and the larger
the SRV will be. The fracturing fluids are bound in complex micro fractures and cannot be
discharged, resulting in a low flowback rate.

30



Energies 2022, 15, 325

Table 4 shows the correlations between η and the whole static parameters in Table 1.
Figure 6 shows the hot map of correlations between η and static parameters. From Table 1
and Figure 7, it can be seen that η is well correlated with the 30 day, 90 day, 180 day,
360 day, and peak gas production flowback rates. The longer the flowback time, the better
the correlation between η and the flowback rate. The correlation between η and the 30 day,
90, 180, and 360 day flowback rate confirmed that it is reasonable and scientific to use η to
characterize the flowback rate. η is positively correlated with vertical depth, TOC content,
porosity, pressure coefficient, and average fracturing intervals, which means the higher
these parameters are, the higher the flowback rates are. η is negatively correlated with
high-quality reservoir thickness, gas saturation, brittle mineral content, fracturing fluid
intensity, proppant intensity, average hydraulic fracturing fluid displacement, and drilling
length in high-quality reservoirs, which means the higher these parameters are, the lower
flowback rates are. η is negatively correlated with the first-year average daily production
rate and EUR, but the correlation coefficients are low. It means that flowback rate is not
merely correlated with gas production.

Table 4. Correlations between η and static parameters.

Variable η

30 day flowback rate 0.7871 (0.0000)

90 day flowback rate 0.9294 (0.0000)

180 day flowback rate 0.9759 (0.0000)

360 day flowback rate 0.9950 (0.0000)

Peak gas production flowback rate 0.7352 (0.0000)

Fracturing lateral length (m) −0.1767 (0.0096)

Number of fracturing stages −0.2102 (0.0020)

First-year average daily production rate (104m3/d) −0.0544 (0.4282)

Vertical depth (m) 0.1954 (0.0041)

TOC content (%) 0.1154 (0.0922)

Porosity (%) 0.0613 (0.3722)

High-quality reservoir thickness (m) −0.1478 (0.0037)

Gas saturation (%) −0.1061 (0.1216)

Pressure coefficient 0.1849 (0.0067)

Brittle mineral content (%) −0.1746 (0.0105)

Average fracturing interval (m) 0.1991 (0.0034)

Fracturing fluid intensity (m3/m) −0.0914 (0.1827)

Proppant intensity (t/m) −0.1021 (0.1366)

Average hydraulic fracturing fluid displacement (m3/min) −0.1020 (0.1370)

Drilling length in high-quality reservoir (m) −0.2640 (0.0009)

EUR (108m3) −0.0918 (0.1811)
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Figure 7. Hot map of correlations between η and static parameters.

From the correlation between various static parameters and the first-year average
daily production rate and η, it is reasonable to simplify and characterize the flowback
characteristics of shale gas wells by the flowback characteristic coefficient η. In our previous
study [17], based on the actual data in the Weiyuan shale gas block, combined with a deep
learning algorithm, two different depth feedforward neural networks were designed, which
are the single output neural network and the multi-output neural network, to predict the
shale gas well flowback rate. The 30 day, 90, 180, 360 day, and peak gas production
flowback rates of shale gas wells were predicted. This method can predict the flowback
rate of a specific day, but the main factors affecting the flowback rate at any time cannot
be obtained. Combining the deep learning algorithm and the backflow characteristic
coefficients proposed in this article, the flowback rate at any time in the future can be
predicted. The method proposed in this paper also has some limitations. For gas wells
with intermittent shut-in or long-term shut-in or for long-term flooded gas wells, there will
be large errors in the prediction of the flowback rate. In addition, the research does not
consider the impact of gas–liquid two-phase flow on flowback.

4. Summary and Conclusions

Based on the seepage theory of fracturing fluid in multi-stage fractured horizontal
wells, the study uses convolution and Laplace transform methods to abstract the flowback
curve into two characteristic parameters, the daily flowback rate coefficient γ and the flow-
back decline coefficient β. Taking the Weiyuan shale gas block as a study case, the flowback
data of 214 wells were fitted, and the distribution characteristics of the fitted characteristic
parameters were studied. The flowback characteristic coefficients to characterize the flow-
back potential of shale gas wells were established. The Spearman correlation coefficient
method was used to study the correlation between the geological and engineering static
parameters of 214 wells, the characteristic flowback coefficients, and the first-year average
daily production rate. There are several conclusions obtained from this research:

(1) The fitting results of the flowback curve for 214 production wells show that the
average daily flowback rate coefficient and the flowback decline coefficient of all wells are
0.0121 and 0.0293, and the average value of R2 of all fitting results is 0.9212, the mean value
of the mean absolute error is 0.0157, and the fitting effect is better. Both the daily flowback
rate coefficient γ and the flowback decline coefficient β are right-skewed distributions.

(2) The comparative study on the correlation between the flowback characteristic
coefficient and the first-year average daily production rate and static parameters shows
that the thickness × the drilling length of a high-quality reservoir is best correlated with the
characteristic flowback coefficient and the first-year average daily production rate, and their
correlation symbol is opposite, which means that the larger the thickness × the drilling
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length of the high-quality reservoir, the higher the average first-year daily production rate
and the lower the flowback rate of the shale gas well. The factors affecting the flowback
rate mainly include geological factors and engineering factors. The order of correlation
coefficients is as follows: thickness × drilling length of high-quality reservoir, number of
fracturing stages, pressure coefficient × vertical depth, fracturing stage interval, fracturing
lateral length, brittle mineral content, and gas saturation.

(3) Through the method established in this paper, the shale gas flowback curve contain-
ing complex flow mechanism can be abstracted into simple characteristic parameters and
characteristic coefficients. The method proposed in this paper can provide a novel way for
machine learning and other big data analysis methods to study the flowback characteristics
of shale gas horizontal wells. In future studies, the time-dependent gas output will be
related to the flowback rate. Combining with machine learning, the flowback rate and gas
output at any time can be predicted in the future.
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Nomenclature

K permeability, m2

Φ porosity, dimensionless
t time, day
μ viscosity, pa.s
Ct comprehensive compressibility coefficient, dimensionless
xfi half-length of the ith fracture, m
P pressure, pa
PD dimensionless pressure, dimensionless
tD dimensionless time, dimensionless
xD dimensionless distance in x direction, dimensionless
yD dimensionless distance in y direction, dimensionless
C wellbore storage constant, Pa/m3

CD dimensionless wellbore storage constant, dimensionless
S total skin factor of the fracture system, dimensionless
u Laplace transform variable
α daily flowback volume coefficient, m3/d
β decreasing flowback coefficient, 1/d
q daily flowback volume, m3/d
Qtotal total quantity of injected fracturing fluids, m3

γ daily flowback rate coefficient, 1/d
ρ Spearman correlation coefficient, dimensionless
Rl daily flowback rate, dimensionless
η flowback characteristic coefficient, dimensionless
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Abstract: Block M of the Ordos Basin is a typical low-permeability tight sandstone gas accumula-
tion. To develop these reservoirs, various horizontal well fracturing technologies, such as hydra-jet
fracturing, open-hole packer multistage fracturing, and perf-and-plug multistage fracturing, have
been implemented in practice, showing greatly varying performance. In this paper, six fracturing
technologies adopted in Block M are reviewed in terms of principle, applicability, advantages, and
disadvantages, and their field application effects are compared from the technical and economic
perspectives. Furthermore, the main factors affecting the productivity of fractured horizontal wells
are determined using the entropy method, the causes for the difference in application effects of the
fracturing technologies are analyzed, and a comprehensive productivity impact index (CPII) in good
correlation with the single-well production of fractured horizontal wells is constructed. This article
provides a simple and applicable method for predicting the performance of multi-frac horizontal
wells that takes multiple factors into account. The results can be used to select completion methods
and optimize fracturing parameters in similar reservoirs.

Keywords: Ordos Basin; low-permeability tight sandstone gas reservoir; horizontal well; multistage
fracturing; comprehensive productivity impact index

1. Introduction

Low-permeability tight sandstone gas reservoirs have high potential due to their wide
distribution and large reserves. However, they usually have no or low natural flow rate
that meets economic boundaries due to poor physical properties. Horizontal drilling and
hydraulic fracturing are two technologies widely used to improve the ultimate recovery
of these reservoirs by maximizing reservoir contact [1,2]. In the past few decades, with
the widespread application of horizontal wells in unconventional reserves, especially
shales and other tight rock formations, the level of multi-frac technology has also been
continuously improved. A series of horizontal completion methods have been formed on
the basis of hydra-jet, open-hole multistage system (OHMS), and plug and perf (P-n-P),
including coiled tubing (CT) hydra-jet, fixed-string hydra-jet, open-hole (OH) packer and
ball-activated sliding sleeve, OH packer and infinite sliding sleeve, cementing sliding
sleeve, and quick-drill or dissolvable bridge plug [3,4]. Field tests verified that multistage
fracturing in these wells has been proven to be a key technique for the efficient development
of these resources [5–7]. However, what are the advantages and disadvantages of each
process? Which method yields better gas production? What factors affect the performance
of multistage fractured horizontal wells?

Multistage fracturing has been used to increase the production rate of shale gas
since about 2000 in the United States. Scholars have worked extensively to compare
different completion methods to determine which approach achieves a higher output,
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mainly from two aspects: comparisons derived from field studies and comparisons based
on analytical models.

Many methods such as historical production data, sonic anisotropy and radioactive
tracer logs, or resistivity and acoustic imaging can be used to estimate the fracturing effect
in field research. For example, East et al. [8] presented a comparison of different completion
technologies through microseismic fracture mapping. Evidence from mapping of two wells
in the Barnett Shale illustrates that horizontal completions were favorably stimulated by a
hydra-jet/water-frac procedure with light sand and large volume. There is no doubt that
microseismic monitoring and logging could be effective means to assess the effectiveness
of fracturing, but they are costly and require extra on-site work. In contrast, comparisons
based on historical data are a much more efficient approach. Publications have compared
multiple indicators including initial and long-term production rate, ultimate recovery,
and ROI.

Some scholars focused on the application of a certain process in oil and gas reservoirs.
Mcdaniel et al. [9] reviewed applications of hydra-jet perforating in the years 2003–2009,
particularly their practice on horizontal and highly deviated wells, and the research showed
that hydra-jet perforating is widely used in horizontal wells, and that this technique is
extremely superior in hard and very hard formations if high nozzle pressures are attained.
Xiude et al. [10] proposed a hydra-jet fracturing technology with bottom packer on coiled
tubing, and they verified its successful application in low-permeability gas reservoirs in
the Sichuan Basin, China. Xue [11] and Jiang et al. [12] studied and demonstrated the
advantages of hydra-jet fracturing technology, and they described its good performance in
low-permeability hydrocarbon fields in China. Li et al. [13] reviewed the experimental, field,
and numerical simulation studies of hydro-frac of unconventional reservoirs. Qin et al. [14]
adopted a new OH horizontal well sliding sleeve multistage fracturing tool according
to the geological conditions, fracture treatment, well trajectory, and diameter changes of
the open-hole horizontal wells with long horizontal sections in the Daniudi gas field and
Honghe oilfield, which was then satisfactorily applied in more than 20 horizontal wells in
the Ordos Basin. Parshin et al. [15] demonstrated the successful application of the coiled
tubing multistage hydraulic fracturing technology in the AS3 reservoir of Vinogradova
Oilfield, which significantly improved the production performance of wells.

On the other hand, some scholars were more interested in a comparison between
completion methods and fracturing processes. The most common topic was a perfor-
mance comparison between OHMS and P-n-P, the two most common and widely used
technologies; the former is often regarded as a representative of an open-hole approach,
and the latter often represents cemented completion. Samuelson et al. [2] compared the
applications of the two methods in the Cleveland tight gas sand formation of the Texas pan-
handle founded on 3 months of cumulative gas production. Lohoefer et al. [16] conducted
a long-term comparison of production (cumulative gas production in 3 years) between
the two completions in Barnett shale of Newark Field. Edwards et al. [17] compared the
average 1 year cumulative gas production of 30 wells; six of the wells were completed with
OHMS and the others with P-n-P, in the center of the Granite Wash tight sand reservoir
located in western Oklahoma and the northern Texas Panhandle. The results of these three
studies were consistent, all showing that wells completed with OHMS performed better.
Wilson et al. [18] compared the daily gas production rates of 15 wells of two tight gas
districts in the Lower Montney formation situated in southeast of Dawson Creek, British
Columbia. The observation showed that the average performance of OHMS in these two
areas was better than P-n-P completions; however, when it came to a single well, the
results were not in the same direction. Furthermore, Augustine, Theppornprapakorn, and
Vasudevan compared the output of OHMS and P-n-P analytical methods. Augustine [19]
analyzed the difference using a 2D reservoir model. The study concluded that the biggest
difference in production would occur when the reservoir permeability is in the range of
millidarcy to microdarcy, while the production penalty in the range of microdarcy and
nanodarcy is negligible. This range of permeability means that cementing has a greater
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impact on the production of fractured horizontal wells in tight gas reservoirs than in shales.
Theppornprapakorn [20] constructed a 3D gas reservoir model with a single transverse
fracture based on the assumption of steady-state production and no formation damage.
Results of the CFD simulation were consistent with Augustine’s conclusion, i.e., OHMS
outproduced P-n-P, but the difference between the two was much smaller than in previous
studies. Vasudevan [21] assessed the gas yield of horizontal wells with both transverse and
longitudinal fracture in a relatively high-permeability reservoir using CFD simulations.
This study obtained the same results as earlier discussions.

Another hot topic is the comparison of various fracturing processes and their appli-
cations. Li et al. [22] compared the field plays of open-hole preset external string packer
multistage fracturing, casing cementing multistage fracturing, and OH packer and CT with
BOT packer multistage fracturing in the Daniudi gas field, showing that the last method
was the best performer. Thomson et al. [23] analyzed four different horizontal completion
systems for the Montney tight gas formation in NE British Columbia, namely, packer
isolation and frac sleeves, P-n-P, hydrajet perforating on CT with sand plug isolation, and
CT deployed bridge plugs and tubing conveyed perforating; they inferred that fracture
stimulation is a powerful approach to raise the productivity of horizontal wells in this area.
Gas rate per interval suggested that wells with different completion procedures yielded
almost similar rates. Mcdaniel et al. [24] studied the cost, completion risk, and ROI of
six hydraulic frac multistage isolation methods in horizontal wells, including hydra-jet,
ball-activated sliding sleeve, and bridge plug, and they observed a strong relationship
between higher initial rates and larger volumes of proppant being placed, longer later-
als, and more stages in Haynesville shale completions. Yet, the reservoir quality varies
from well to well in many low- to ultralow-permeability formations, making it very hard
to evaluate if a certain completion process practically brings about more hydrocarbons.
Stanojcic et al. [25] reviewed the advantages and disadvantages of the CT, jointed-pipe,
sleeve, and perf-and-plug techniques, as well as their applications, suggesting that nearly
20 pinpoint fracturing technologies were available, and they recommended fracturing
treatments depending on well types and formation conditions. Xing et al. [26] studied the
cased-hole mechanical packer, OH hydra-jet, and OH packer completion technologies, and
they developed the key technology of horizontal well multistage fracturing for the Daniudi
gas field. Kennedy et al. [27] found little difference in the initial production rate, regardless
of the completion process used, according to field studies carried out by some operators in
tight sand and shale gas. Research conducted by Burton [28] confirmed three completion
techniques as the most effective and efficient in these types of formations, namely, P-n-P,
ball-activated completions, and coiled tubing-activated completions. Each completion
method has its advantages and limitations, and there is no single solution for every applica-
tion in unconventional reservoirs. Salah et al. [29] comparatively analyzed three fracturing
technologies, i.e., cemented P-n-P, cemented shiftable sliding sleeves with dissolvable isola-
tion drop ball, and abrasive jetting perforation and annular pumping (AJPAP) with sand
plug diversion, in terms of principle, advantages and disadvantages, field application, and
effectiveness, and they concluded that there is no fit-for-all fracturing treatment; instead,
the fracturing process should be designed comprehensively from economic and technical
aspects. Subsequently, Prudskiy et al. [30] demonstrated the application effect of horizontal
well multistage hydraulic fracturing technology in the Sakhalin Shelf oilfield in contrast to
traditional horizontal well completion methods, while Li et al. [31] compared the character-
istics and application of P-n-P with multi-cluster perforation with early applied fracturing
technology and OH hydra-jet multistage fracturing with fixed string in the Sulige gas field.
Both studies coincidentally indicated that the latter techniques significantly improved the
productivity of horizontal wells. Some other publications focused on factors influencing the
output of multi-fractured horizontal wells. Since late 2008, multi-fractured horizontal wells
have been distinctly successful in the Cardiun Formation, Western Canadian Sedimentary
Basin. Omatsone et al., [32] studied the performance of 120 multistage fractured horizontals;
the study was quite thorough, as it looked at detailed reservoir parameters, fracture pa-
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rameters, and well performance. Results concluded that the early performance of the wells
was related to net pay thickness and horizontal well length. Gilbert and Baree noted that a
complicating factor for determining the drainage area of multi-fractured horizontals is the
rate at which interference occurs between adjacent fracture stages. Their study suggested
that more fracture stages do not always result in an improvement in ultimate recovery.
There were over 2500 horizontal wells drilled in Bakken/Three Forks oil play, Montana,
North Dakota, and Saskatchewan from 2000 to 2009. Rankin et al. [33] reviewed the de-
velopment philosophy and described the evolution of the completion strategies of these
oil plays, recommending that ultimate recovery increments can be ascribed to an improve-
ment in the completion design because of the similar reservoir quality in the study area.
Taylor et al. [34] suggested that initial production rates might be a quick and simple guide
to relative long-term well performance, but making critical economic decisions developed
on initial production rates alone can be misleading; it is, therefore, essential to take reservoir
characterization and well completion design into account to optimize ultimate recovery.
The study also suggested that the fracture size and stage space had an impact on the rates.
Hamm [35] studied and compared the results of horizontal multistage development, in
various Western Canada plays. Type curves indicated that initial rates did not necessarily
mean more ultimate recoveries; production rate differences between Manitoba Bakken and
North Dakota were thought to be as a result of differences in permeability and reservoir
pressure, while the differences between newer and older wells were greatly affected by
well interference. Al-Ghazal [36] analyzed the practical application data of the multistage
fracturing of horizontal wells in a Saudi Arabia tight gas field and revealed that borehole
trajectory, reservoir parameters, and completion design are important factors affecting
single-well productivity. Alekseev [37] divided the factors affecting the productivity of
horizontal wells into three categories, reservoir quality, drilling quality, and completion
quality, pointing out that the fracturing technologies differ significantly in parameters and
processes; thus, their stimulation effects vary greatly from well to well under the combined
influence of reservoir and drilling factors. Chodzicki’s [38] results from over 120 wells
in the Spearfish low-perm sandstone/siltstone formation, Southwest Manitoba, showed
great production results from the application of horizontal well and multistage fracturing
techniques, but individual fractured horizontal wells also yield variable results, making it
difficult to correlate any strong trends that related initial production rates and estimated
ultimate reserves to fracture size, number of stages, or total proppant.

These studies remarkably promoted the innovation of completion methods and pro-
cesses, as well as enabled the horizontal well fracturing to be more efficient, intelligent, and
infinite. However, although many scholars have adopted different indicators to compare
the effect of different fracturing process horizontal wells based on field production data,
there is no agreement on either indicators or performance. Some researchers concluded that
one completion practice is better than another, while others held that there is no notable
disparity with different completion processes in the production period. The results of
comparisons that utilized analytical methods appeared to reach a consensus, i.e., open-hole
completions exhibit better performance than cemented completions. However, the conclu-
sion was obtained by assuming equal fracture geometry and absences of natural fracture.
This clearly shows that the model has many limitations when applied in practice.

At the same time, various studies on multi-stage fracturing horizontal wells indicated
that some wells performed better for various reasons. Several authors tried to analyze
the interactions between hydrocarbon output and various parameters, such as net pay
thickness, horizontal well length, reservoir pressure permeability, and completion design,
but no obvious relationships were revealed. Some suggested these were related to rock
and reservoir properties, while others suggested they were related to drilling and comple-
tion quality. It appears that there was no one quantitative evaluation method that could
be applied to predict the well performance because of the multiple effect of geological
heterogeneities, reservoir quality variations, and engineering complexity.
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Therefore, it is necessary to carefully review various horizontal well fracturing tech-
nologies, compare their application effects in the same block, and deeply analyze the reasons
resulting in difference well performance to identify quantitative description methods for
fractured horizontal well production.

This paper takes 24 fractured horizontal wells in the S interval, Block M, the Ordos
Basin, as examples. Block M, which is adjacent to the Sulige, Zizhou, Changbei, and
Daniudi gas fields, is a typical gas accumulation with low porosity, low permeability,
and low abundance. The main reservoirs were developed by the horizontal well plus
multistage fracturing in the whole horizontal section. This block is highly representative
for reservoir conditions or development strategy. Because of the short time in commercial
development, the multistage fracturing technology of horizontal wells is mainly selected
with reference to the practices in similar adjacent gas fields. So far, six horizontal well
fracturing techniques have been attempted, including hydra-jet multistage fracturing,
OH packer fracturing, and perf-and-plug multistage fracturing. It is found that wells
with different completion methods vary significantly in gas production. In this paper,
the six technologies are reviewed in terms of principle, applicability, advantages, and
disadvantages, and their application effects are compared. Furthermore, the causes of yield
difference of these technologies are analyzed, the main factors affecting the average gas rate
of fractured horizontal wells are quantitatively studied, and a comprehensive productivity
impact index (CPII) in good correlation with the 1 year average gas rate is constructed.
This article provides a simple and applicable method for predicting the performance of
multi-frac horizontal wells that takes multiple factors into account. The results can be used
to select completion methods and optimize fracturing parameters in similar reservoirs.

2. Well Completion Methods

2.1. Common Multistage Fracturing Technologies
2.1.1. CT with BOT Packer Hydra-Jet Multistage Fracturing

Hydra-jet multistage fracturing is a basic technology of horizontal well stimulation.
Generally, there is no need to adopt a mechanical seal method; instead, one can rely
on the highly concentrated and strong focus of dynamic fluid force [9]. It is a method
that combines hydraulic sandblasting perforation, fracturing, and interval isolation in
one technique according to the Bernoulli principle. In the fracturing process, small flow
channels are formed in the reservoir by hydraulic sandblasting perforation [39–41], and
then the pressure in the annulus is increased while the flow channels are pressurized by
the injection of high-pressure water jets. Once the pressure in the flow channels exceeds
the formation fracture pressure, the formation is fractured instantly to realize hydra-jet
fracturing. In hydra-jet fracturing, continuous fluid injection into the annulus is needed
to help realize the propagation of fractures, and its pressure control is the key to realize
effective perforation and dynamic isolation [42], as shown in Figure 1.

This technology adopts hydra-jet directional perforation, which can accurately lower
the jetting tool to the designed position and exactly create fractures, without using me-
chanical packing tools. It also has the advantages of lower operation risk, shorter working
cycle, and lower cost. It is appropriate for a wide range of completion processes, including
open-hole, casing perforation, and screen pipe. The wide-ranging and successful use of
this procedure in the field reveals its popularity and successful application [11].

However, for formations with high in situ stress, high fracture pressure, and high rock
confining pressure, this technology may cause problems such as insufficient sandblasting
penetration depth, difficult fracture initiation, and poor isolation effect between intervals;
hence, the application of this technology in deep formations is limited.
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Figure 1. Schematic of coiled tubing with bottom packer hydra-jet multistage fracturing.

2.1.2. Fixed-String Hydra-Jet Multistage Fracturing

The fixed-string hydra-jet multistage fracturing technology introduces the ball-activated
sliding sleeves used in packer multilayer fracturing into conventional hydra-jet fracturing
treatment. It adopts multiple sets of jet gun groups, together with supporting sliding
sleeves, and it can realize sandblasting perforation and fracturing through dropping balls,
without moving the jet string. The sliding sleeve-type hydra-jet tool is run in advance, and
the sliding sleeves at corresponding intervals are opened step by step during fracturing.
Following the principle of the multistage opening of the hydra-jetting tool, it can be ensured
that only the predetermined intervals are fractured. After the fracturing stimulation of the
predetermined interval is completed, the plugging balls can be cast in hole to block the
flow channels of the interval and activate the upper sliding sleeve to realize the stimulation
of the upper interval. By repeating this process, the multistage fracturing stimulation of the
whole horizontal well can be completed [43], as shown in Figure 2.

Figure 2. Schematic of fixed-string hydra-jet multistage fracturing.
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This technology combines the advantages of hydra-jet technology and sliding sleeve
multilayer fracturing, i.e., under the condition of not moving the pipe string, multistage
fracturing can be continuously carried out in one trip without using packers, suggesting
a high operation efficiency. In addition, by using the fracturing pipe string, the positive
circulation and backwashing channels can be established. This technology has the advan-
tages of simple process, low cost, fast production, and easy retrieval of the pipe string, and
it subsequently allows repeated fracturing stimulation. It overcomes the disadvantages
of conventional hydra-jetting operation, such as the need for snubbing units and moving
the pipe string, long operation period, the reservoir damage caused by well killing, and
the low displacement limited by coiled tubing. Therefore, this technology is suitable for
stimulation in deep high-pressure reservoirs. However, its applicability is poor under the
condition of complex borehole trajectory, and the number of fracturing stages needs to be
improved [44].

2.1.3. OH Packer and Ball-Activated Sliding Sleeve Multistage Fracturing

Multistage fracturing with OH packer in horizontal wells is a technology to realize
selective isolation and staged fracturing stimulation of horizontal wells in only one trip.
Essentially, the open-hole packer is used to separate the horizontal section into multiple
stages, and then balls with small size difference are dropped stage by stage to open the
sliding sleeves at each stage to realize multistage fracturing [45–47], as shown in Figure 3.

Figure 3. Schematic of open-hole packer multistage fracturing completion string.

Multistage fracturing with OH packer in horizontal wells can realize multistage fixed-
point fracturing stimulation in one trip, saving significant completion time and money. It is
advantageous for its fewer downhole tools, simple process, and high safety and efficiency,
without the necessity of cementing and perforation in the horizontal section, which can
reduce time and cost and increase the return on investment. However, it requires packers
with high performance, and the completion string below the suspension packer cannot
be retrieved; furthermore, due to the graduated ball seat sizes for each additional zone,
each ball seat generates its own backpressure in the system, thereby limiting the number
of fracturing stages [48]. During the process, the balls must be dropped in sequence from
small to large and cannot be operated flexibly, making the operation difficult and risky for a
completion string and ball seat of sliding sleeves that are small in inner diameter. Therefore,
the technology is not suitable for post-fracturing production tests or other oil and gas wells
requiring repeated fracturing [49].
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2.1.4. OH Packer and Infinite Sliding Sleeve Multistage Fracturing

In infinite sliding sleeve multistage fracturing, stages are essentially isolated with OH
packer or cement sheath, and then the infinite sliding sleeves installed on the casing or
tubing string at pay zones are activated by the bottomhole assembly (BHA) conveyed by
CT to establish the flow channel. The sliding sleeves, as a part of the casing, are lowered by
the drilling rig and landed at the predetermined fracturing depth, and the position of the
sliding sleeves corresponds to the position of the fracturing intervals.

OH packer and infinite sliding sleeve multistage fracturing is achieved by installing
open-hole packers and infinite sliding sleeves on the tubing string, and the intervals are
separated by activating and setting open-hole packers, as shown in Figure 4.

Figure 4. Schematic of open-hole packer and infinite sliding sleeve multistage fracturing completion string.

The number of stages in infinite sliding sleeve multistage fracturing is not limited
by the process [48,50] by adopting same size balls and ball-seats for all zones. This tech-
nique can considerably lessen frictional forces and facilitates a more effective operation,
in addition to realizing an inside diameter (ID) extremely close to the host tubular string;
therefore, a much lower surface fracturing pressure can be used [48]. Due to the use of
CT, it is convenient and easy to flow back after fracturing. Moreover, CT can be used to
monitor the bottomhole pressure in real time, which is conducive to the timely detection of
the risk of sand plugging. A sandblasting perforator is also integrated in the switch tool of
the sliding sleeves, which can be used as a preventive measure; that is, once the formation
cannot be fractured, the sandblasting perforation can be used as a remedial measure, and
the displacement fluid at the interval is the preflush in the next interval, which reduces the
use of fracturing fluid. However, this technology requires high isolation performance of
the packers in the string, and it may suffer a risk that the production casing cannot be run
to the design position, resulting in misalignment of the fracturing sliding sleeves with the
corresponding fracturing intervals.

2.1.5. Infinite Cementing Sliding Sleeve Multistage Fracturing

Infinite cementing sliding sleeve multistage fracturing is another form of infinite
sliding sleeve multi-frac technology, and its principle, process, and parameters are basically
the same as OH packer and infinite sliding sleeve multistage fracturing [51,52]. For this
technology, infinite sliding sleeves are installed and run with the casing string to complete
cementing operation. It differs from the OH packer and infinite sliding sleeve multistage
fracturing in that the intervals are isolated by consolidated cement before multistage
fracturing is carried out, as shown in Figure 5.
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Figure 5. Schematic of infinite sliding sleeve multistage fracturing cementing.

2.1.6. Perf-and-Plug Multistage Fracturing

Perf-and-Plug is the most widely used strategy for multistage fracturing in unconven-
tional reservoirs. It is regarded as a fully developed approach and is usually employed
in cemented casing or liner completion horizontal wells [20]. CT conveyed perforation is
performed, and then fracturing is realized by pumping fluid through the casing. After the
fracturing operation in the interval, the bridge plug tool string with a perforation gun is
pumped to the designated isolation position of the horizontal section by means of liquid
injection, and the perf-and-plug operation is realized through cables. Then, the fracturing
operation in the next interval can be initiated. The tool assembly is run in the wellbore stage
by stage, and the fracturing operation is implemented accordingly. After the stimulation
of the entire horizontal section is completed, the well is put into production from all pay
zones together [53], as shown in Figure 6.

Due to the different isolation methods and pipe string structure, perf-and-plug multi-
stage fracturing is advantageous to some extent. First, it is not necessary to run the tool in
advance along with the casing, and bridge plugs are used to reliably isolate the intervals.
Second, fixed-point fracturing is realized through perforation, with accurate fracture place-
ment. Third, the bridge plugs are generally drillable or soluble, leaving a full borehole for
subsequent operation and production. Compared with other technologies, this technology
can realize multi-cluster fracturing in one stage, achieving large displacement, large-scale
fracturing, and high operating efficiency [54–56]. Despite the simplicity of plug-and-perf
completion operations, producers are faced with a few challenges, including unproduc-
tive clusters and poor perf cluster efficiency, excess fluid volumes and over-displacement,
time-consuming operations, operational risk, and high costs [57].

2.2. Comparison of Technologies

All the abovementioned multistage fracturing technologies for horizontal wells can
achieve the purpose of reservoir stimulation and production enhancement, but each tech-
nology has its applicability, advantages, and disadvantages. Table 1 compares these tech-
nologies, in which infinite cementing sliding sleeve multistage fracturing and OH packer
and infinite sliding sleeve multistage fracturing are combined into infinite sliding sleeve
multistage fracturing technology, since they are basically identical in principle, process,
and parameters.
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Figure 6. Schematic of perf-and-plug multistage fracturing completion string.

3. Application

3.1. Block Profile

Block M, located in the transitional zone between the Yi-Shaan slope and Western
Shanxi flexural fold belt in the Ordos Basin, is a wide and gentle regional west-dipping
monocline, with simple structure and undeveloped faults. It is a constant-volume elastic-
drive tight gas accumulation controlled by lithology and physical properties under the
local tectonic setting. The block covers an area of 1524.34 km2, with proven reserves of
127.57 billion cubic meters. The main pay zones are S2, S1, and H8, with a superimposed
gas-bearing area of 929 km2 and an average reserve abundance of 137 million m3/km2. The
horizontal wells in this block have no natural productivity and require fracturing to obtain
commercial gas flow. The block is a typical low-permeability tight sandstone gas reservoir.

Block M was put into production in March 2014, predominantly by horizontal wells
(contributing more than 90% of the total output). Trial production has been carried out in
H8, S1, and BX, while horizontal wells are mainly used to develop S2. The S2 reservoir has
a good continuity, connectivity, and stable distribution. The buried depth is 2330 m, the
average formation pressure is 20.53 MPa, the reservoir temperature is 67.6 ◦C, the reservoir
thickness is 5–25 m, and the average effective thickness is 9.9 m. The porosity is 3.0–12.4%,
with an average of 6.8% and a median range of 4–10%. The permeability ranges from
0.1 to 1.2 × 10−3 μm2, with an average of 0.47 × 10−3 μm2. The clay is mainly composed
of kaolinite/illite (K/I), with a high content of kaolinite. The microseismic results show
that the fractures mainly strike between 75◦ and 90◦. The interpretation results of the
dipole array acoustic logging infer that the direction of the maximum principal stress of
the formation is nearly NE–SW, which is basically consistent with the microseismic results.
According to logging calculation, the Young’s modulus is 2.0–2.8 × 104 MPa, the Poisson’s
ratio is 0.15–0.22, and the fracture pressure gradient and closure pressure gradient are
0.018–0.022 MPa/m.

Block M is adjacent to the Sulige and Zizhou gas fields in the Ordos Basin. It is
highly representative for reservoir conditions or development mode. Table 2 compares the
parameters between Block M and adjacent blocks.
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Table 2. Comparison of parameters between Block M and adjacent blocks in Ordos Basin.

Item Block M Yulin Gas Field Zizhou Gas Field Sulige Gas Field Shenmu Gas Field

Trap type Lithologic/
stratigraphic

Lithologic/
stratigraphic

Lithologic/
stratigraphic

Lithologic/
stratigraphic

Lithologic/
stratigraphic

Structural location

Transition zone
between the Western

Shanxi flexural fold belt
and the Yi-Shaan slope

Yi-Shaan slope Yi-Shaan slope Yi-Shaan slope Yi-Shaan slope

Structural
characteristics

West-dipping
monocline

West-dipping
monocline

West-dipping
monocline

West-dipping
monocline

West-dipping
monocline

Stratum name Shanxi Formation Shanxi Formation Shanxi Formation Shanxi Formation,
Shihezi Formation

Shanxi Formation,
Taiyuan Formation

Sedimentary
environment Delta facies Fluvial facies Delta facies Fluvial/delta facies Fluvial/delta facies

Rock type Quartz and lithic
quartz sandstone

Quartz and lithic
quartz sandstone

Quartz and lithic
quartz sandstone

Quartz and lithic
quartz sandstone

Quartz and lithic
quartz sandstone

Effective thickness (m) 9.9 12.3 7.2 7.5 22.4

Porosity (%) 6.8 6.2 6.7 6.9 6.5

Permeability
(10−3 μm2) 0.47 4.8 1.1 0.52 0.51

Gas saturation (%) 68.5 78.1 70.1 53.2 54.5

Mid-reservoir
depth (m) 2330 2950 2700 3000 2900

Formation static
pressure (MPa) 20.53 27.5 23.7 30.1 22.1

3.2. Application Effect

Six multistage fracturing technologies were attempted, namely, CT with bottom packer
hydra-jet, fixed-string hydra-jet, OH packer and ball-activated sliding sleeve, OH packer
and infinite sliding sleeve, infinite cementing sliding sleeve, and perf-and-plug.

The fractured horizontal wells studied in this paper were all located in the enrichment
zone of S2 in Block M, as shown in Figure 7, with similar physical properties and fluid
properties. Table 3 shows the parameters of the 24 wells that have been producing for more
than 1 year without engineering failures.

As seen from Table 3, the net fracturing fluid volume injected was 1896.0–8698.0 m3,
the displacement was 2.5–7.5 m3/min, the number of fracturing stages was 5–16, and the
total sand addition was 188.5–960.3 m3, suggesting greatly variable ranges for different
horizontal wells. It can be inferred that the parameters were similar for the same fracturing
technology, but different among fracturing processes. As shown in Table 4, the scales
of perf-and-plug multistage fracturing and infinite sliding sleeve multistage fracturing
(infinite cementing sleeve and OH packer and infinite sliding sleeve) were large, while the
displacement, total sand addition, and total fracturing fluid volume injected of fixed-string
hydra-jet multistage fracturing were significantly lower than those of other technologies.

On the basis of the historical production data and the single-well completion fracturing
cost, the production performances of fractured horizontal wells were preliminarily compared
to explore whether fracturing technologies significantly enhanced the well production.

3.2.1. Production Comparison

The annual average daily gas production (annual cumulative gas production divided
by production days) was used to measure the production of each fractured horizontal well,
as shown in Figure 8.
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Figure 7. Effective thickness contour and well location map of the enrichment area, S2 formation,
Block M.

Table 3. Parameters of multistage fractured horizontal wells.

No. Well
Multistage
Fracturing

Technology

OD of
Production

Casing
(mm)

Number of
Fracturing

Stages

Net Fracturing
Fluid Volume
Injected (m3)

Displacement
(m3/min)

Total
Sand

Addition
(m3)

Average
Sand
Ratio
(%)

Cumulative
Liquid

Production
(m3)

Flowback
Rate (%)

1 W1 CT with BOT
packer Hydra-jet 114.30 13 5839.5 3.5–4.2 619.8 16.6 1753.0 30.0

2 W2 CT with BOT
packer Hydra-jet 114.30 11 6435.0 3.3–3.9 587.1 18.4 1818.0 30.0

3 W3 CT with BOT
packer Hydra-jet 114.30 12 3768.4 2.5–3.9 508.5 21.1 887.5 23.0

4 W4 Fixed-string
Hydra-jet 88.90 7 2932.6 2.4–2.6 360.6 16.3 1021.5 34.8

5 W5 Fixed-string
Hydra-jet 88.90 5 1896.0 2.4–2.6 188.5 16.0 454.0 23.9

6 W6
OH packer and
ball-activated
sliding sleeve

88.90 6 3539.5 3.4–5.0 387.7 15.2 2020.0 56.0
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Table 3. Cont.

No. Well
Multistage
Fracturing

Technology

OD of
Production

Casing
(mm)

Number of
Fracturing

Stages

Net Fracturing
Fluid Volume
Injected (m3)

Displacement
(m3/min)

Total
Sand

Addition
(m3)

Average
Sand
Ratio
(%)

Cumulative
Liquid

Production
(m3)

Flowback
Rate (%)

7 W7
OH packer and
ball-activated
sliding sleeve

88.90 9 3810.7 3.5–5.5 478.6 16.5 2090.0 53.0

8 W8
OH packer and
ball-activated
sliding sleeve

88.90 11 4725.1 4.6–6.0 543.0 19.7 918.0 19.4

9 W9
OH packer and
ball-activated
sliding sleeve

88.90 10 3257.7 4.6–5.7 436.2 18.2 460.6 14.0

10 W10
OH packer and
ball-activated
sliding sleeve

88.90 9 3249.0 5.0–5.7 407.7 17.5 1401.3 43.0

11 W11
OH packer and
ball-activated
sliding sleeve

88.90 12 5129.5 5.0–5.8 603.3 18.6 1480.0 29.0

12 W12
OH packer and
ball-activated
sliding sleeve

88.90 8 4775.9 4.5–5.6 578.4 17.9 1127.0 23.6

13 W13
OH packer and
ball-activated
sliding sleeve

88.90 10 3872.4 4.5–5.5 324.4 15.4 310.0 8.0

14 W14
OH packer
and infinite

sliding sleeve
114.30 14 5997.1 3.4–3.9 713.6 20.5 2040.0 33.0

15 W15
OH packer
and infinite

sliding sleeve
114.30 13 5825.8 3.2–4.0 680.2 18.5 1661.0 28.0

16 W16
OH packer
and infinite

sliding sleeve
114.30 16 7261.8 3.0–3.9 960.3 22.1 995.0 13.0

17 W17
OH packer
and infinite

sliding sleeve
114.30 13 5872.6 2.7–3.8 830.0 21.4 1518.0 26.0

18 W18
OH packer
and infinite

sliding sleeve
114.30 12 5139.3 3.4–3.9 766.0 22.6 1130.0 22.0

19 W19 Infinite cementing
sliding sleeve 114.30 15 5897.5 3.4–3.9 434.6 18.6 1264.0 20.0

20 W20 Infinite cementing
sliding sleeve 114.30 15 5209.5 3.9–4.2 510.3 19.4 1127.0 21.0

21 W21 Infinite cementing
sliding sleeve 114.30 16 5409.4 3.0–5.0 383.2 18.4 1818.0 33.0

22 W22 Perf-and-plug 114.30 10 7154.0 4.0–7.0 765.5 18.8 1458.0 21.0
23 W23 Perf-and-plug 114.30 10 6377.9 3.0–7.0 798.8 19.0 1732.0 27.0
24 W24 Perf-and-plug 114.30 12 8698.0 3.5–7.5 730.2 19.5 800.0 9.2

Table 4. Parameters of horizontal well multistage fracturing technologies.

Multistage
Fracturing

Technology

Number of
Producing

Wells

OD of
Production

Casing (mm)

Number of
Fracturing

Stages

Net Fracturing
Fluid Volume
Injected (m3)

Displacement
(m3/min)

Total Sand
Addition

(m3)

Average
Sand Ratio

(%)

Liquid
Production

(m3)

CT with BOT
packer hydra-jet 3 114.30 12 5347.6 3.6 571.8 18.7 1486.2

Fixed-string
hydra-jet 2 88.90 6 2414.3 2.5 274.6 16.2 737.8

OH packer and
ball-activated
sliding sleeve

8 88.90 9 4045.0 5.0 469.9 17.4 1225.9

OH packer
and infinite

sliding sleeve
5 114.30 14 6019.3 3.5 790.0 21.0 1468.8

Infinite
cementing

sliding sleeve
3 114.30 15 5505.5 3.9 442.7 18.8 1403.0

Perf-and-plug 3 114.30 11 7410.0 5.3 764.8 19.1 1330.0
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Figure 8. Production of horizontal wells with different multistage fracturing technologies.

It can be seen intuitively from Figure 8 that the annual average daily gas production
was 2.55–31.25 × 104 m3, and it was significantly different from well to well. When
neglecting the influence of geological reservoir parameters of horizontal wells, infinite
cementing sliding sleeve multistage fracturing exhibited the best performance, followed by
perf-and-plug multistage fracturing and OH packer and infinite sliding sleeve multistage
fracturing, while CT with BOT packer hydra-jet multistage fracturing and fixed-string
hydra-jet multistage fracturing demonstrated relatively poor effects.

3.2.2. Economic Benefits

To evaluate the economics of each fracturing technology, the average payback periods
for fracturing technologies were calculated according to the actual completion fracturing
costs and cumulative gas productions of wells. The results are shown in Figure 9.

It can be seen from Figure 9 that the payback periods of perf-and-plug, infinite cement-
ing sliding sleeve, and OH packer and infinite sliding sleeve multistage fracturing were
similar, about 30–35 days, while the payback periods of CT with BOT packer hydra-jet and
fixed-string Hydra-jet multistage fracturing were longer, about 74–97 days.

In summary, the multistage fracturing technologies of horizontal wells significantly
affected the production and benefits of wells. When neglecting the influence of geological
reservoir parameters of horizontal wells, from the aspects of production increase and return
on investment, it can be concluded that the infinite sliding sleeve multistage fracturing
(cemented and OH) and perf-and-plug had good application effects, while fixed-string
hydra-jet multistage fracturing had the worst performance.

Preliminary analysis of the production data revealed that, as stated in most previous
studies, there were indeed large differences in the production of horizontal wells completed
with different methods. However, the impact of open hole or cementing completion on the
performance in this area was much smaller than expected, suggesting that production may
be influenced by factors other than completion method.
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Figure 9. Payback periods for horizontal well multistage fracturing technologies.

4. Analysis of Reasons for Performance Difference

The reliability of the above conclusions needed to be further demonstrated, since they
were derived from comparative analysis without consideration of the geological reservoir
conditions of wells. It can be seen from Figure 8 that the same fracturing technology
exhibited significantly different performance from well to well. Taking W19, W20, and W21
as examples, given the same fracturing technology and similar parameters, the production
performance of W21 was much worse than that of W19 and W20. This indicates that the
well production is comprehensively influenced by factors other than fracturing technology.

4.1. Main Factors Controlling the Productivity of Fractured Horizontal Wells

The gas flow regime of fractured horizontal wells is complex–turbulent flow occurring
near the wellbore, which is also known as a non-Darcy flow. Due to the presence of frac-
tures, the coupling effects between fractures and the wellbore result in a very complicated
seepage. Therefore, the productivity of fractured horizontal wells is always difficult to
calculate. In this paper, the most typical horizontal well productivity calculation formula,
Joshi’s formula, was implemented [58]. Firstly, the steady-state productivity formula of
horizontal wells in homogeneous and isotropic reservoirs was derived according to the
potential energy theory. Then, to consider the influence of the eccentricity of actual hori-
zontal wells and the anisotropy of reservoirs, the modified Joshi’s formula was established
as Equation (1):

Jh =
0.543KhhΔP/(B0μ)

ln[ a+
√

a2−(L/2)2

L/2 + βh
L ln[ (

βh
2 )2+(βδ)2

βhrw
2

]

(1)

where Kh is the permeability of horizontal section (10−3 μm2), h is the oil zone thickness (m),
ΔP is the production pressure difference (MPa), Bo is the oil volume factor (m3/m3), u is the
oil viscosity (mPa·s), L is the horizontal section length (m), a is the half length of the elliptical

major axis, defined as a = 0.5L[0.5 +
√

0.25 + ( 2reh
L )4]

0.5
(m), reh is the quasi-circular driving

radius (m), β is the reservoir anisotropy coefficient, defined as β =
√

Kh/Kv, δ is the
eccentricity of the horizontal wellbore (m), and rw is the borehole radius (m).
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According to Equation (1), the productivity of horizontal wells is jointly controlled
by many factors, such as the length of the horizontal section, oil zone thickness, drainage
radius, production pressure difference, oil viscosity, and permeability, but there is often
no good correlation between a single factor and productivity. For horizontal wells in low-
permeability and tight sandstone gas reservoirs, which are generally treated by large-scale
fracturing, the gas drainage radius and fluidity are significantly affected by completion
technology and fracturing scale. Therefore, it is proposed to construct a comprehensive
productivity impact index (CPII) to explore the relationship between the production of
horizontal wells and the geological, engineering, and development factors [59–61].

This study dealt with 24 horizontal wells in S2 of Block M, which are basically similar in
terms of original permeability, oil viscosity, and volume factor. To construct the CPII, a total
of 11 indicative parameters (Table 5) were considered to meet Joshi’s formula. Specifically,
horizontal section length, encountering rate of net pay zone, reservoir thickness, nozzle size,
bottomhole static pressure, and tubing pressure represent the geological and development
factors, while the OD of production casing represents the borehole radius. Moreover,
parameters such as the number of fracturing stages, displacement, and sand addition
are used to characterize the effects of fracturing stimulation on drainage radius, induced
fractures, and permeability.

The comprehensive productivity impact index (CPII) was constructed in three steps:
(1) standardize the original data; (2) use the entropy method to calculate the weight of each
indicator; (3) calculate the CPII from the comprehensive evaluation formula.

4.1.1. Data Processing

The range method was used for data standardization to ensure the uniformity of data.
The standardization formula see Equations (2) and (3).

For positive indicators, use Equation (2).

Yi(j) =
Xi(j)− minXi(j)

maxXi(j)− minXi(j)
(2)

For negative indicators, use Equation (3).

Yi(j) =
maxXi(j)− Xi(j)

maxXi(j)− minXi(j)
(3)

where j represents the well number, i represents the indicator layer, Xi(j) represents the
original value of indicator i of well j, and Yi(j) represents the standardized value of indicator
i of well j. Since the interval of the standardized data is [0, 1], the standardized data are
possibly equal to 0. Considering that the logarithm is introduced into the subsequent
calculation using the entropy method, the standardized data were shifted by 0.5 unit.

4.1.2. Determination of Weights

Weights can be determined using many methods. Gray correlation, principal compo-
nent analysis (PCA), analytic hierarchy process (AHP), and expert scoring were mainly
used in reservoir engineering studies, which, however, are too subjective, with the optimal
values of some indicators difficult to define and the results nonobjective enough.
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In this paper, the entropy method was adopted to determine the weight of each
indicator. Entropy, a concept derived in thermodynamics, is used to measure the uncertainty
of the system state. Information is a measure of the order degree of a system, while entropy
is a measure of the disorder degree of a system, in information theory. The two are equal in
absolute value but opposite in sign. Entropy is a measure of uncertainty. A smaller entropy
denotes a lower disorder degree of information, less uncertainty, a larger utility value
of information, and a larger weight of the indicator. The entropy method is an objective
weighting approach because it only considers the discreteness of the data itself.

The entropy method is critical to determine the weights of indicators. The weight
of each indicator can be calculated to provide a basis for comprehensive evaluation of
indicators. The calculation process and formula are as follows:

(1) On the basis of the above standardized data, calculate the proportion of indicator i
using Equation (4).

Zi(j) =
Yi(j)

∑n
i=1 Yi(j)

(4)

(2) According to Equation (5), calculate the information entropy of each indicator.

Ei = −∑n
i=1 ∑m

j=1 Zi(j) lnZi(j)

ln nm
(5)

(3) Determine the weight of indicator i of CPII using Equation (6).

Wi =
1 − Ei

∑m
j=1 (1 − Ei)

(6)

The original data of the 24 fractured horizontal wells shown in Table 4 were processed
using the entropy method, and the weights of the indicators were determined, as shown in
Table 6 and Figure 10.

Table 6. Weights of CPII indicators for fractured horizontal wells.

Level-1 Indicator Level-2 Indicator Level-3 Indicator Weight of Level-3 Indicator

Horizontal section length, m 0.21
Geological factors Encountering rate of net pay zone, % 0.03

Reservoir thickness, m 0.10
OD of production casing, mm 0.07

Comprehensive productivity
impact index

(CPII)

Number of fracturing stages 0.12
Engineering factors Net fracturing fluid volume injected, m3 0.04

Average displacement, m3 0.12
Total sand addition, m3 0.06

Nozzle size, mm 0.01
Development factors Bottomhole static pressure, MPa 0.11

Initial tubing pressure, MPa 0.12

From Table 6 and Figure 10, it can be seen that the productivity of fractured horizontal
wells is comprehensively controlled by multiple indicators of geological, development,
and engineering factors. In terms of Level-3 indicators, horizontal section length, initial
tubing pressure, displacement, number of fracturing stages, bottomhole static pressure,
and reservoir thickness exhibited the largest weights.

This result is basically consistent with previous studies, which means it is reasonable
to select impact indicators using a theoretical formula (Joshi’s formula, See Equation (1)).
Unlike the previous study, which was only a qualitative analysis of a few indicators,
this study used entropy quantification to obtain the weights of each impact indicator.
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Meanwhile, the method to calculate indicator weights is objective, making it easy to apply
to other reservoirs

4.2. Cause Analysis for Performance Difference

In terms of engineering factors, displacement and the number of fracturing stages
had the greatest weights. Previous studies showed that large displacements and fracturing
stages can only be achieved by perf-and-plug and the new open-hole multistage hydraulic
fracturing system [50]. The actual fracturing parameters of the six fracturing technologies
of 24 wells in Block M indicated that displacement and number of fracturing stages were
largely dependent on fracturing technology. Moreover, it can be seen from Figure 11 that the
difference in well production was consistent with the difference in parameters of horizontal
wells. This suggests that the fracturing technology largely determined the ranges of param-
eters, which in turn affected the fracturing performance and well production. Therefore, the
key step for successful horizontal well fracturing is the selection of fracturing technology.

 

Figure 10. Weights of CPII indicators for fractured horizontal wells.

In terms of development factors, initial tubing pressure and bottomhole static pressure
had the greatest weights. Reservoir pressure is an important factor affecting production,
as mentioned by many scholars (Hamm and Struyk, Chaikine et al.). The production
data of horizontal wells in this block also confirmed the significant impact of formation
pressure. The section above described the difference in performance of the same fractur-
ing technology among wells, such as W19, W20, and W21. According to statistics, the
horizontal wells in this study were all located in the enrichment zone of S2, with similar
bottomhole static pressure (15.07–23.16 MPa), but greatly variable initial tubing pressure
(2.28–17.76 MPa). Typically, W19, W20, and W21 had similar horizontal section lengths and
reservoir thicknesses, and they adopted the same fracturing technology, but their tubing
pressures were quite different: only 9.22 MPa for W21, in contrast to about 13 MPa for
W19 and W20. The production of W21 was also much lower than that of W19 and W20.
Similarly, due to the influence of tubing pressure, the production performance of W24
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(tubing pressure of 7.43 MPa) was far lower than that of W22 and W23 (tubing pressure
of 16.31–17.76 MPa), as shown in Table 5. These cases demonstrated the reliability of the
computation results of the entropy method, revealing pressure as an important factor that
significantly affects the well production.

 

Figure 11. Well production and parameters according to multistage fracturing technologies.

In terms of geological factors, horizontal section length and reservoir thickness had
the greatest weights. Analytical results noted that wells in different areas seemed to benefit
from a longer overall length and reservoir thickness (Omatsone, Galas, et al.). In Block M,
most of the wells had basically similar horizontal section length, ranging from 652 m to
1399 m. However, the reservoir thickness varied greatly, ranging from 4 to 4–12 m. For W4
and W5, given the similarity of other parameters, the reservoir thickness was only 4 m in
W4 and 10 m in W5, resulting in lower production of W4 than W5. Meanwhile, fixed-string
hydra-jet multistage fracturing was adopted in both wells, with horizontal section lengths
of 652 m and 933 m, respectively, which were relatively small in this block. It was, thus,
inferred that the actual performance of fixed-string hydra-jet multistage fracturing should
be better than the recorded data of the above two wells, although it is less applicable to
Block M than other technologies, due to the limitation of displacement and number of
fracturing stages.

Furthermore, field data confirmed that the well production is more affected by a
comprehensive influence of multiple factors; the productivity index ratio is a function of
variables including reservoir permeability, reservoir thickness, fracture half-length, fracture
spacing along the horizontal, and completion method [19]. For example, the production
difference between W1 and W2/W3 was greatly dependent on tubing pressure and reser-
voir thickness. The production of W1 (tubing pressure of 3.9 MPa, reservoir thickness of
4.5 m) was lower than that of W2 and W3 (tubing pressure of 11.1–16.3 MPa, reservoir
thickness of 7.5–9.5 m). The production of W14 and W15 (tubing pressure of 8.9–9.5 MPa,
reservoir thickness of 6.5 m) was lower than that of W16, W17, and W18 (tubing pressure
of 16.3–17.8 MPa, reservoir thickness of 11–9.5 m). Similarly, due to the relatively small
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horizontal section length (834 m) and low initial tubing pressure (7.4 MPa), W24 revealed
lower production when using the perf-and-plug multistage fracturing technology, which
was considered highly applicable to this block, than other wells adopting the same frac-
turing technology. In contrast, W13 had a large horizontal section length (1200 m) and
high initial tubing pressure (16.9 MPa), but it achieved higher production than other wells,
ranking among the top three fractured wells in terms of overall performance, although it
adopted the open-hole packer and ball-activated sliding sleeve multistage fracturing, which
features a small scale. This also proves from another aspect that the impact of fracturing
technology on horizontal well production is restricted by the geological reservoir conditions
of horizontal wells.

4.3. Comparison of Application Effects of Fracturing Technologies

The above analysis suggests that the conclusion drawn in Section 3.2 only by the
classification of fracturing technologies but ignoring the influence of other factors is not
accurate. To identify the influence of fracturing technologies on horizontal well production
and their applicability in Block M, some Class I horizontal wells with similar horizontal sec-
tion length, reservoir thickness, and pressure but adopting different fracturing technologies
were selected for comparison, as shown in Table 7 and Figure 12.

From Table 7 and Figure 12, it can be seen that, for Class I horizontal wells, infinite
sliding sleeve multistage fracturing exhibited the best performance, followed by perf-and-
plug and traditional open-hole packer multistage fracturing, while CT with BOT packer
hydra-jet showed poor performance. The performance of fixed-string hydra-jet technology
needs to be further evaluated due to the lack of samples. This conclusion is basically in
line with historical studies; that is, completion methods do have a significant impact on
production. However, this study suggests a much smaller difference between open-hole
and cemented completions than illustrated in previous articles. As mentioned above,
the productivity of horizontal wells in this area was comprehensive affected by multiple
factors, especially length of horizontal section, fracturing construction parameters, and
reservoir pressure.

 

Figure 12. Production and payback period of Class I horizontal wells by multistage fracturing technology.
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5. Comprehensive Productivity Impact Index (CPII)

The results demonstrated that horizontal well production was affected by a combina-
tion of factors, but there is no method available to characterize this comprehensive index.
In this paper, in order to explore the comprehensive impact of indicators on the production
of horizontal wells, on the basis of the factors weights calculated above, a comprehensive
productivity impact index (CPII) was constructed in Equation (7).

Wij = ∑n
i=1 Yi(j)Wi (7)

The correlation between the production of the fractured horizontal well and CPII is
plotted in Figure 13.

It can be seen from Figure 13 that the CPII constructed has a good positive correlation
with the well production. Without considering the economic and technical constraints,
a greater CPII denotes greater production of the fractured horizontal well. For a newly
drilled horizontal well, where horizontal section length, reservoir thickness, and initial
tubing pressure are given, the only way to improve well production is to optimize the
fracturing technology. According to Figure 13 and the weight ranking of the three-level
indicators mentioned above, it can be seen that the well production of horizontal wells
can be increased as much as possible by increasing the number of fracturing stages and
displacement. This also further demonstrates the reason why the infinite sliding sleeve
multistage fracturing and perf-and-plug multistage fracturing technologies with unlimited
fracturing stages and larger fracturing scale have relatively better performance in Block M.

Meanwhile, according to the curve matching relation between well production and
CPII in Figure 13, the production of fractured horizontal wells in Block M can be roughly
predicted by using Equation (8), so as to provide reference for selection of fracturing
technology and optimization of parameters for fracturing design of new horizontal wells
for the purpose of better fracturing performance and higher economic benefit of wells.

Q = 0.1532e4.0449Wij (8)

Figure 13. Well production vs. CPII.
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6. Conclusions

The following conclusions can be drawn in this study:

(1) All horizontal well multistage fracturing technologies can achieve the purpose of gas
reservoir stimulation, production enhancement, and improved economics, but each
technology has its own advantages, disadvantages, and applicability. Considering
technical and economic benefits, infinite sliding sleeve multistage fracturing and
perf-and-plug multistage fracturing are preferred for Class I wells in Block M and
horizontal wells in similar gas reservoirs.

(2) The comprehensive productivity impact index (CPII) constructed in this paper shows
a good positive correlation with the production of fractured horizontal wells. With-
out considering the economic and technical constraints, a greater CPII, denotes
greater well production. This relation can be used to predict the production of
newly drilled horizontal wells and guide fracturing design and optimization of
fracturing parameters.

(3) For Block M, from the perspective of Level-2 indicators, the production of fractured
horizontal wells is comprehensively controlled by geological, engineering, and devel-
opment factors. From the perspective of Level-3 indicators, horizontal section length,
initial tubing pressure, displacement, number of fracturing stages, bottom hole static
pressure, and reservoir thickness are the main indicators with the largest weights
influencing the production of fractured horizontal wells.

(4) Horizontal well fracturing technology should be selected with consideration of the
geological reservoir parameters of horizontal wells, as well as the fracturing design
and parameters to be optimized according to specific well conditions. For newly
drilled horizontal wells, where the geological reservoir conditions are given, selection
of fracturing technology and optimization of parameters are critical for production
enhancement, because the fracturing technology largely determines the range of
parameters, which further affects the fracturing performance and well production.

(5) The study method in this paper, that is, determining the main factors dominating
the production of horizontal wells and constructing the comprehensive productivity
impact index (CPII) on the basis of the data from Block M, is universal and can be
easily applied to other similar reservoirs.

7. Research Limitations

This paper may be deficient in several aspects. The horizontal wells involved in this
study were all located in the reserve enrichment zone of S2 in Block M, with similar reservoir
physical properties and fluid properties; hence, the influence of reservoir physical properties
and fluid properties was ignored when constructing the CPII. Meanwhile, the effect of inter-
well interference was ignored in this paper because of the short production time of Block M.
It is recommended to consider these indicators when using the proposed method to analyze
the performance of fracturing technologies in similar reservoirs. Secondly, some viewpoints
in this paper need to be further quantitatively demonstrated using more samples. For
instance, the fixed-string hydra-jet multistage fracturing technology is undoubtedly less
applicable in this block due to the limitation of displacement and number of fracturing
stages, but its performance needs further quantification, since the two horizontal wells
involved in the analysis were affected by horizontal section length, tubing pressure, and
type of fracturing technology. Moreover, the applicability of fracturing technologies in
Class I horizontal wells was verified in this paper, while the applicability in Class II and
Class III horizontal wells needs to be further confirmed with more samples.
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Abstract: Lacustrine shale, represented by the Middle Permian Lucaogou Formation in the Jimsar
Depression in the eastern Junggar Basin, has become one of the main areas of shale oil exploration
in China. In this study, we used 137 samples of shale from the Lucaogou Formation, drawn from
14 wells in the Jimsar Depression, to investigate their characteristics of pyrolysis, organic carbon
and soluble organic matter content, biomarkers, organic microscopic composition, and vitrinite
reflectance. Basin simulation and hydrocarbon generation thermal simulation experiments were also
conducted in a closed system. The results of this study indicate that the input of an algae source was
dominant in the source rocks of the Lucaogou Formation, that the water in which the rocks were
deposited had high salinity and strong reducibility, and that the source rocks were oil-prone. The
Lucaogou source rocks generally had good hydrocarbon generation capability, but showed significant
heterogeneity. At the end of the Cretaceous period, the shales in the Lucaogou Formation entered the
oil-generation window as a whole. Currently, the shales of the Lucaogou Formation are generally in
the high-maturity stage in the deep part of the depression, producing a large amount of high-maturity
oil and condensate gas, while those in the shallow part have relatively low maturity and can only
produce a large amount of conventional crude oil. The maximum crude oil generation rate of the
Lucaogou Formation shale obtained from the thermal simulation results was 220.2 mg/g of the total
organic carbon (TOC), and the maximum hydrocarbon expulsion efficiency was estimated to be
59.3–76.4%.

Keywords: Junggar Basin; Jimsar Depression; shale oil; thermal simulation; source rock evaluation;
hydrocarbon generation evolution

1. Introduction

Crude oil and gas exploration in the Junggar Basin began in 1909 and has a history of
more than 100 years. As of 2013, the proven crude oil and natural gas reserves in the Junggar
Basin were 23.34 × 108 t and 1972 × 108 m3, respectively [1]. The Junggar Basin is one of the
most important onshore oil and gas production sites in China [1,2]. Although the current
oil and gas exploration in the Junggar Basin is dominated by conventional reservoirs, the
exploration of unconventional shale oil, represented by the Middle Permian Lucaogou
Formation (P2l) in the Jimsar Depression, the Middle Permian Pingdiquan Formation (P2p)
in the Wucaiwan–Shishugou area, and the Lower Permian Fengcheng Formation (P1f) in
Fengcheng area of the northwestern margin, has shown promising results [3–5].
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Compared with conventional oil reservoirs, shale oil reservoirs are significantly differ-
ent, and the main differences are as follows: (1) source–reservoir integration and near-source
or intra-source accumulation; (2) extremely low porosity and permeability; (3) the ambigu-
ous boundary conditions of the trap; and (4) Darcy’s law of seepage flow not being met
during the secondary migration of oil and gas [6–8]. At present, this type of integrated
source–reservoir shale oil and gas exploration is still in its infancy in China, and the pre-
dicted resource amount is around 11 × 109 t, of which Junggar Basin alone accounts for
29 × 108 t (26.4% of the total) [6]. Unlike foreign shale oil, which is dominated by marine
deposits, the shale oil in China is dominated by lacustrine deposits. The source rocks in the
lake are typically thick, with a small distribution, and their porosity (<10%) and permeabil-
ity (<0.1 mD) are lower than those in the maritime environment [6,9]. The P2l lacustrine
source rocks in the Jimsar Depression, located in the eastern part of the Junggar Basin, can
be regarded as the world’s largest lacustrine mudstone in terms of its thickness and organic
matter abundance (Figure 1a,b) [10]. At present, this area is one of the main areas of shale
oil exploration in China, with a predicted resource amount of 7.02 × 108 t [1,6].

 

Figure 1. Overview of the petroleum geology of the Jimsar Depression. (a) The lithology column
of Lucaogou Formation; (b) The location of Jimsar Depression in the Junggar Basin; (c) Detailed
structural map of the Jimsar Depression.
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The organic matter abundance and hydrocarbon generation capacity of source rocks
are the most important factors used for evaluating the quality of shale oil [8]. Previous
researchers had studied P2l shale oil in the Jimsar Depression, mainly focusing on the
sedimentary facies and lithology of the P2l shale [11], oil and gas source comparison [12], the
heterogeneity of the source rocks [13], and the hydrocarbon accumulation process [14,15].
These studies have greatly enriched research on unconventional oil and gas, and promoted
the exploration and development of shale oil in the Jimsar Depression. However, current
research on the characteristics of hydrocarbon generation and the evolution of P2l source
rocks in the study area is still in a relatively early stage. Based on the analysis of the
static hydrocarbon generation capacity of the P2l source rocks, in this study a gold-tube
thermal simulation experiment was conducted in a closed system. Based on this and the
two-dimensional basin simulation, the hydrocarbon generation mechanism, hydrocarbon
expulsion efficiency, and the evolution process were systematically studied, providing
strong support for the evaluation of continental shale oil and gas.

2. Geologic Background

The Junggar Basin is located in the Xinjiang Uygur Autonomous Region in northwest-
ern China, with an area of approximately 1.3 × 105 km2. It can be divided into a total
of six primary structural units, including two major depressions (the Central Depression
and the Wulungu Depression), three major uplifts (the Luliang Uplift, the Western Up-
lift, and the Eastern Uplift), and a thrust-fold belt (the North Tianshan Thrust-Fold Belt)
(Figure 1b) [16,17]. The study area is a secondary structural unit in the Eastern Uplift
in the Jimsar Depression, bounded by the Shaqi Uplift to the north, the Santai Uplift to
the west, the Fukang Fault Zone to the south, and the Guxi Uplift to the east, and has
an area of around 1500 km2 (Figure 1c) [1,18]. The depression has undergone multiple
tectonic movements (Hercynian, Indosinian, Yanshanian, and Himalayan movements).
There are huge, thick Paleozoic–Cenozoic sedimentary rocks overlying the Precambrian
crystalline basement and Paleozoic metamorphic basement. At their thickest, the rocks
exceed 5000 m, and the deposits in the depression gradually become thinner from west to
east (Figure 1c) [1,17].

The Middle Permian Lucaogou Formation in the Jimsar Depression was formed in a
saline lacustrine basin environment after the relict sea was closed [1,19], and it is widely
distributed in the depression, with an area of approximately 1278 km2, a thickness of
200–350 m, and a maximum thickness of >500 m (Figure 1a) [20]. The Lucaogou Formation
is a set of lacustrine deposits that has recorded multiple complete cycles of lake water depth
fluctuations from shallow to deep, and can be further divided into the upper sub-member
(P2l2) and the lower sub-member (P2l1) (Figure 1a). Previous studies have shown that
the Lucaogou Formation contains a set of lacustrine source rocks that are rich in organic
matter [15,18,21]. Their lithology includes gray–black mudstone, dolomitic mudstone,
siltstone, and dolomite [15,21]. The main lithology of the reservoir includes dolomite,
dolomitic siltstone, sandy dolomite, diabase, and a small amount of tuff [11,17]. The
storage space of the reservoir is dominated by nanopores and microfractures, the pore
throat radius is 100–500 nm, the porosity is 2.5–16.27%, and the permeability is less than
0.1 mD [6].

3. Samples and Analytical Methods

3.1. Samples

In this study, a total of 137 samples of the P2l source rocks were collected from 14 wells
in the Jimsar Depression, including 40 samples from the P2l1 member and 97 samples
from the P2l2 member. The locations of the wells are shown in Figure 1c. Based on these
samples, various analytical measurements were carried out on more than 700 samples,
including the pyrolysis, extraction, and quantification of the organic carbon and soluble
organic matter; the analysis of biomarker compounds; the determination of the whole-rock
organic microscopic composition; and the determination of the vitrinite reflectance (Ro).
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3.2. Analytical Methods
3.2.1. Evaluation of Source Rocks

The source rock samples were cut into thin sections to observe the lithology of the
source rocks and the characteristics of the organic detritus, and determine the Ro. The
“Method for Isolation of Kerogen in Sedimentary Rocks”, published and implemented in
2003, was used to isolate the kerogen, and the component identification, quantification,
and the classification of the kerogen types of the isolated kerogen were carried out based
on the “Methods for Microscopic Composition Identification and Type Classification by
Transmitted Light-Fluorescence” industry standard (SY/T5125-2014).

The pyrolysis of the source rocks was conducted using a Rock-Eval VI standard
pyrolysis instrument (France). The sample was crushed, and 100 mg of the sample was
heated in helium gas. The hydrocarbons released during the pyrolysis were monitored
using a hydrogen flame ionization monitor, and the CO and CO2 generated by the heating
and oxidation of the residual organic matter after the pyrolysis were detected using a
thermal conductivity detector. Following the rock pyrolysis analysis standard (GB/T18602-
2012), a constant temperature of 300 ◦C was set for 3 min to obtain S1; the temperature
was increased from 300 ◦C to 650 ◦C at a rate of 25 ◦C for 1 min to obtain S2. Then the
highest pyrolysis peak temperature (Tmax), Hydrocarbon Index (HCI), Hydrogen Index
(HI), Oxygen Index (OI), Hydrocarbon Generation Potential (S1 + S2), and Production Index
(PI) were obtained through equations for calculating the pyrolysis parameters.

3.2.2. Simulation of Two-Dimensional Basin

The simulation of a two-dimensional basin was carried out using the PetroMod
software. The data of heat flows of present and past, and the electrical conductivity of the
source rocks, were obtained from previous studies that had carried out simulations [22,23].
The solution (EasyRo) given by Sweeney and Burnham (1990) [24] was used to convert the
result to source rock maturity, and the applicable maturity interval was 0.3–4.6% Ro.

3.2.3. Thermal Simulation Experiment in a Closed System

The source rock sample was sealed in a gold tube under the protection of an argon
gas atmosphere. The gold tube was placed in an autoclave, and the autoclave was filled
with water using a high-pressure pump. The high-pressure water caused the gold tube
to be flexibly deformed, thereby exerting pressure on the sample. The sample was sealed
under the protection of argon to ensure that there was no air contamination. The gold
tube was sealed via arc welding. The samples were heated at rates of 20 ◦C/min and
2 ◦C/min. The temperature difference between each autoclave was less than 1 ◦C. The
pressure was 50 MP, and the pressure fluctuation was less than 1 MP. The temperature
range was 150–456 ◦C, and the temperature fluctuation was less than 1 ◦C. After heating,
the gold tube was removed from the autoclave. The detected contents were gas (C1–C4),
light hydrocarbons (C6–C14), and heavy hydrocarbons (C14+).

4. Results and Discussion

4.1. Depositional Environment of Source Rocks
4.1.1. Normal Alkanes and Isoprenoid Alkanes

Isoprenoid alkane compounds are commonly used as indicators of the sedimentary
environment [25,26]. The pristane/phytane (Pr/Ph) ratios of the P2l source rocks in the
Jimsar Depression were 0.81–2.62, with an average of 1.37. Most of the values were in the
range of 0.75–1.5, but quite a few samples had values of >2 (Table 1). Peters et al. (2005) [25]
pointed out that when the Pr/Ph ratio is 0.8–3.0, there is great uncertainty in using this
ratio to explain the depositional environment of the source rock. Therefore, the ratio of
isoprenoid to normal alkanes [27] was used in this study. As is shown in Figure 2, the
Pr/n-C17 and Ph/n-C18 values were 0.14–6.40 (average 1.54) and 0.09–4.33 (average 1.43),
respectively, indicating a reducing environment overall, with bacteria and algae as the
main sources of organic matter. The contribution of land-based organic matter was low,
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and the maturity was not high. It should be noted that the distribution characteristics of the
isoprenoid alkanes and n-alkanes are also controlled by their maturity [25,28]. The maturity
of the samples from the study area was relatively low, so the impact of the maturity could
generally be ignored (Table 1, Figure 2).

 

Figure 2. Plot of Pr/n-C17 vs. Ph/n-C18 showing the depositional environment of the P2l source rocks
in the Jimsar Depression (modified after Shanmugam, 1985) [27] (terrestrial organic matter/oxidation
environment; maturity; marine organic matter/reducing environment).

69



Energies 2022, 15, 2331

T
a

b
le

1
.

Bi
om

ar
ke

r
fin

ge
rp

ri
nt

s
of

P 2
ls

ha
le

in
th

e
Ji

m
sa

r
D

ep
re

ss
io

n.

W
e

ll
D

e
p

th
(m

)S
tr

a
ta

L
it

h
o

lo
g

y
C

1
9
/C

2
1
-

T
ri

cy
cl

ic
T

e
rp

a
n

e

T
ri

cy
cl

ic
T

e
r-

p
a

n
e

/P
e

n
ta

cy
cl

ic
T

e
rp

a
n

e

C
2

4
-

T
e

tr
a

cy
cl

ic
T

e
rp

a
n

e
/C

2
6
-

T
ri

cy
cl

ic
T

e
rp

a
n

e

C
3

5
/(

C
3

1
–

C
3

5
)

H
o

m
o

-
h

o
p

a
n

e
%

C
3

0
α
β

-
H

o
p

a
n

e
/C

2
9
α
α
α

,(
R

+
S

)-
S

te
ra

n
e

G
a

m
m

a
ce

ra
n

e
In

d
e

x
C

3
1

R
/C

3
0
-

H
o

p
a

n
e

T
s/

(T
s

+
T

m
)

C
2

7
-

S
te

ra
n

e
(%

)

C
2

8
-

S
te

ra
n

e
(%

)

C
2

9
-

S
te

ra
n

e
(%

)

Ji
15

22
80

.6
3

P 2
l1

D
ar

k
gr

ay
flu

or
es

ce
nt

m
ud

st
on

e
0.

41
0.

29
1.

12
7.

07
6.

79
0.

23
0.

10
0.

43
23

.7
8

23
.7

7
52

.4
6

Ji
17

4
32

18
.9

7
P 2

l1
D

ar
k

gr
ay

ca
lc

ar
eo

us
m

ud
st

on
e

0.
12

0.
12

1.
95

2.
72

4.
85

0.
28

0.
12

0.
05

13
.8

0
37

.2
4

48
.9

6

Ji
17

4
32

27
.1

4
P 2

l1
D

ar
k

gr
ay

do
lo

m
it

ic
m

ud
st

on
e

0.
13

0.
13

1.
55

2.
66

6.
59

0.
31

0.
17

0.
04

14
.8

1
37

.1
1

48
.0

9

Ji
24

16
91

.7
5

P 2
l1

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

08
0.

07
0.

62
2.

87
5.

58
0.

31
n.

d.
0.

27
18

.4
1

32
.7

7
48

.8
3

Ji
17

31
38

.0
1

P 2
l2

Bl
ac

k
gr

ay
m

ud
st

on
e

0.
10

0.
14

1.
06

4.
16

8.
20

0.
28

0.
11

0.
09

14
.9

9
35

.3
9

49
.6

2

Ji
17

31
38

.0
1

P 2
l2

Bl
ac

k
gr

ay
m

ud
st

on
e

0.
10

0.
05

0.
82

4.
01

12
.7

3
0.

36
0.

16
0.

32
34

.8
1

26
.1

3
39

.0
6

Ji
17

31
35

.3
3

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

13
0.

06
1.

40
3.

79
9.

88
0.

39
0.

22
0.

33
36

.5
1

26
.1

7
37

.3
3

Ji
17

31
35

.3
3

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

07
0.

04
0.

71
4.

05
19

.2
8

0.
35

0.
15

0.
29

42
.1

5
22

.1
6

35
.7

0

Ji
17

4
31

35
.3

1
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

12
0.

15
1.

28
2.

40
4.

62
0.

34
0.

12
0.

07
20

.2
5

34
.0

9
45

.6
6

Ji
17

4
31

13
.3

P 2
l2

D
ar

k
gr

ay
m

ud
st

on
e

0.
10

0.
16

1.
46

2.
57

4.
08

0.
42

0.
22

0.
10

18
.8

8
33

.3
9

47
.7

3

Ji
17

4
31

34
.0

5
P 2

l2
Bl

ac
k

gr
ay

m
ud

st
on

e
0.

08
0.

10
1.

38
2.

70
5.

44
0.

35
0.

20
0.

10
22

.9
4

31
.5

6
45

.5
0

Ji
17

4
31

46
.1

6
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

12
0.

18
1.

65
2.

90
3.

39
0.

19
n.

d.
0.

12
18

.5
3

41
.4

5
40

.0
1

Ji
17

4
31

58
.8

8
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

32
0.

04
8.

93
2.

56
6.

01
0.

21
0.

18
0.

23
19

.8
4

39
.0

7
41

.1
0

Ji
17

4
31

66
.7

4
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

11
0.

21
2.

42
2.

23
3.

02
0.

27
0.

17
0.

16
21

.4
7

40
.2

9
38

.2
4

Ji
17

4
31

77
.5

5
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

16
0.

09
3.

62
2.

13
6.

44
0.

12
0.

12
0.

25
22

.0
8

37
.8

7
40

.0
5

Ji
17

4
32

17
.5

1
P 2

l2
D

ar
k

gr
ay

ca
lc

ar
eo

us
m

ud
st

on
e

0.
12

0.
17

1.
30

2.
80

4.
89

0.
31

0.
11

0.
06

13
.1

0
35

.7
9

51
.1

1

Ji
17

4
31

30
.7

6
P 2

l2
Bl

ac
k

gr
ay

m
ud

st
on

e
0.

12
0.

12
2.

29
2.

32
8.

37
0.

26
0.

16
0.

14
25

.8
1

30
.8

3
43

.3
6

Ji
17

4
31

14
.7

3
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

11
0.

16
1.

37
2.

39
7.

26
0.

39
0.

20
0.

14
31

.8
3

28
.7

2
39

.4
5

Ji
17

4
31

17
.7

5
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

13
0.

15
1.

96
2.

45
11

.1
3

0.
41

n.
d.

0.
10

20
.5

9
32

.5
4

46
.8

8

Ji
17

4
31

18
.7

8
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

14
0.

19
2.

15
2.

04
7.

08
0.

38
0.

19
0.

09
17

.6
5

34
.2

2
48

.1
3

Ji
17

4
31

22
.1

4
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

18
0.

09
5.

37
3.

39
4.

14
0.

31
0.

19
0.

17
15

.7
6

31
.3

1
52

.9
3

70



Energies 2022, 15, 2331

T
a

b
le

1
.

C
on

t.

W
e

ll
D

e
p

th
(m

)S
tr

a
ta

L
it

h
o

lo
g

y
C

1
9
/C

2
1
-

T
ri

cy
cl

ic
T

e
rp

a
n

e

T
ri

cy
cl

ic
T

e
r-

p
a

n
e

/P
e

n
ta

cy
cl

ic
T

e
rp

a
n

e

C
2

4
-

T
e

tr
a

cy
cl

ic
T

e
rp

a
n

e
/C

2
6
-

T
ri

cy
cl

ic
T

e
rp

a
n

e

C
3

5
/(

C
3

1
–

C
3

5
)

H
o

m
o

-
h

o
p

a
n

e
%

C
3

0
α
β

-
H

o
p

a
n

e
/C

2
9
α
α
α

,(
R

+
S

)-
S

te
ra

n
e

G
a

m
m

a
ce

ra
n

e
In

d
e

x
C

3
1

R
/C

3
0
-

H
o

p
a

n
e

T
s/

(T
s

+
T

m
)

C
2

7
-

S
te

ra
n

e
(%

)

C
2

8
-

S
te

ra
n

e
(%

)

C
2

9
-

S
te

ra
n

e
(%

)

Ji
17

4
31

46
.1

9
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

12
0.

16
1.

11
3.

66
2.

80
0.

12
0.

20
0.

11
19

.2
2

44
.6

0
36

.1
9

Ji
17

4
31

52
.9

8
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

18
0.

21
4.

31
2.

94
6.

27
0.

27
0.

18
0.

12
14

.6
9

52
.9

5
32

.3
6

Ji
17

4
31

55
.3

2
P 2

l2
D

ar
k

gr
ay

do
lo

m
it

ic
m

ud
st

on
e

0.
22

0.
10

8.
54

1.
46

5.
91

0.
26

0.
21

0.
15

14
.6

9
57

.2
6

28
.0

5

Ji
17

4
31

62
.0

2
P 2

l2
D

ar
k

gr
ay

m
ud

st
on

e
0.

22
0.

03
7.

27
2.

34
7.

27
0.

25
0.

18
0.

22
18

.7
6

41
.5

6
39

.6
8

Ji
17

4
31

96
.3

P 2
l2

D
ar

k
gr

ay
do

lo
m

it
ic

m
ud

st
on

e
0.

09
0.

16
1.

55
2.

44
7.

47
0.

27
0.

16
0.

18
20

.7
0

37
.2

8
42

.0
2

Ji
22

25
43

.0
6

P 2
l2

D
ar

k
gr

ay
m

ud
st

on
e

0.
10

0.
15

1.
69

1.
75

5.
25

0.
35

0.
13

0.
12

23
.9

7
33

.6
3

42
.4

0

Ji
22

25
54

.5
4

P 2
l2

D
ar

k
gr

ay
do

lo
m

it
ic

m
ud

st
on

e
0.

06
0.

13
0.

87
2.

44
6.

56
0.

40
0.

08
0.

08
23

.6
9

30
.9

6
45

.3
5

Ji
22

25
52

.6
7

P 2
l2

D
ar

k
gr

ay
do

lo
m

it
ic

m
ud

st
on

e
0.

09
0.

09
2.

39
1.

51
5.

97
0.

25
0.

08
0.

21
35

.3
5

32
.1

1
32

.5
4

Ji
22

25
54

.8
P 2

l2
D

ar
k

gr
ay

do
lo

m
it

ic
m

ud
st

on
e

0.
08

0.
07

1.
76

2.
35

10
.3

6
0.

55
0.

22
0.

10
33

.0
7

33
.1

3
33

.8
0

Ji
23

22
96

.1
2

P 2
l2

G
ra

y
bl

ac
k

ca
lic

o
m

ud
st

on
e

0.
05

0.
07

0.
81

2.
59

8.
57

0.
51

0.
21

0.
21

31
.1

1
30

.4
4

38
.4

6

Ji
23

22
96

.0
4

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

04
0.

06
0.

61
2.

48
8.

32
0.

50
0.

21
0.

22
30

.0
2

30
.4

1
39

.5
7

Ji
5

35
35

.5
6

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
1.

43
0.

08
n.

d.
n.

d.
4.

73
0.

37
0.

25
0.

52
17

.4
3

32
.5

1
50

.0
6

Ji
7

20
59

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

16
0.

05
1.

26
4.

76
1.

72
0.

16
0.

21
0.

30
17

.4
2

17
.3

6
65

.2
2

Ji
7

19
49

.6
1

P 2
l2

G
ra

y
bl

ac
k

m
ud

st
on

e
0.

05
0.

08
1.

19
6.

70
1.

26
0.

24
0.

17
0.

24
18

.7
3

31
.9

1
49

.3
6

Ji
7

20
69

.9
9

P 2
l2

D
ol

om
it

ic
m

ud
st

on
e

0.
29

0.
19

n.
d.

n.
d.

2.
10

0.
13

0.
23

0.
09

32
.4

6
31

.1
5

36
.3

9

Ji
7

21
60

.2
P 2

l2
D

ol
om

it
ic

m
ud

st
on

e
0.

13
0.

12
3.

62
3.

62
2.

50
0.

24
0.

25
0.

34
24

.8
9

31
.3

1
43

.7
9

Ji
7

22
87

.4
5

P 2
l2

D
ol

om
it

ic
m

ud
st

on
e

0.
09

0.
17

1.
06

2.
75

1.
29

0.
14

n.
d.

0.
35

22
.8

3
17

.6
9

59
.4

7

Ji
7

19
49

.6
1

P 2
l2

D
ar

k
gr

ay
do

lo
m

it
ic

m
ud

st
on

e
0.

00
0.

08
1.

17
7.

19
2.

16
0.

25
0.

21
0.

26
19

.6
9

33
.7

9
46

.5
2

Ji
7

21
60

.2
P 2

l2
D

ar
k

gr
ay

do
lo

m
it

ic
m

ud
st

on
e

0.
24

0.
05

10
.9

0
n.

d.
8.

14
0.

23
0.

13
0.

37
29

.3
8

30
.6

3
39

.9
9

Ji
7

22
87

.4
5

P 2
l2

D
ar

k
gr

ay
do

lo
m

it
ic

m
ud

st
on

e
0.

33
0.

06
2.

80
3.

06
9.

21
0.

20
n.

d.
0.

10
32

.7
0

26
.0

5
41

.2
5

Ji
7

20
69

P 2
l2

Bl
ac

k
m

ud
st

on
e

0.
07

0.
08

0.
86

n.
d.

1.
51

0.
27

n.
d.

0.
21

17
.6

1
28

.0
6

54
.3

3

Ji
7

21
60

P 2
l2

Bl
ac

k
do

lo
m

it
ic

m
ud

st
on

e
0.

15
0.

06
1.

86
5.

31
4.

14
0.

61
n.

d.
0.

28
16

.6
4

23
.6

3
59

.7
3

71



Energies 2022, 15, 2331

4.1.2. Terpanes

Tricyclic terpanes are abundant in the P2l shale of the study area, mainly in the range
of C19–C28 (Figure 3), indicating that their formation was closely related to the input of an
algae source [29]. The baseline of the GC–MS spectra is nearly horizontal, with no UCM
“hump”, suggesting that there was nearly no influence of biodegradation. The source
rocks are rich in hopanes. The C30αβ-hopane/C29ααα,(R + S)-sterane ratios are 1.26–19.28,
with an average of 6.12 (Figure 3, Table 1), suggesting that bacteria reproduced rapidly
in a lake environment and provided a large amount of hopane precursors. The ratios of
some individual samples were relatively low, which may be related to a certain amount
of terrestrial organic matter input. C31–C35 homohopanes are closely related to prokary-
otic microorganisms, and high abundance of C35 homohopane often indicates a strongly
reducing depositional environment [25,30]. The C35 homohopane index (C35/(C31–C35)
homohopane%) of the P2l shale is relatively high, with a range of 1.46–7.19 and an aver-
age of 3.17, indicating that the sedimentary water body had strong reducibility (Figure 3,
Table 1). The C31R homohopane/C30 hopane ratios are 0.08–0.25, with an average of 0.17,
also exhibiting the characteristics of lacustrine crude oil (Figure 3, Table 1). Gammacerane
can effectively reflect the stratification of sedimentary water bodies, which in turn is related
to the salinity of the water body [31]. The abundance of gammacerane in coal-measure
source rocks formed in a swamp environment is very low, and their gammacerane index
(Gammacerane/(Gammacerane + C30αβ-hopane)) is usually less than 0.05 (or even less
than 0.01). The abundance of gammacerane in lacustrine sedimentary mudstone is rela-
tively high, and the gammacerane index is greater than 0.05 in most cases [31,32]. The
gammacerane index values of P2l shale source rocks in the study area were 0.12–0.61, with
an average of 0.30 (Figure 3, Table 1), indicating that evaporation was very strong and the
sedimentary water body had a fairly high salinity. In other words, in the Middle Permian,
the Jimsar Depression was a saline lake basin.

Table 2. The definition of the biomarker code.

Code Name Code Name

S1 5α(H),14β(H)-pregnane T6 C24,13β(H),14α(H)-tricyclic terpane

S2 C22-homopregnane T7 C25,13β(H),14α(H)-tricyclic terpane

S3 20S-ααα-sterane T8 C26-tricyclic terpane

S4 20R-αββsterane T9 C26-tricyclic terpane

S5 20S-αββ-sterane T10 C24-tetracyclic terpane

S6 20R-ααα-sterane T11 C28-tricyclic terpane

S7 20R-24-ethyl-10α13β17α-rearranged sterane T12 C28-tricyclic terpane

S8 20S-24-ethyl-10α13α17β-rearranged sterane T13 18α,-22,29,30-trisnorhopane(Ts)

S9 20S-24-methyl-ααα-sterane T14 17α,-22,29,30-trisnorhopane(Tm)

S10 20R-24-methyl-αββ-sterane T15 17α,21β-30-norhopane

S11 20S-24-methyl-αββ-sterane T16 17α(H),21β(H)-hopane

S12 20R-24-methyl-ααα-sterane T17 17β(H),21α(H)-moretane

S13 20S-24-ethyl-ααα-sterane T18 22S-17α(H),21β(H)-homohopane

S14 20R-24-ethyl-αββ-sterane T19 22R-17α(H),21β(H)-homohopane

S15 20S-24-ethyl-αββ-sterane T20 Gammacerane

S16 20R-24-ethyl-ααα-sterane T21 22R-17β(H),21α(H)-homohopane
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Table 2. Cont.

Code Name Code Name

T1 C19,14β(methyl)-tricyclic terpane T22 22S-17α(H),21β(H)-double homohopane

T2 C20,13β(H),14α(H)-tricyclic terpane T23 22R-17α(H),21β(H)-double homohopane

T3 C21,13β(H),14α(H)-tricyclic terpane T24 22S-17α(H),21β(H)-trishomohopane

T4 C22,13β(H),14α(H)-tricyclic terpane T25 22R-17α(H),21β(H)-trishomohopane

T5 C23,13β(H),14α(H)-tricyclic terpane

 

Figure 3. Gas chromatography–mass spectroscopy (GC–MS) spectra of the biomarkers of the (a,b) ter-
panes (m/z 191) and (c,d) steranes (m/z 217) in the P2l source rocks in the Jimsar Depression (the
compounds corresponding to all of the labels are shown in Table 2).

4.1.3. Sterane

The data suggest that the Lucaogou source rocks were rich in C27 and C28 steranes,
implying the existence of large quantities of algae organic matter [33]. The contents of
the C27, C28, and C29 regular steranes in the P2l shale in the study area were 13.1–42.2%
(average 22.9%), 17.4–57.3% (average 33.0%), and 28.1–57.3% (average 44.1%), respectively
(Table 1, Figures 3 and 4). The total content of the C27 and C28 regular steranes in the
source rock samples exceeded the content of C29 regular steranes. This indicates that algae
organic matter was dominant; however, it also indicates that there may have been some
contribution from terrestrial organic matter to source rocks in the study area. The relatively
high C29 sterane content was not just related to the source of the organic matter; it was
also affected by the depositional environment of the source rocks. Generally, lacustrine
source rocks dominated by input of algae sources have higher relative C29 sterane content
than marine carbonate/shale [34–36]. Overall, the P2l shale had relatively high C27 and C28
sterane content (Figure 4).
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Figure 4. Ternary diagram of the relative percentages of the C27, C28, and C29 regular steranes in the
P2l source rocks in the Jimsar Depression.

4.2. Type and Abundance of Source Rocks
4.2.1. Types of Organic Matter

The elemental analysis revealed that the H/C atomic ratios of the P2l1 member
in the study area were 0.79–1.33 (average 1.06); the O/C atomic ratios were 0.04–0.08
(average 0.06); the H/C atomic ratios of the P2l2 member were 0.82–1.60 (average 1.23);
the O/C atomic ratios were 0.03–0.30 (average 0.08); and the two sets of source rocks did
not exhibit significant differences, mainly exhibiting the characteristics of type II kerogen
(Figure 5a). Hunt (1996) [37] pointed out that when the H/C atomic ratio is >0.8, organic
matter starts to have the capability to generate oil. According to this standard, the P2l shale
had a relatively high H/C atomic ratio and was a set of oil-prone source rocks. It should be
noted that large differences in the H/C atomic ratios of the different samples indicated that
this set of source rocks was strongly heterogeneous.

Based on the pyrolysis HI values of >600, 300–600, 200–300, 50–200, and <50 mg
hydrocarbons/g TOC, the organic matter can be divided into five types: type I (extremely oil-
prone type), type II (oil-prone type), II/III type (oil/gas-prone type), type III (gas-prone type),
and type IV (non-source rock) (Figure 5b) [38,39]. The HI values of the P2l1 member in the
study area were 12–781 mg hydrocarbons/g TOC (average of 367 mg hydrocarbons/g TOC),
the HI values of the P2l2 member were 72–808 mg hydrocarbons/g TOC (average of 390 mg
hydrocarbons/g TOC), and there was no large difference between the two sets of source
rocks (Figure 5b). The type I, type II, type II/III, type III, and type IV samples accounted for
14.5%, 47.1%, 21.0%, 15.2%, and 2.0% of the total samples, respectively, indicating that the
P2l source rocks were dominated by type II kerogen, and that type I kerogen did not account
for a large proportion. In addition, this set of source rocks was very strongly heterogeneous,
and the types of parent materials involved were very different. This heterogeneity was very
obvious even in samples from the same well. As an example, for Well Ji174, from which a
large number of samples were collected, the HI values of the P2l1 and P2l2 members were
48–294 and 72–808 mg hydrocarbons/g TOC, respectively.
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Figure 5. Plots of (a) O/C vs. H/C and (b) atomic ratio of HI vs. Tmax showing the organic
matter types of the P2l source rocks in the Jimsar Depression (H/C, atomic ratio; O/C, atomic ratio;
immature; mature; oil generation window; highly mature; condensate oil-wet gas; over-mature; dry
gas generation).

The analysis of the organic microscopic compositions of whole-rock samples revealed
that the contents of the vitrinite group and exinite group of the P2l source rocks were
low (<20%), while the contents of the sapropelinite group + exinite group were very high
(62.3–78.7%). In general, the sapropelinite group component mainly generated crude oil,
the vitrinite group component mainly generated natural gas, the exinite group component
generated both, and the inertinite group component had almost no potential for hydro-
carbon generation. Therefore, the P2l source rocks in the study area should mainly be
oil-generating. Figure 6 shows the results of the whole-rock organic microscopic com-
position analysis of a core sample (2321.4 m) of P2l1 from Well Ji15. Under reflected
fluorescence, the clay (Cl) substrate exhibited a strong fluorescence, and, among them, the
parallel-distributed microsporinite (MiS), resinite (R), liptodetrinite (Ld), and vitrodetrinite
(Cd) were also widely distributed (Figure 6). Under reflected plane-polarized light (oil
immersion), the clay (Cl) minerals exhibited a granular structure in which Cd and semifusi-
nite (SF) fragments were distributed and the latter’s structure was broken. Pyrite (Py) was
widely distributed, reflecting the strong reducibility of the sedimentary environment and
the good organic matter preservation conditions (Figure 6).

 

Figure 6. Analysis of the organic microscopic composition of the whole-rock P2l1 sample (2321.4 m)
from Well Ji15 (left image: reflected fluorescence; right image: reflected plane-polarized light). Cl is
clay; MiS is microsporinite; R is resinite (R); Ld is liptodetrinite; Cd is vitrodetrinite; SF is semifusinite;
MB is mineral bitumen; Py is pyrite.
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4.2.2. Abundance of Organic Matter

Huang et al. (1982) [40] summarized the abundance of organic matter in the source
rocks of the main petroliferous basins in China, and proposed corresponding evaluation
criteria for lacustrine source rocks deposited in freshwater and brackish water environ-
ments (Figure 7). The TOC values of the P2l1 and P2l2 source rocks were 0.38–7.55%
(average 3.30%) and 0.34–12.45% (average 3.80%), respectively. From the perspective of
organic carbon, the proportions of good and extremely good source rocks in the P2l1 source
rocks were 15.0% and 70.0%, respectively, while the proportions of good and extremely
good source rocks in the P2l2 source rocks were 14.3% and 75.5%, respectively. The source
rock S1 + S2 values of the P2l1 and P2l2 members were 0.26–39.44 mg hydrocarbons/g
rock (average of 15.21 mg hydrocarbons/g rock) and 0.47–78.96 mg hydrocarbons/g rock
(average of 17.60 mg hydrocarbons/g rock), respectively (Figure 7). In terms of S1 + S2, the
proportions of the good and extremely good source rocks in the P2l1 member were 40%
and 30%, respectively, while the proportions of the good and extremely good source rocks
in the P2l2 source rocks were 37.8% and 34.7%, respectively (Figure 7).

 

Figure 7. TOC vs. S1 + S2 diagram showing the abundance of organic matter in the P2l source rocks
in the Jimsar Depression (extremely good source rock; good source rock; medium-grade source rock;
poor-non-source rock).

From the perspective of the TOC and S1 + S2, the P2l source rocks were generally good
to extremely good source rocks, but they also exhibited a strong heterogeneity (Figure 7). It
should be noted that when the TOC was used as the evaluation standard, the quality of
the source rocks was considerably better than the results obtained using the hydrocarbon
generation potential as the standard. For example, when TOC was used as the evaluation
criterion, the proportion of extremely good source rocks out of the total number of samples
was twice as high as the results obtained based on S1 + S2. This is mainly due to the
difference in the hydrogen content of the source rocks. In thermochemical reactions, carbon
must be combined with hydrogen to generate hydrocarbons. If the hydrogen content is low,
even if the organic carbon content is high, the result is often ineffective. The heterogeneity
of the hydrogen content of the source rocks, which is reflected in the analysis of organic
elements and the pyrolysis hydrogen index, also confirms this view (Figure 5). When
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evaluating the P2l source rocks, the results obtained using the pyrolysis hydrocarbon
generation potential as the standard may be more reliable.

4.3. Thermal Evolution of the Source Rocks
4.3.1. Maturity of the Source Rocks

The vitrinite reflectance values of the P2l source rocks in the study area were 0.52–1.24%,
with an average of 0.71%, meaning they were within the main oil generation window. It is
generally believed that when S2 is less than 0.2 mg hydrocarbons/g rock, Tmax is unreli-
able [41]. Except for the two samples from Well Ji5, the S2 values of the samples from the
study area were greater than 0.2 mg hydrocarbons/g rock. The Tmax values obtained based
on these values were generally reliable, ranging from 428 ◦C to 454 ◦C, with an average
of 445 ◦C. The samples were essentially in a mature stage, which is consistent with the
situation reflected by the vitrinite reflectance.

The gas chromatographic analysis of the extracted source-rock bitumen revealed that
the carbon preference index (CPI) values of the P2l source rocks in the Jimsar Depression
were 1.18–2.0 (average 1.41), and the odd-to-even preference (OEP) was 1.14–1.71 (aver-
age 1.30), exhibiting a significant odd–even predominance, which indicates that the maturity
of the source rocks was not high. The C2920S/(S + R)-sterane and C29ββ/(αββ + ααα)-
sterane ratios of the source rock extracts were 0.09–0.46 and 0.11–0.45, respectively, making
them lower than the equilibrium values (0.67–0.71 and 0.52–0.55), though they were still
within the oil generative window (Figure 8, Table 1) [25].

 
Figure 8. Use of sterane isomer maturity parameters to determine the organic matter maturity of the
P2l source rocks in the Jimsar Depression.
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4.3.2. Thermal Evolution of the Source Rocks

Based on a two-dimensional seismic profile crossing the Jimsar Depression in the east–
west direction, we restored the hydrocarbon generation and expulsion history and burial
history of the P2l source rocks (Figure 9; the location of the profile is shown in Figure 1c).
At the end of the Triassic, the maturity of the P2l shale was low, EasyRo < 0.5%, and it
had not yet reached the oil generation threshold (Figure 9a). The maturity of the P2l shale
increased significantly at the end of the Cretaceous, with an EasyRo > 0.7%, and it entered
the main oil generation window, producing a large amount of normal crude oil. The highly
mature stage (1.0–1.3% EasyRo) was reached in the deep part of the Depression, and certain
amounts of highly mature crude oil and condensate gas were generated (Figure 9b). After
the Cretaceous deposition, the formation was uplifted and denuded, and the hydrocarbon
generation process in the P2l source rocks stalled (Figure 9c). In the Paleogene, P2l continued
to settle (Figure 9d). Currently, the deep part of the depression has generally reached the
high-maturity stage, producing a large amount of highly mature oil and condensate gas
(1.0–1.3% Ro). The shallow part had relatively low maturity and could only generate a
large amount of normal crude oil (0.7–1.0% EasyRo) (Figure 9e).

4.4. Thermal Simulation Experiment on Source Rocks in a Closed System

In this study, a P2l calcareous and siliceous black shale sample (core, 2321.4 m; sam-
pling location is shown in Figure 1c) from Well Ji15 in the eastern margin of the Jimsar
Depression was selected. Its kerogen was extracted, and a gold-tube thermal simulation ex-
periment was carried out in a closed system. The total organic carbon content of this sample
was 2.46%, the hydrocarbon generation potential (S1 + S2) was 13.36 mg hydrocarbons/g
rock, and the HI was 491 mg/g TOC. Generally speaking, the abundance index was in the
middle of the range of the P2l shales in the Jimsar Depression, and was representative. In
addition, the maturity of the sample was relatively low, the measured vitrinite reflectance
was 0.54%, and the sample was determined to be an ideal thermal simulation sample.

When the gas leaves the gold tube under the internal pressure of 1 × 102 Pa and enters
the vacuum equipment for gaseous compound analysis, large quantities of C6 and C7
compounds evaporate and are lost. Therefore, when the total amount of liquid hydrocarbon
compounds produced was determined, only the amount of C8+ compounds was measured
(Figure 10). At 2 ◦C/h and 20 ◦C/h, the maximum amounts of oil generated by the P2l
shale in the experiment were 209.2 mg/g (0.96EASY%Ro) and 172.3 mg/g (1.08EASY%Ro),
respectively (Figure 10). There was no large difference in the maximum amount of oil
generated by the sample at the heating rates of 2 ◦C/h and 20 ◦C/h. When EASY%Ro > 1.0,
the maximum amount of oil generated at a heating rate of 2 ◦C/h was slightly higher than
that generated at a heating rate of 20 ◦C/h (Figure 10). The experimental results show
that the heating rate was not the key factor controlling the crude oil yield in this study.
During the thermal simulation process, when the kerogen was cracked to produce crude
oil for the first time, part of the crude oil was cracked to generate natural gas at the same
time. Therefore, we could assume that the measured maximum amount of oil generated
represented a conversion rate of 95% for the kerogen sample [42]. Based on this assumption,
the maximum amount of oil generated by the sample in this study was 220.2 mg/g TOC
(209.2 mg/g TOC/0.95).
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Figure 9. Two-dimensional simulation profile of the thermal evolution and burial history of the
P2l source rocks in the Jimsar Depression (Late Triassic (a); Late Cretaceous (b); after Cretaceous
deposition, uplift and denudation of formations (c); Late Paleogene (d); present day(e)). The location
of this section can be found in Figure 1c.
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Figure 10. Simulation results of the oil production rate under different heating rates of the P2l source
rocks in the Jimsar Depression.

The organic adsorption model proposed by Pepper (1992) and Sandvik et al. (1992) [43,44]
can be used to estimate the amount of oil expelled from the source rocks. We defined R as
the amount of residual oil in g/g TOC, and we defined M and W as the final amount of
oil generated and the final amount of oil expelled per gram of initial organic carbon in the
source rocks, respectively [42]. Assuming that the carbon content of the expelled crude oil
was 80% after the oil expulsion was completed, the amount of residual organic carbon and
residual oil per gram of original organic carbon in the source rocks were (1 − 0. 8 × W) and
R × (1 − 0.8 × W), respectively; thus, the following equations could be established [42]:

M = W + R × (1 − 0.8 × W), (1)

W = (M − R)/(1 − 0.8 × R), (2)

where the units of M and W are g/g TOC. As previously mentioned, according to the py-
rolysis experiment conducted in the closed system, the maximum amount of oil generated
(M) by the sample was 220.2 mg/g TOC. The content (R) of bitumen extracted from the
P2l source rocks in the Jimsar Depression was mainly in the range of 60–100 mg/g, the
maximum amount of expelled crude oil (W) was 130.7–168.2 mg/g TOC, and the maximum
hydrocarbon expulsion efficiency was 59.3–76.4% [42,43,45].

5. Conclusions

Based on data from the hydrocarbon pyrolysis, the contents of organic carbon and
soluble organic matter, the biomarkers, the organic microscopic composition, the vitrinite
reflectance, the basin simulation and hydrocarbon generation experiments, the sedimentary
environment, hydrocarbon generation capacity, quality, and maturity of the Lucaogou
Formation were discussed. Four main conclusions could be drawn.

(1) The majority of the organic matter in the Lucaogou Formation came from algae, and
the sedimentary water environment had high reducibility and salinity.

(2) The organic microscopic components of the Lucaogou source rocks were dominated
by the sapropelinite group and exinite group, and they were a set of oil-prone source

80



Energies 2022, 15, 2331

rocks. Most of them were rated as good and extremely good, but their heterogeneity
was strong.

(3) At the end of the Cretaceous period, the Lucaogou Formation source rocks entered the
main oil generation window and began to generate a large amount of normal crude
oil. Currently, the deep part of the depression has generally reached the high-maturity
stage and is generating a large amount of highly mature oil and condensate gas. The
maturity of the shallow part is relatively low, and only a large amount of conventional
crude oil can be generated.

(4) The thermal simulation experiment conducted in a closed system suggests that the
Lucaogou source rocks have great hydrocarbon generation capacity and expulsion
efficiency, and the heating rate did not have a significant impact on the maximum
amount of oil generated.
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Abstract: The coalbed methane (CBM) geology in Guizhou is characterized by a high gas content,
pressure and resource abundance, indicating superior CBM resource potential. However, there are
also many unfavorable factors, such as complex structure geology, significant regional differences
in CBM geology, the widespread development of tectonically deformed coal, and the unclear un-
derstanding of the configuration of geological factors for CBM enrichment and high yield, which
restrict the increase in CBM production and a large-scale development. Taking the Dahebian Block in
Liupanshui coal field and the Dafang Block in Qianbei coal field as examples, this study presented the
CBM geological differences between middle- and high-rank coals; their origins were analyzed and
the effect of depth on gas content and permeability was discussed. A CBM enrichment and high-yield
model was illustrated, and the geologic fitness-related exploration and development methods for
Guizhou CBM were finally proposed. The results show that (1) significant differences between
the middle- and high-rank coals occur in coal occurrence and distribution, coal qualities, and coal
reservoir properties. Compared to Dahebian coal, Dafang coal has a higher coal rank, vitrinite content,
and gas content, but a lower number of coal layers and permeability. (2) The sedimentary–tectonic
evolution of the Longtan coal-bearing sequence is the fundamental reason for CBM geological dif-
ferences between the Dadebian Block and Dafang Block, consisting of coal occurrence, qualities,
maceral, rank, structure, and their associated reservoir properties. (3) The coordinated variation of gas
content and permeability contributes to a greater depth for CBM enrichment and a high yield of the
middle-rank coal. It is suggested that the best depths for CBM enrichment and high yield in Guizhou
are 600–800 m for the middle-rank coal and 500 m for the high-rank coal, respectively. (4) Considering
the bottleneck of inefficient CBM development in Guizhou, we proposed three CBM assessment
and development technologies, including the CBM optimization of the classification–hierarchical
optimization–analytical hierarchy, multiple coal seams commingling production with the pressure
relief of tectonically deformed coal, and surface–underground CBM three-dimensional drainage
development. The aim of this study was to provide new insights into the efficient exploration and
development of CBM in Guizhou.

Keywords: different CBM geology; middle and high rank coal; tectonism and sedimentation;
enrichment and high yield model; exploration and development strategy
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1. Introduction

Guizhou Province is rich in coalbed methane (CBM) resources, accounting for 10%
of the total CBM geological resources in China. The CBM in Guizhou is characterized
by a large reserve, a concentrated distribution, and a high quality, and has high poten-
tial for large-scale exploration and development. In the 14th Five-year Plan of Guizhou
Province, it has been clearly stated that “accelerating the exploration and development of
CBM, promoting the Bijie-Liupanshui-Xingren CBM industrial base and approaching CBM
annual output of 4 × 108 m3” [1]. The government also vowed to support and promote
the construction of the Zhijin–Panzhou CBM industrial base. The above policies and ad-
vantages reinforce the exploration and development of CBM in Guizhou Province. The
coal-bearing sequence in Guizhou was formed during the Late Permian, and the tectonic
evolutions of the coal-bearing basin are characterized by the multistage, strong different
lifting-subsidence and late shaping. The sedimentary setting of the Longtan coal-bearing
sequence showed a strong change between marine and land facies across the surface and
at the vertical sequence [2]. There are various coal types, and the Guizhou coals show a
wide distribution of coal rank, ranging from high volatile bituminous to anthracite. The
genetic types of coal both contain regional magmatic thermal metamorphism and plutonic
metamorphism [3,4]. The gas-bearing property of coal is highly related to the structural
style and depth, and its control via the coupling of multiple factors is the fundamental
reason for the diversity of CBM-rich types in Guizhou [5]. The attributes of CBM, char-
acterized by “small but fat” (a small area but a high abundance of CBM resources), were
significantly affected by the sedimentation and tectonic [6]; namely, coal-bearing syncline
is the enrichment location of CBM, and there is a positive correlation between depth and
gas content. The general characteristics of the coal reservoir in Guizhou consist of low
porosity, permeability and high gas saturation, in situ stress, and damage degree; mean-
while, there are significant differences among the coal-bearing tectonic units [7–9]. On the
one hand, strong reservoir heterogeneity results in the morphology of pores and fractures,
especially nano-pores, and then affects the gas flow and efficient CBM production; on
the other hand, various pore structures also contribute to different methane adsorption,
which will enlarge the difference between excess and absolute adsorption, and finally affect
the accurate evaluation of gas content [10–12]. The extensive occurrence of tectonically
deformed coal is an important factor restricting the large-scale development of CBM in
Guizhou [13,14]. Significantly, extremely thick coal usually shows a higher deformation
and failure degree of the coal body, such as No. 11 coal in Dahebian Block and No. 6
coal in Wenjiaba Block. The CBM geological conditions, associated with its enrichment
and accumulation, vary in Guizhou. The lithofacies paleogeography, differential tectonic
subsidence and abnormal thermal evolution resulted in the observation that the occurrence
and physicochemical properties of coal show a regional and heterogeneous distribution
in Guizhou [15–17]. Affected by the sequence stratigraphic framework and hydrogeology,
the gas-bearing property, gas-bearing gradient, and pressure coefficient of coal are inde-
pendently segmented at the vertical sequence without a direct fluid exchange, resulting in
the formation of the unattached multiple superposed CBM system [18–20]. Some advances
have been made in the exploration and development of the CBM of middle- and high-rank
coals in Guizhou in recent years. For example, well Yangmeican 1 (middle-rank coal)
and well Wencong 1 (high-rank coal) both show breakthroughs in technology and gas
production [21,22]. However, most CBM wells still present a low gas production and short
time of stable gas production. The significant geological and regional difference in CBM in
different coal-bearing units resulted from their tectonic–sedimentary differentiations, which
poses challenges to increasing CBM production and conducting large-scale development
in Guizhou.

The representative coal-bearing blocks in Guizhou, the Dahebian Block (middle-rank
coal), and Dafang Block (high-rank coal) were used as the cases in this study. The differences
in the occurrence, maceral, coal quantity, and reservoir physical properties were analyzed,
and their origins of sedimentation and tectonic were interpreted. Then, the effect of depth
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on the gas content and permeability of coal was identified, and the geological model
of the CBM enrichment and high yield in Guizhou was established. Finally, based on
the bottleneck induced by the geological differences in CBM in Guizhou, the exploration
and development methods and technologies with geological suitability were put forward.
This study aims to provide a geological theory and new insights into the exploration and
development of CBM in complex geological settings.

2. Materials and Method

2.1. Samples and Data Sources

The samples and data in this study are composed of two parts: one is the coal sam-
ples collected from boreholes and underground coal mines, and the other is the logging
interpretation data of boreholes in study area. The pulverized coals included Nos. 1, 4,
7, 8, 11, 12, 13, 14, 17, and 30 coals, which are collected from boreholes in the Dahebian
Block, and Nos. 61, 62, 63, 7, 10, 14, 23, 33, and 34 coals, which were collected from Dafang
Block. The pulverized coals were applied for maceral identification, and the determination
of the total sulfur, ash and major element contents. The block coals are No. 11 coal from
Wangjiazhai mine in the Dahebian Block and No. 6 coal from the Lvtang mine in the Dafang
Block. The block coals were made into a cylinder with a size of 2.5 cm × 2.5 cm × 5 cm
for the porosity and permeability measurement of the core in net confining stress. The
wells used for the logging interpretation of gas content, porosity and permeability included
Zhong-1, Zhong-1-1, Zhong-1-4, Zhong-1-6, Zhong-1-8, CK2302, CK2402, and CK2602 in
the Dahebian Block and Da-201, Da-2, and Da-203 in the Dafang Block.

2.2. Methods

The pulverized coals were crushed and reduced into the required size and qualities
for maceral identification and determination of the total sulfur, ash, and major element
contents. These experiments were conducted according to Chinese National Standard
GB/T 8899-2013 “Determination of maceral group composition and minerals in coal”,
GB/T 212-2008 “Proximate analysis of coal”, GB/T 214-2007 “Determination of total sulfur
in coal” and GB/T 14506. 28-2010 “Methods for chemical analysis of silicate rocks”.

High-pressure nitrogen was used to provide the confining pressure, and high-purity
helium was used as the test gas. The test temperature was the indoor temperature, and
its changes were controlled within 1 ◦C. The test pressure was designed as 3, 6, 9, 12,
and 15 MPa, and the equilibrium time for each pressure was 30 min. The test procedures
were conducted according to the Chinese oil and gas industry standard “The porosity and
permeability measurement of core in net confining stress”.

3. Results and Discussion

3.1. Different Characteristics between the Middle and High-Rank Coals

The Dahebian Block in the northwest of the Liupanshui coal field and the Dafang
Block in the south of the Qianbei coal field develop the middle- and high-rank coal, respec-
tively. There are obvious differences between them regarding tectonic characteristics. The
Dahebian Block is located in the western part of the Yangtze platform with a NNW–SEE
direction. There is only one large, wide, and gentle syncline, named Dahebian syncline,
with relatively few faults and a simple structure. The Dafang Block is located in the Zhunyi
Fault-Arch zone of Qianbei Uplift with a NE–SW direction. The Luojiaohe syncline and
Dafang anticline control the structure of the block, and their related faults and sub-folds
are widely distributed. There are also great differences in coal occurrence, qualities and
properties between these two blocks. Importantly, a stronger tectonic deformation results
in Dafang Block having a wider distribution of tectonically deformed coal, accounting
for approximately 40% of the total coal distribution. In contrast, this proportion is 10%
in the Dahebian Block. The thickness of the coal-bearing sequence in the Dahebian Block
ranges from 200.70 m to 257.28 m, with an average of 232.97 m. This sequence contains
14–29 layers of coal, and the thickness of the coal ranges from 14.24 m to 17.54 m, with
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an average of 16.08 m. Dahebian low-middle volatile bituminous is mainly composed
of semidull and semibright–semidull coal. The ratio of coal maceral is 2:1:1 in Dahebian
coal, and vitrinite is the primary maceral. The thickness of the coal-bearing sequence in
the Dafang Block ranges from 166.14 m to 261.5 m, with an average of 204.14 m. This
sequence contains 23–50 layers of coal, and the thickness of the coal ranges from 3.97 m
to 13.75 m, with an average of 9.5 m. Dafang anthracite is mainly composed of bright
coal and vitrinite content, which accounts for approximately 80% and inertinite content
for approximately 20%. Previous studies have demonstrated that there are significant
differences between these two blocks in terms of coal occurrence, coal maceral, coal quality,
and reservoir properties [7,23,24]. Therefore, the key geological parameters of the two
blocks are summarized here, as shown in Table 1, and the CBM geological conditions
are comprehensively compared from the perspectives of the occurrence, composition and
physical properties of coal.

Table 1. Comparison of the representative CBM geological parameters between Dahebian block and
Dafang block.

Geological Parameters Dahebian Block Dafang Block

Occurrence

Total thickness of coal/m 14.24–17.54/16.08 3.97–13.75/9.50
Depth/m 600–1200/800 400–1000/600

Number of coal layer 14–29/18 23–50/35
Average coal interval/m 4.79–108.71/25.78 11.64–57.84/34.74

Total thickness of coal measure/m 200.70–257.28/232.97 166.14–261.50/204.14

Coal properties

Vitrinite reflectance/% 0.73–0.97/0.82 3.03–3.69/3.32
Vitrinite content/% 38.53–63.95/53.81 79.74–92.84/83.96

Ash content/% 11.27–39.05/25.16 23.75–28.63/26.05
Sulfur content/% 0.24–5.91/3.1 1.32–2.76/1.94

Coal reservoir
parameters

Gas content/m3·t−1 8.39–14.92/11.66 17.84–23.75/20.8
Permeability/mD 0.03–0.66/0.3 0.016–0.43/0.17

Gas saturability/% 70.45–102.42/83.34 75.59–84.8/78.33
Langmuir volume/cm3·g−1 10.57–18.72/14.52 28.18–35.14/32.04

Langmuir pressure/MPa 2.48–3.09/2.71 2.28–2.51/2.38
Tectonically deformed coal development Weak Medium–well developed

Pressure gradient/MPa·100 m−1 0.87–1.32/1 0.82–0.93/0.89

Annotation: Min–Max/Average.

As shown in Table 1, the typical differential CBM geological characteristics between
Dahebian and Dafang Blocks include coal layer number; vitrinite reflectance; maceral; coal
quality; coal structure; and their highly related reservoir parameters, such as gas content
and permeability. First, in terms of coal occurrence, the coals in both blocks have low to
medium thickness, but they have a higher thickness and a more concentrated distribution
in the Dahebian Block. In the Dafang Block, coals thinner than 0.5 m are more developed,
suggesting the differences in the stability of coal environment. Second, in terms of coal
properties, there are significant differences in the maceral between the middle- and high-
rank coals. The vitrinite content of Dafang high-rank coal is dominant, concentrated at
approximately 80%, while that of Dahebian middle-rank coal is generally low and varies
widely, mainly in the range of 35–65% (Figure 1a). Although the overall average value of the
ash and sulfur content of these two blocks is similar, the variation range of Dahebian coal is
larger, which also implies the difference in the sedimentary environment. Third, on the one
hand, the gas content of Dahebian coal is generally lower than that of Dafang coal, which
is related to the coal rank. The scattered distribution of gas content and the occurrence of
an abnormally high gas content of Dafang coal suggest the development of tectonically
deformed coal (Figure 1b). On the other hand, the porosity of coals in these two blocks
is similar, but Dafang coals show more scattered porosity (Figure 2a). The permeability
of Dafang coals (<0.1 mD) is generally lower than that of Dahebian coals (0.2–0.3 mD),
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and the values are more concentrated (Figure 2b). These reservoir characteristics also
suggest that Dafang high-rank coals have a larger development of tectonically deformed
coal. Tectonic compression promotes the increase in porosity, especially the micropores that
affect adsorption capacity; however, the destruction of connectivity of the original pore
network finally decreases the permeability.

 

Figure 1. Relationship between vitrinite reflectance with vitrinite content (a) and gas content (b) of
the primary mineable coals.

 

Figure 2. Distribution of porosity (a) and permeability (b) in various coal seams obtained from the
log interpretation.

Significantly, the geological characteristics of typical medium–high-rank CBM in
Guizhou are significantly different in most geological parameters, such as the number
of coal layer, vitrinite content, coal structure, gas content, and permeability. These key
geological characteristics are the results of sedimentation and tectonic. Gas content and
permeability, which are the indictors of CBM enrichment and high yield, are not only
related to the above key geological parameters, but are also controlled by depth. Therefore,
the origins of different geological characteristics between middle- and high-rank coal were
discussed based on their sedimentary, tectonic, and depth dependences.

3.2. Origins of Different Geological Characteristics between Middle- and High-Rank Coals
3.2.1. Different Sedimentary Environment

The sedimentary environment, REDOX conditions, terrigenous supply, and seawater
activities play important roles in maceral and coal qualities, and the variation of maceral
and coal qualities can also indicate the evolution of the sedimentary environment [23,25].
Although the Dahebian and Dafang Blocks are geographically neighbors and have similar
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transitional sedimentary facies settings and coal-forming plants, there are obvious differ-
ences in sedimentary subfacies, microfacies, and seawater activities intensity. This results
in the change in the invasion of exogenous components and gelatinization during the peat
accumulation, further contributing to the variation of maceral and coal qualities.

The total sulfur content and ash index (Fe2O3 + CaO + MgO/SiO2 + Al2O3) in
Dahebian and Dafang Blocks both showed a general increase from bottom to top coal
(Figure 3a,b), indicating that the REDOX condition of the sedimentary environment changed
from weak oxidation–weak reducibility to strong reducibility, which is consistent with the
seawater activities in Guizhou during Late Permian [2]. The difference is that the variation
in coal qualities in the Dahebian Block is more significant, suggesting stronger seawater
activities during peat accumulation. Significantly, the total sulfur content of No. 12, 13, 14,
17, and 30 coals are lower than 1 %, and the ratio between organic sulfur and total sulfur ap-
proach 42.42–68.75%, suggesting that these coals were formed in a terrestrial environment
and the organic sulfur mainly came from the absorption of terrestrial plants. The triangular
diagram of ash compositions also indicated that the Dafang Block had a relatively stable
and weak reducibility environment (Figure 3c). However, Fe2O3 + SO3 gradually increased
from bottom to top in Dahebian coals, suggesting that this area evolved from near the
provenance to the environment with deep overlying water, weak hydrodynamics, and
strong reducibility. Therefore, according to the total sulfur content and ash compositions, it
can be inferred that the Dahebian Block experienced the evolution from the upper delta
plain fluvial environment to the tidal flat-lagoon environment, while the Dafang Block
mainly developed the tidal lower delta plain environment. The sedimentary environment
indicated by maceral content showed a similar result with coal qualities. In the Dafang
Block, the vitrinite content ranges from 70.84% to 86.36%, with an average of 78.16%, and
the inertinite content ranges from 13.64% to 29.16%, with an average of 21.19%. In the
Dahebian Block, the vitrinite varies, with the content ranging from 35.37% to 72.4%, and
the inertinite content ranges from 11.07% to 52.41%, with an average approximately 25%.
However, coals above No. 12 coal have a significantly higher vitrinite content, and the
inertinite content is opposite. The results of maceral also suggested that the sedimentary
environment in the Dafang Block was relatively stable with a weak hydrodynamic con-
dition and weak to strong reduction environment, but the Dahebian Block underwent a
significant change from a weak oxidation to a strong reduction environment.

 

Figure 3. Sedimentary environment indication using different coal qualities parameters. (a) Total
sulfur; (b) Ash index; and (c) Triangular diagram of ash compositions.

3.2.2. Tectonic Effects on Coal Rank and Structure

Tectonic and its associated magmatic activities have important effects on the coal rank
and structure. The coal rank is the product of the coupling effects of temperature, pressure,
and time, and the coal structure indicates the process of in situ stress transformation.
Plutonic thermal metamorphism in different geothermal environments during tectonic
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subsidence and high-temperature thermal anomalies caused by regional magmatic activities
are the fundamental driving forces of coalification.

It is well known that the thermal evolution of Longtan coals in Guizhou suffered
plutonic thermal metamorphism superimposed by high-temperature metamorphism dur-
ing the age of the Yanshan period [26]. Therefore, the uneven tectonic subsidence and
plutonic magmatic intrusion during the Yanshan period caused the uneven distribution
of temperature gradient and further resulted in a significant difference in coal rank. The
coal rank in Guizhou presents an X-type distribution with a low coal rank in the east and
west, but a high coal rank in the middle north and south of Guizhou [27,28]. The plane
distribution of coal rank shows a high relationship with deep faults in Guizhou. Affected
by the NW-oriented Ziyun–Shuicheng, NE-oriented Zongshi–Guiyang, and NNE-oriented
Zunyi–Huishui faults, anthracites are distributed in the north and south blocks, while
bituminous coals often occur in the east and west blocks (Figure 4). Meanwhile, the coal
rank of bituminous coals showed a decrease from these deep faults. The middle-rank
coals in the Liupanshui coal field are the results of plutonic thermal metamorphism, and
they are controlled by the depth, with increasing magmatic thermal effects from west to
east [29]. The uneven tectonic subsidence during the evolution of the Ziyun–Shuicheng
and Zongshi–Guiyang faults resulted in the Qianzhong Uplift in the northern Zhina coal
field. The formation of the Qianzhong Uplift indicated the thinning of the lithosphere and,
therefore, the heating induced by the latent magmatic intrusion was most obvious in this
area [3]. In fact, the coal rank had a high affinity with the distance of the Qianzhong Uplift.
A previous study on the inclusions demonstrated that the highest temperature in the Zhijin
area approached 244 ◦C, but the highest temperature in Panxian only reached 150 ◦C [4],
which verified that the different tectonic thermal events are the governing control on the
various coal ranks in Guizhou.

 
Figure 4. Relationship between deep faults and coal rank in Guizhou. Adapted from [27].

The effect of tectonic activities on coal is also indicated by the deformation and damage
of the coal structure, and the development of tectonically deformed coal is its typical feature.
Subsequent to the formation of the Longtan coal-bearing sequence in Guizhou, coals
suffered a long-term compression during the Yanshan and Himalayan periods, resulting in
serious damage to the coal structure and the wide development of tectonically deformed
coal. Meanwhile, the effect of structure on tectonically deformed coals is reflected in their
distribution and damage degree [30]. The development of tectonically deformed coal
is often accompanied by large compressional faults, and the distribution of tectonically
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deformed coal has a high affinity with Late Permian synsedimentary faults. During
the Yanshan period, the squeeze thrust and interlayer slip of these faults reinforced the
deformation and damage to the coal structure and, therefore, the closer to the faults, the
more broken the coal structure was [31]. A previous study indicated that the Ziyun–
Shuicheng, Shizong–Guiyang, and Zunyi–Huishui faults were not only the main areas for
tectonically deformed coal, but also the boundary of the high gas content area, suggesting
the tectonic effect on gas content and coal structure [32]. In addition to the obvious
structural control, thick coal is also the key to searching for tectonically deformed coal in
Guizhou. This is because thick coals have a lower mechanical strength compared with
their surrounding rocks and, therefore, they are more prone to crumpling and interlayer
slipping under the influence of squeezing and shear stress, resulting in greater damage
to thick coals. For example, No. 6 coal in the Dafang Block is composed of granulated
coal and mylonitized coal, whereas No. 16 and 27 coals, located below No. 6 coal, are
composed of primary and cataclastic coal with a minor granulated coal. In addition, the
hierarchical structure of thick coal will also produce a stress concentration area in some
soft layers, contributing to a typical sandwich-like structure. The classical case is No.11
coal in the Dahebian Block, which has a thickness of 6–8 m; such thick coal is extremely
rare in Guizhou and even in southwest China. Primary coal, schistose coal (Figure 5a) or
mylonitized coal, granulated coal (Figure 5b), and cataclastic coal/lenticular coal (Figure 5c)
occur at their ascend sequence. The small crumpled and sliding surface are often discerned
in the middle tectonically deformed coal zone (Figure 5d).

 

Figure 5. Main tectonically deformed coal types of thick coal (11#) in Dahebian Block. (a) Schistose
coal (2 m below the roof); (b) Granulated coal (2.5 m below the roof); (c) Cataclastic coal/lenticular
coal (0.5 m above the floor); and (d) Schistose coal with a small fold (1.5 m above the floor).

3.2.3. Effect of Depth on Gas Content and Permeability between the Middle- and
High-Rank Coal

Gas content and permeability, which show high affinities with CBM enrichment and
high yield, have different dependences of depth. They show an opposite change against
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depth at a low depth; namely, as depth increases, gas content linearly increases, but
permeability shows a significant decrease. However, with the increase in depth, both gas
content and permeability decrease, but their decrease in amplitude is significantly different.
Due to the completely different control effects of depth on gas content and permeability,
there is a balance depth that enables these two key factors to meet the requirements of
CBM enrichment and high yield [33]. It should be noted that there is a difference in the
balance depth between middle- and high-rank coal. This is because (1) the high-rank
coal has a higher gas content due to its high Langmuir volume at the same depth; and
(2) the permeability of high-rank coal has a stronger stress sensitivity. On the one hand,
a previous study showed that the methane adsorption capacity has a maximum value of
depth profile, and this value is closely related to temperature and pressure [34]. The gas
content of Guizhou coal also follows the above law, but the difference is that the gas content
of middle-rank coal is smaller than that of high-rank coal at the same depth, and the critical
depth of the maximum gas content of high-rank coal is deeper than that of middle-rank
coal (Figure 6a,b), which is related to the control effect of coal rank on gas adsorption
capacity [35]. On the other hand, in fact, the control effect of depth on permeability is the
modification of effective stress on the gas migration channel. The increase in depth indicates
an increase in overburden pressure, as well as effective stress. The stronger effective stress
on coal results in the compression or even closure of efficient gas migration channels, such
as cleat and fracture, which eventually contributes to the decrease in permeability. The
results of the change in the porosity and permeability of Guizhou medium- and high-rank
coals under the loading of effective stress show that the porosity and permeability of high-
rank coal are lower than those of middle-rank coal under the same effective stress, and the
permeability attenuation of high-rank coal is more obvious at a high pressure (Figure 7).
This demonstrates that the negative effect of the porosity and permeability of the high-rank
coal is stronger than that of the middle-rank coal. The permeability of high-rank coal is
lower than that of middle-rank coal due to the extinction of macropores and the decrease
in cleat density. The dependence of fracture on the permeability of high-rank coal results in
its stress sensitivity being stronger than middle-rank coal [36,37].

 

Figure 6. Relationship between gas content obtained from log interpretation and depth of the middle
and high rank coals. (a) Dahebian Block; (b) Dafang Block.
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Figure 7. Relationship between effective stress with porosity (a) and permeability (b).

In general, the depths of coal with a high gas content and permeability are different
for middle- and high-rank coals. At the same depth, middle-rank coal has a lower gas
content than high-rank coal, but its permeability is higher than that of high-rank coal. The
increase in depth has a negative effect on the permeability of high-rank coal, but has a
positive effect on the gas content of middle-rank coal before its transition depth. Therefore,
the depth of high-rank coal with a high gas content and permeability is shallower than
that of middle-rank coal, which is consistent with the results of the CBM exploration and
development in Guizhou.

3.3. Model of Enrichment and High Yield of CBM in Guizhou

By 2020, more than 300 CBM wells had been constructed in Guizhou, with a production
capacity of 1 × 108 m3 per year and an output of 0.24 × 108 m3 per year. However, the vast
majority of wells have common problems, such as low single well output and short stable
production time. The characteristic of gas-rich coal in Guizhou is significantly superior to
that in north and northwest China. The high CBM resource abundance and gas saturation
are the original driving forces behind CBM exploration and development in Guizhou.
In fact, the key reasons for the low production of CBM wells are the low permeability,
development of tectonically deformed coal and weak water content in coals. As a result,
the hydrophobic depressed CBM development model has been blocked from widespread
application in Guizhou. Therefore, in the current era of low-permeability coal, in which
especially tectonically deformed coals have not been broken through, it is an inevitable
choice to find high-permeability primary or weakly deformed coals controlled by the
configuration of key geological factors.

The enrichment and high yield of CBM is the result of the coupling controlling of gas
content and permeability via key geological factors [33]. Guizhou has complex geological
conditions, and the coal-bearing basins are divided into uneven tectonic units. The sealed
syncline is a potential position for CBM enrichment. On the one hand, the overlying
Feixianguan Formation is developed with waterproof mud shale with low porosity and
permeability, which provides a good lithologic seal for the CBM reservoir. In addition, the
hydrodynamic condition of the Longtan Formation coal-bearing sequence is weak, and
the weak runoff area is only developed near the outcrop layer of the wing. Underground
water bedding supply plays a hydrodynamic sealing role in deep CBM, and gas content
is positively correlated with depth, contributing to gas enrichment in the deep syncline.
On the other hand, the synclinal axial is under a compressive stress environment, and
the permeability of coal here decreases significantly under the joint action of depth and
tectonic stress, which is not conducive to CBM production. Therefore, under the combined
control of structure, hydrodynamic sealing, and depth, primary coals in the monocline near
the syncline axis can easily form coalbed methane enrichment areas (Figure 8). However,
it should be noted that due to the stronger adsorption capacity and higher permeability
stress sensitivity of high-rank coals, their depth for CBM enrichment and high yield is
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usually lower than that of middle-rank coal. The high-yield CBM development project in
Guizhou also shows that the main producing coals in well Zhong 1 in the Dahebian Block
is at the depth of 700–800 m, with a gas content of 11.5–17.66 cm3/g and permeability of
0.05–0.53 mD, while in the Wenjiaba Block, the producing high-rank coals in well Wen 1
are at the depth of 300–500 m with a gas content of 12.72–13.34 cm3/g and permeability of
0.18–0.92 mD. This indicated that the coals of different coal ranks in these two blocks have a
similar gas content and permeability. Therefore, it can be speculated that the depth of high-
rank coal for CBM enrichment and high yield is less than 500 m, while the depth of middle-
rank coal is expected to be 600–800 m. The key geological factors of CBM enrichment
and high yield of different coal ranks in Guizhou have the common characteristics of
structure–hydrodynamic coupling control. However, the effect of synergistic depth control
on gas-bearing and permeability properties is considerably more important.

 

Figure 8. High rank coal CBM enrichment and high-yield model in Guizhou.

3.4. Geological Suitable CBM Exploration and Development Strategies in Guizhou

Various sedimentations and tectonics constitute an essential reason for the different
geological characteristics of CBM in Guizhou, and they are also the key geological factors
controlling gas content and permeability. Such complex geological conditions also pose
challenges to the exploration and development of CBM, so it is necessary to propose specific
technical methods according to the different coal reservoirs and the coupling law between
gas content and permeability.

3.4.1. Optimization of Block and Coal Seam for CBM Exploration and Development Based
on Coal Rank Classification

The geological characteristics of CBM vary greatly under complex geological condi-
tions and, therefore, coal reservoirs have strong heterogeneity. There are differences in the
collaborative configuration of key geological factors for CBM enrichment and high yield
under the coupling effects of gas content and permeability between different coal ranks.
As a result, the influence of some parameters on the evaluation results is exaggerated
under the same standards. For example, although the gas content of low-rank coal is
low, the macropore and microfracture for gas seepage are more developed. In contrast,
the high-rank coal has a high gas content, but low permeability, and the attenuation of
permeability is more obvious under the action of increased stress. Accordingly, China’s
energy industry standards NB/T 10013-2014 “CBM Geological Selection Evaluation” stated
that there are different quantitative classification indexes of key geological parameters for
the CBM geological selection evaluation of different coal ranks. For example, the best gas
content and permeability are ≥6 m3/t and ≥3 mD for the low rank coal and ≥15 m3/t
and ≥1 mD for the middle–high-rank coal. Therefore, in view of the differences in CBM
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geological characteristics in a complex geological setting, a classification of coal rank is sug-
gested before the original optimization for CBM geological selection evaluation. The main
coal-bearing areas in Guizhou, such as Liupanshui, Qianbei, and Zhina coal fields, have a
wide distribution of coal rank, ranging from high volatile bituminous coal to anthracite.
The coals of different ranks have significantly different gas contents and permeabilities.
However, under the same evaluation standard, it is easy to omit middle-rank coals with a
low gas content or high-rank coals with a low permeability during optimization for CBM ge-
ological selection evaluation. In fact, the CBM exploration and development in China have
shown that there are high-yield CBM wells in both middle- and high-rank coal areas [38,39].
At present, there are few high-yielding CBM wells, and there is also no commercialized
CBM blocks. However, the high-yielding performance of well Zhong 1 in the Dahebian
Block, Liupanshui coal field, and well group Wencong 1 in the Wenjiaba Block, Zhina coal
field, both indicate that CBM blocks of different coal ranks in Guizhou both have high
production potential under the reasonable configuration of geological factors. Therefore,
CBM geological selection evaluation based on the classification of key geological parameter
is especially suitable for the geological optimization of CBM blocks and coal seams in a
complex geological setting. According to the previous CBM geological optimization used
in eastern Yunnan and western Guizhou [40,41], we proposed a modified method for the
optimization of block and coal seam for CBM exploration and development in Guizhou,
as shown in Figure 9. First, the blocks are classified into two groups according to the coal
rank (middle- and high-rank coals). Second, the analytic hierarchy process (AHP) is used
to establish the evaluation system. By comparing the importance of geological parameters,
the discriminant matrix is established, and then the weight of the geological parameters is
calculated for the system. Third, the membership function of each geological parameter
is established according to the fuzzy mathematics principle. The actual weight of each
geological parameter is calculated, and then the order of the blocks is obtained through the
accumulation of the actual weights. The evaluation of the sweet point areas and sections
have the same evaluation process as that of blocks. The aim of this process is to obtain the
potential block and coal seam for CBM exploration and development.

 

Figure 9. Flow diagram of optimization of block and coal seam for CBM exploration and development.
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3.4.2. Multiple Coal Seams Commingling Production with Pressure Relief of Tectonically
Deformed Coal

Tectonically deformed coal is characterized by a high gas content, low permeability,
and soft structure. Reservoir reconstruction technology based on hydraulic fracturing has
little effect on the permeability improvement of these coals, and even easily leads to hole
collapse and blocking. Therefore, the CBM development system based on hydrophobic
depressurization and desorption theory of primary coal or weakly deformed coal is not
suitable for the efficient development of tectonically deformed coal. Surprisingly, the coal-
bearing basins in Guizhou were strongly deformed and underwent multi-stage tectonic
deformations, resulting in the modification of the coal-bearing sequence. As a result, tecton-
ically deformed coals were widely distributed in Guizhou coal-bearing basins, especially in
some complex tectonic areas, such as Zhaozihe syncline, Tudiya syncline, and other tectonic
transition zones. How to enhance the CBM recovery of tectonically deformed coal is the
key to increasing CBM reserves and yields. According to the positive results of the surface
gas drainage technology in the coal mine goaf and open hole cave completion technology
in a straight well [42,43], Sang et al. [44] innovatively proposed a CBM development model
of tectonically deformed coal stress relief. Based on the volume expansion, increase in
permeability and decrease in pressure induced by stress relief of tectonically deformed coal,
a large-range efficient desorption-seepage area was formed, resulting from the formation
of the horizontal well cavern and significantly enhanced CBM recovery. More importantly,
due to the deformation and fracture of the overlying strata, longitudinal and stratified
fractures of different sizes were produced, which provides favorable conditions for the
development of the overlying multi-coal seam group (Figure 10). The multi-coal seam
groups widely occur in Guizhou and southwest China, and the commingling production of
CBM has been successfully applied to these areas. According to the permeability improve-
ment of the overlying coals via tectonically deformed coal development, the synthesis of a
CBM development technique combined with the stress relief of tectonically deformed coal
and the commingling production of multiple coal seams are recommended. A combined
implementation of tectonically deformed coal in situ CBM recovery via horizontal well
cavern completion and stress relief and hydraulic fracturing in overlying primary coal can
further improve the drainage efficiency in multiple coal seam commingling production.
This technology transforms the development of tectonically deformed coal CBM into a
high-yield advantage, and promotes the efficient exploration and development of CBM
under the complex geological condition in Guizhou Province.

 

Figure 10. The multiple coal seams commingling production with tectonically deformed coal in-situ
CBM recovery by horizontal well cavern completion and stress relief.
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3.4.3. Surface–Underground CBM Three-Dimensional Drainage Development in Coal
Mine Area

Due to the imperfect policies and regulations in China’s energy industry, the mining
rights affiliation of coal and CBM are often different, resulting in a conflict of mining rights
between coal and CBM development. As a result, it is difficult for CBM enterprises to enter
coal mining areas for CBM exploration and development. However, the CBM projects
indicated that the depth of CBM enrichment and high-yield is lower than 800 m, and even
500 m, for high-rank coal. These depths basically overlap with the coal mining depth, which
greatly restricts the development of the CBM industry in Guizhou. Significantly, most of the
coal mines in Guizhou belong to high gas mines, and the high concentration of gas seriously
threatens the safety production of coal mines, which creates an opportunity for CBM
extraction in coal mine areas. Surface–underground gas pre-drainage can effectively reduce
gas outbursts whilst making full use of CBM, which has great development potential. The
driving forces of surface–underground CBM three-dimensional drainage are gas control and
coal safety mining. Therefore, this technology needs to be combined with coal production in
time and space and make full use of the mining effect on the pressure relief and permeability
of coal. The three-dimensional highly efficient migration channel network of CBM was
produced via surface vertical well fracturing and downhole long borehole and eventually
realized the efficient development of CBM in coal mining areas (Figure 11) [45–47]. Surface–
underground CBM three-dimensional drainage development has multiple advantages,
such as ensuring coal production safety, effectively utilizing CBM resources and reducing
methane emissions, which is expected to be an important and suitable technology for
CBM exploration and development in Guizhou. In recent years, scholars and engineers
have begun to explore the surface–underground CBM three-dimensional drainage in coal
mine areas, and the first demonstration project was launched in the Xintian coal mine in
2020. Other similar demonstration projects are also being advanced in Qianbei and Zhina
coal fields.

 

Figure 11. Integrated development model of the surface–underground CBM three-dimensional
drainage in coal mine area.

4. Conclusions

The middle-rank coal-rich area—Dahebian Block—and the high-rank coal-rich
area—Dafang Block—were taken as examples to compare coal occurrence, coal maceral,
and properties. The effects of sedimentation, tectonic, and depth on the CBM geological
differences between the Dahebian and Dafang Blocks were interpreted. The Guizhou CBM
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enrichment and high-yield model and its different depths for the middle- and high-rank
coals were shown. Geologically suitable CBM exploration and development technologies
were proposed for geological selection, development technology, and modeling in Guizhou.
The main conclusions are summarized as follows:

(1) The geological differences in the middle- and high-rank coal CBM in Guizhou are
mainly reflected in the number of coal layers, maceral, coal structure, and their
influence on gas-bearing capacity and permeability. Compared to the middle-rank
coal in the Dahebian Block, the Dafang high-rank coal shows more coal layers (30–66),
and a higher vitrinite (2.94–3.42%) and gas content (17.84–23.75 m3/t), but a lower
thickness (9.5 m), a lower permeability (0.02–0.64 mD), and a wider tectonically
deformed coal distribution;

(2) Although the sedimentary environment was the transitional sedimentary facies
system in most of Guizhou during the Late Permian, the frequent transgression–
regression and terrigenous source input resulted in a significant difference in coal
occurrence, maceral, and qualities. The distribution of coal rank shows a high affinity
with deep faults, and the uneven tectonic subsidence and its related thermal anomaly
result in an X-type distribution of coal rank. The distribution and damage degree of
the tectonically deformed coal are also related to these faults;

(3) The favorable configuration of structure, hydrology, and depth promotes enrich-
ment and high CBM yield in Guizhou. However, there are differences in depth for
CBM enrichment and high yield between middle-rank coal (<500 m) and high-rank
coal (600–800 m). The coupling relationship between permeability and gas content
controlled by depth is the fundamental reason for the difference in depth for CBM
enrichment and high yield between the middle- and high-rank coal;

(4) We provided three new concepts for the efficient exploration and development of
CBM in Guizhou; namely, (a) the optimization of block and coal seam for CBM explo-
ration and development (classification–successive optimization–analytical hierarchy
process), (b) the multi-layer CBM development with the pressure relief of tectoni-
cally deformed coal, and (c) surface–underground CBM three-dimensional drainage
development in coal mines.
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Abstract: Geological conditions are the key for coalbed methane (CBM) accumulation and production.
However, the geological feature of CBM accumulation and production in the Jurassic of Ordos Basin
lacks systematic and detailed evaluation, resulting in poor CBM production in this area. This study
has determined the genetic types of gas according to geochemistry characteristics of the gas, the
geological factors to control CBM accumulation and production performance were revealed, and a
comprehensive method was established to evaluate favorable areas based on 32 sets of CBM well
production data from Jurassic Yan’an Formation. The results show the coal macerals are rich in
inertinite (41.13~91.12%), and the maximum reflectance of vitrinite (Ro,max) in coal is 0.56~0.65%.
According to gas compositions and carbon isotopes analysis, the δ13C(CH4) is less than −55‰, and
the content of heavy hydrocarbon is less than 0.05%. The value of C1/(C2 + C3) is 6800~98,000,
that is, the CBM is a typical biogenic gas of low-rank coal. The CBM accumulation model is the
secondary biogenic on the gentle slope of the basin margin, in which gas content is closely related to
buried depth and hydrodynamic environment, i.e., the high gas content areas are mainly located in
the groundwater weak runoff zone at the burial depth of 450 m~650 m, especially in the syncline.
Meanwhile, gas production mainly depends on the location of the structure. The high gas production
areas of vertical wells were distributed on the gentle slope with high gas content between anticline
and syncline, and the horizontal wells with good performance were located near the core of the
syncline. According to the above analysis combined with the random forest model, the study area
was divided into different production favorable areas, which will provide a scientific basis for the
CBM production wells.

Keywords: low-rank coal; biogenic methane; geological factor; accumulation; production

1. Introduction

China is a large country of coal production and energy consumption, the large-
scale and high-efficiency development of CBM can not only reduce mine gas accidents
but also supplement the shortage of conventional natural gas [1,2]. Coalbed methane
(CBM) is an important environment-friendly energy resource [3,4]. CBM includes biogenic
gas and thermogenic gas, of which biogenic gas is generated dominantly by anaerobic
bacteria and methanogens via coal biodegradation at low temperatures
(<5 ◦C) [5–7]. Influenced by generation time and geological evolution, the biogas nowa-
days in coal reservoirs is secondary biogenic gas, which mainly is the reduction in carbon
dioxide according to the gas component [8]. The resources of CBM are abundant in China,
and commercial development for the middle-high rank CBM has achieved technological
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breakthroughs [9–13]. Although the CBM resources of low-rank are rich [14,15], the devel-
opment of low-rank CBM in western China is still not satisfactory [16–20].

Both scientific research and production practice show that it is a key step to making
clear the geological characteristics of CBM accumulation and production. It was consid-
ered that CBM generation, accumulation and production are controlled by sedimentation,
coalification, tectonism, hydrodynamics, as well as other geological factors [14,16,21–23].
The coalbed methane well productivity performance was a result of the strong interaction
of cumulative thickness, burial depth, gas content, permeability, and reservoir pressure
of fractured coal seam [24], in which the gas content is positively correlated with the
coal burial depth, coal thickness [25]. The geologic structural setting and hydrogeologi-
cal influenced the spatial distribution of gas content and permeability and so on [26–28].
Hydrodynamic confinement results in relatively high gas content of coal reservoir in the
groundwater stagnation zone, while gas content is comparatively low in the recharge and
runoff zones [11,29,30]. Characteristics of in situ stress indirectly control coalbed methane
development by affecting permeability [31–33]. In a word, if the main controlling factors,
such as structure, coal-forming environment, and hydrologic geology, are matched well,
the enriched coalbed methane zone with high production would be formed [15].

Although much literature has been published on the geologic feature of CBM reser-
voirs [33–36], previous investigations on the CBM in the study area were mainly focused
on geological background and CBM enrichment conditions [37–39]. Furthermore, the usual
methods for the prediction of favorable areas are empirical methods, such as expert scoring
method, fuzzy comprehensive evaluation method, etc., which have subjective human
factors to a large extent [40,41]. Few studies on the model of coalbed methane accumulation
and production based on the genetic type of coalbed methane have been conducted in this
area. In particular, the detailed evaluation of low-rank coal biogas in western China. In this
study, the random forest data training method was used to train and classify the sample
data in order to comprehensively analyze the accumulation and production of CBM taking
the Dafosi minefield, Binchang mining area as the study area. Firstly, we determine the gas
compositions and the genetic types; secondly, we analyze the key factors affecting the CBM
accumulation and production and then reveal the relationship between the gas content, gas
production and geological conditions. Finally, the rank of factors is determined with grey
correlation, and the favorable area for CBM development was predicted in the study area
by using the random forest method.

2. Methodology

2.1. Data Acquisition and Processing

The coal samples in this paper were all collected from the No. 4 coal seam of the Middle
Jurassic Yan’an Formation in the Dafosi minefield, Binchang mining area. The 10 coal
samples were selected for the determination of maceral composition and the reflectance
of vitrinite in coal according to the Chinese national standard GB/T 16773-2008, GB/T
8899-2013 and GB/T 6948-2008. The coal samples were ground to a particle size less than
1.0 mm air-dried base sample, made into pulverized coal slices, and then the samples were
polished and carried out maceral composition determination. Meanwhile, the samples
were repolished and dried in a drying oven at 30 ◦C~40 ◦C for 4 h before carrying out the
reflectance of vitrinite in coal determination.

Carbon isotopic characteristics of CH4 are important to the gas performance of coal
reservoirs [42]. The gas samples came from the surface CBM wells, including multi-branch
horizontal wells DFS-C02, DFS-05, DFS-06, DFS-09, and vertical wells DFS-C01, U-shaped
well DFS-C03 and V-shaped well DFS-04. Wasson-7890A gas chromatograph was used
for gas composition determination, and thermo MAT253 gas isotope mass spectrometer
was employed in doing carbon isotope. Taking a certain volume of CBM sample with
an airtight syringe and injecting it into the Trace GC ultra; the hydrocarbon components
in the sample were separated by the meteorological chromatograph Trace GC ultra and
converted into carbon dioxide in the oxidation unit GC combustion, and then the gas flow
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entered the isotope mass spectrometer MAT253 IRMS for the determination of carbon
isotope components. Gas compositions and carbon isotopes are based on GB/T 13610-2003
and SY/T 5238-2008. The basic information of the test sample is shown in Table 1.

Table 1. Basic information of test sample.

Gas Compositions Sample Coal Maceral Compositions

Sample ID Burial Depth Sample Size Sample ID
Burial
Depth

Sample Size

DFS-C01 435 m 10~20 mL DFS-C01 435 m 0.18~0.25 mm
DFS-C02 610 m 10~20 mL DFS-D48 554 m 0.18~0.25 mm
DFS-C03 540 m 10~20 mL DFS-D62 568 m 0.18~0.25 mm
DFS-C04 510 m 10~20 mL DFS-M85 615 m 0.18~0.25 mm
DFS-05 590 m 10~20 mL DFS-05 590 m 0.18~0.25 mm
DFS-06 480 m 10~20 mL DFS-U53 435 m 0.18~0.25 mm
DFS-09 535 m 10~20 mL DFS-09 535 m 0.18~0.25 mm

/ / / DFS-128 500 m 0.18~0.25 mm
/ / / DFS-134 448 m 0.18~0.25 mm
/ / / DFS-122 585 m 0.18~0.25 mm

2.2. Data Interpretation

In order to analyze the main controlling factors affecting CBM productivity, the grey
correlation analysis method is introduced to quantitatively determine the correlation de-
gree between each influencing factor and productivity, so as to objectively evaluate the
influence degree of each geological factor on coalbed methane well productivity [39,43].
Grey correlation calculation is mainly divided into two processes, (1) correlation coefficient
calculation, (2) calculation of correlation degree [44]. Random forest was used for favorable
area evaluation and prediction. Random forest takes decision trees as the basic model to
generate a series of differentiated decision tree models by building different training data
sets and different feature spaces [45–48]. The random forest was constructed based on
classification and regression trees in this paper. In the process of establishing each classifi-
cation and regression tree, the splitting process of each node is completed by calculating
the “purity” of the sample after the split. The classification and regression tree employ the
gini coefficient to measure this so-called “purity”, i.e., random forest uses the gini index
to split the tree to complete the decision. The smaller the gini coefficient, the higher the
purity of the sample and the better the effect of tree division. Assuming that the sample set
T contains k categories, the Gini coefficient of the sample set can be expressed as [49]:

gini(T) = 1 −
k

∑
i=1

p2
i (1)

where, pi is the probability that T contains class i. If T is divided into two subsets T1 and T2,
the divided gini coefficient can be expressed as:

gini(T1, T2) =
|T1|
|T| gini(T1) +

|T2|
|T| gini(T2) (2)

where, |*| represents the number of elements in the current sample set.
The selection of CBM development prospect evaluation indicators vary in different

areas. For low-rank coal development areas, the gas generation potential, storage perfor-
mance and preservation conditions of the coal reservoir should be chosen. Through the
analysis of the drilling and experimental data of the CBM wells, the main factors influenc-
ing the development potential and productivity of CBM, including resource conditions
(gas content, ash, net coal seam thickness) and occurrence conditions (structural location,
roof thickness), development conditions (permeability, reservoir pressure, burial depth)
were selected as evaluation indicators. There are few faults in this area, mainly folds. In
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order to quantitatively study the influence of folds on the development of CBM, qualitative
indicators (structural locations) are assigned and quantified separately. The flank is 0.8, the
syncline is 1, and the anticline is 0.6.

In order to prevent the strong correlation between the factors, resulting in a decrease
in the running rate of the evaluation model and over-fitting of the running results, the
correlation between the factors needs to be tested. This paper adopts the Pearson correlation
coefficient (PCC) to analyze the degree of correlation between the factors. The larger the
value, the stronger the correlation of the factors. The calculation formula of the correlation
coefficient between the evaluation factors is [50].

PCC =

n
∑

i=1
(xi − x)

n
∑

j=1
(yi − y)

√
n
∑

i=1
(xi − x)2 n

∑
j=1

(yi − y)2
(3)

where, xi, yi is the variable values of Xi and Yi, respectively, x and y are the average values
of Xi and Yi, respectively. When 0 ≤ |PCC| ≤ 0.4, it indicates that the factor is irrelevant
or weakly correlated. When |PCC| > 0.6, it indicates that the factor is strongly correlated.

3. Geology Setting and Analysis

3.1. Geology Condition

The Binchang mining area is located in the Miaobin depression area on the northern
margin of the Weibei flexure belt in the southern Ordos Basin, the surface is covered by
loess formation, and the occurrence of Cretaceous strata exposed in the valley is relatively
gentle [51]. The deep Jurassic hidden structure is generally a monoclinic structure with N
60◦~70◦ E in strike and NW~NNW in the dip. A set of broad and gentle folds are developed
on it, from south to north, Binxian anticline, Lujia–Xiaolingtai anticline, Mengcun syncline,
Qilipu–Xipo anticline in order. According to the borehole, no fault structure is found in the
area. The overall structure is a monoclinic structure inclined from southeast to northwest
inherited from the Triassic basement, the stratum dip is gentle, on average 3~5◦. The
stratigraphic division belongs to the Ordos areas, from bottom to top, it is the Hujiacun
Formation of the Upper Triassic System (T3h), the Fuxian Formation of the Lower Jurassic
System (J1f), the Middle Jurassic Yan’an Formation (J2y), Zhiluo Formation (J2z), Anding
Formation (J2a), Lower Cretaceous Yijun Formation (K1y), Luohe Formation (K1l), Huachi
Formation (K1h), Neogene and Quaternary strata, as shown in Figure 1.

 
Figure 1. The location and stratum of Binchang mining area.

106



Energies 2022, 3, 3255

The overall structure of the study area is simple. As shown in Figure 2, the main
structure is located on the southern flank of the Anhua syncline area to the north of the
Binxian anticline. Due to the influence of synsedimentary structure, there are Anhua
syncline, Qijia anticline, and Shijiadian syncline in order from north to south. The coal-
bearing stratum in the study area is the Jurassic Middle Yan’an Formation, with a total of
six coal-bearing seams, of which No. 4 coal is a relatively stable and main mineable coal
seam in the minefield, distributed throughout the minefield. The stratigraphic occurrence
and structural morphology show that the strata above Jurassic in this area have not been
subjected to strong tectonic extrusion and deformation. The structure is closely related to the
coal system, the deposition distribution of coal seams and their thickness changes. The coal
seam is thicker at the syncline axis and thinner at the anticline axis. This pattern is mainly
related to synsedimentary tectonics, and also reflects the inheritance of later tectonics.

 

Figure 2. Structure characteristic of the study area.

CBM proved resources/reserves of the study area are 35.89 × 108 m3, which are
25.5 × 108 m3 in the No. 4 coal reservoir, and the average resource abundance is
1.44 × 108 m3/km2. CBM gas production capacity is 5.2 × 104 m3/d, the average value
of a single well can reach 1625 m3/d. Consequently, the development potential of CBM is
significant. The basic data used in this study, such as gas content and gas production, coal
burial depth, thickness, lithology of overburden, etc., were collected from 32 CBM wells as
shown in Table 2.

Table 2. Geological information of CBM well.

Well No.
Gas

Production
(m3/d)

Gas
Content

(m3/t)

Burial
Depth (m)

Coal
Thickness

(m)

Permeability
(mD)

Reservoir
Pressure

(MPa)

Ash of
Coal (%)

Roof
Thickness

(m)

DFS-C02 11,270.97 4.30 610 11.00 7.70 2.80 14.00 2.20
DFS-05 10,600.96 2.80 590 16.80 10.00 3.30 11.00 2.10

DFS-M68 9625.14 3.60 589 14.00 9.20 3.10 12.00 2.00
DFS-M85 4025.73 8.10 615 11.80 6.60 3.20 15.50 2.10
DFS-09 3998.08 1.80 535 8.30 7.30 3.80 14.90 1.20

DFS-M143 3791.89 6.80 465 12.60 15.00 1.20 15.20 6.00
DFS-M124 3759.98 8.00 490 13.60 7.80 1.40 13.90 0.70
DFS-128 3256.75 3.30 500 10.30 3.80 2.90 10.50 0.70
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Table 2. Cont.

Well No.
Gas

Production
(m3/d)

Gas
Content

(m3/t)

Burial
Depth (m)

Coal
Thickness

(m)

Permeability
(mD)

Reservoir
Pressure

(MPa)

Ash of
Coal (%)

Roof
Thickness

(m)

DFS-C04 3145.28 8.30 510 12.20 11.00 5.50 15.90 3.00
DFS-148 2638.34 3.80 505 17.60 7.80 0.80 12.00 1.20
DFS-133 2590.39 8.00 490 10.20 6.80 4.30 17.00 0.60
DFS-CO1 2032.45 10.00 435 13.90 12.30 3.60 14.40 1.80
DFS-U53 1978.87 2.20 435 14.30 11.80 2.40 15.20 1.80
DFS-105 1936.58 7.70 500 8.30 7.40 5.50 15.80 1.40
DFS-45 1936.16 3.20 540 11.80 7.30 1.30 11.90 1.40
DFS-131 1876.32 2.80 570 10.20 4.80 2.50 19.00 1.50
DFS-134 1696.16 9.10 448 10.80 12.50 4.60 15.20 3.60
DFS-06 1339.94 8.30 480 11.00 18.80 5.60 15.10 6.80

DFS-C03 1248.76 3.50 540 12.30 6.00 6.00 16.00 0.80
DFS-132 836.56 8.20 505 8.30 7.40 6.00 15.20 1.40
DFS-122 683.15 8.60 585 20.30 6.50 3.30 17.00 2.60
DFS-114 579.37 9.30 630 13.50 8.00 3.80 16.80 3.00
DFS-152 554.33 8.10 510 12.30 8.10 4.80 16.30 1.00
DFS-M59 460.25 7.30 510 10.30 7.90 4.60 14.50 1.40
DFS-73 458.52 10.00 440 14.20 11.10 3.60 14.30 0.90
DFS-135 450.94 8.50 628 14.00 7.00 3.40 16.20 2.60
DFS-150 434.58 8.60 600 11.00 8.10 3.70 16.20 3.00
DFS-69 344.81 9.30 445 12.00 11.10 2.60 15.90 3.80
DFS-71 340.54 8.20 630 14.70 7.50 4.00 17.20 2.60
DFS-84 256.95 6.50 565 17.80 14.00 3.00 13.00 3.60
DFS-86 229.48 8.10 650 13.00 6.80 3.90 17.80 2.30
DFS-120 212.47 8.10 500 12.20 11.00 2.50 15.80 3.70

3.2. Geological Factors of Gas Content
3.2.1. Thickness of Coal Seam

Generally speaking, under the same conditions, the greater the thickness of the coal
seam, the greater the amount of gas generated. The escape of gas is dominated by diffusion,
and the concentration difference between two points in space is the main driving force
for its diffusion [52]. The thickness of the No. 4 coal seam is 0.3 m~20.5 m in the study
area, statistical analysis has indicated that the gas content is positively correlated with the
thickness of the coal seam as shown in Figure 3a. The thicker the coal seam, the longer
the gas diffusion path between the roof and floor, and the greater the diffusion resistance,
which is more conducive to gas accumulation.

  
Figure 3. The relationship between gas content and thickness of coal seam, burial depth: (a) thickness
of coal seam; (b) burial depth of coal seam.
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3.2.2. Burial Depth and Structure

Burial depth is positively correlated with the reservoir pressure, and the larger reser-
voir pressure is conducive to the adsorption of gas. The migration distance of CBM to the
surface with burial depth increases correspondingly, which is beneficial to the preservation
of CBM. Therefore, the gas content generally increases with the increase in the burial depth
of the coal seam. The burial depth of the No. 4 coal seam is 270 m~780 m from northeast to
southwest. According to the analysis of the relationship between the burial depth and gas
content, the area with gas content greater than 2 m3/t is mainly distributed in 400 m~650 m
as shown in Figure 3b, the gas content is low when the burial depth is less than 400 m. The
main reason is that the shallow burial depth is in the groundwater recharge zone, and the
overburden is thin, so the CBM is easy to escape. The groundwater stagnant zone with a
buried depth exceeding 650 m is not conducive to the reproduction of methanogens, gas
generation capacity itself is low. At present, the burial depth of coal seam with high gas
content is mainly 450~650 m.

The structure of the study area is dominated by broad and gentle folds. Folds mainly
affect the gas content by controlling the thickness of coal and the flow of groundwater,
i.e., “syncline rich gas, anticline poor gas”. There is a significant difference at different
locations on the anticline and syncline. Above the neutral surface of the anticline axis, the
coal seam and roof develop tensile fissures, and the gas is easy to escape. The groundwater
flows from the axis of the anticline to the flanks, taking away part of the gas, which is not
conducive to the accumulation of CBM. However, the coal rock above the neutral plane
of the syncline is subjected to compressive stress, which is conducive to the preservation
of gas with high gas content. It can be seen from Figure 4 that the content of the gas is
more obviously controlled by structure style. The area with the highest gas content is the
Shijiadian syncline axis area; the gas content of the Qijia anticline axis is relatively low.

 
Figure 4. Geological structure and gas content distribution.

3.2.3. Hydrogeological Conditions

Hydrogeological conditions are an important factor affecting the occurrence of
CBM [53,54], a positive relationship was found between gas content and basin hydro-
dynamics. As illustrated in Figure 5, it was found that the ions in the water of the Jurassic
aquifer (Yan’an Formation and Zhiluo Formation) are mainly Cl− and Na+, the hydro-
chemical type is Cl−-Na+, and the mineralization range is 13,781 mg/L~16,490 mg/L
(Figure 6), which represents the water-bearing conditions of deepwater circulation and
poor runoff, also provided favorable conditions for CBM accumulation. The main anions
of the Cretaceous aquifers (Yijun Formation and Luohe Formation) are SO4

2− and HCO3
−,
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the main cations are Na+ and Mg2+, and the hydrochemica types are SO4
2−•Cl−-Na+,

SO4
2−•(HCO3−)-Na+•Mg2+, the mineralization range are 859 mg/L~5790 mg/L. The

hydrochemica type of the Xiaozhanggou Formation is HCO3−-Na+•Mg2+•Ca2+, and the
mineralization is 274 mg/L~461 mg/L. The ions in the loose layer of the Quaternary system
are HCO3−, Na+, Mg2+ mainly, the hydrochemical type is HCO3−-Na+•Mg2+•Ca2+, the
water quality is good, and the mineralization is between 271 mg/L~317 mg/L (Figure 6).
Low-rank coal located in the area of weak groundwater runoff, and low mineralization
is conducive to secondary biogenic gas generation and hydrodynamic pressure-bearing
sealing is conducive to the preservation of CBM.

 
Figure 5. Hydrochemical type of groundwater.

Figure 6. Mineralization degree of groundwater.

3.2.4. Lithology of Overburden Stratum

The lithology, thickness, development of joints and fissures of the roof above coal
reservoirs are closely related to the accumulation of CBM. There are three mechanisms for
the sealing effect of the roof on CBM, pressure and capillary can prevent gas migration,
and hydrocarbon concentration mainly restrains gas diffusion [55]. The proper thickness
and good sealing of the roof make the coal seam have the potential to preserve higher gas
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content. The tighter the roof lithology is, the more beneficial it is for the accumulation of
CBM. So, the greater the proportion of mudstone thickness in the Yan’an formation on the
roof, the higher the gas content (Figure 7a). It is particularly emphasized that the thickness
of mudstone within 10 m of the roof plays a more key role in the migration of CBM. As
shown in Figure 7b, although the correlation between mudstone thickness within 10 m of
the roof and gas content is not very significant if the immediate roof of the coal seam is
mudstone, which is conducive to the accumulation of CBM.

  
Figure 7. Relationship between gas content and roof: (a) mudstone thickness; (b) mudstone thickness
within 10 m of the roof.

3.3. Geological Factors of Gas Production
3.3.1. Gas-Bearing Properties of Coal Reservoir

Gas content is a basic indicator of CBM storage performance and sufficient condi-
tion in the evaluation of CBM development prospects. Areas with high gas content are
often favorable areas for CBM development. The gas content is mainly concentrated in
2 m3/t~10 m3/t, the gas production fluctuates in a wide range during the stable production
stage (Figure 8).

 
Figure 8. The relationship between gas production and gas content.
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3.3.2. Burial Depth and Thickness of Coal Seam

The burial depth of coal seams directly affects coal seam permeability, in situ stress,
and reservoir pressure. The burial depth of coal seams is between 400 m~650 m. It can
be seen from Figure 9a that when the depth is greater than 550 m, the tendency of gas
production to decrease with the increase in burial depth becomes more obvious. The
thickness reflects the abundance of resources to a certain extent. The greater the thickness,
the higher the resource abundance, and the gas production also increases. There is a positive
correlation between the gas production and the thickness of the coal seam, especially with
horizontal wells as shown in Figure 9b.

   
Figure 9. The relationship between gas production and burial depth, thickness of coal seam:
(a) burial depth of coal seam; (b) thickness of coal seam.

3.3.3. Permeability and Reservoir Pressure

Permeability and reservoir pressure play an important role in the development of CBM
and restrict the desorption and migration of CBM. According to field data, the permeability
of the No. 4 coal reservoir is 2 mD~20 mD, the reservoir pressure is 2 MPa~8 MPa, and
the gas production has no obvious correlation with permeability and reservoir pressure
(Figure 10).

 
Figure 10. The relationship between gas production and reservoir pressure, permeability: (a) reservoir
pressure; (b) permeability.

3.3.4. Structure Conditions

It was found that the fractures in the fold flanks are moderately developed, and the
permeability of coal reservoirs as well. In the process of gas production, although it receives
recharge from the anticline, underground water flows to the syncline core to make it easier
for depressurization and gas migration. Therefore, the gas content of the fold flank and the
permeability of the coal reservoir reach a suitable match, and the stable gas production of
the CBM well is generally better. The Anhua syncline, Qijia anticline and Shijiadian syncline
are developed in the study area. As shown in Figure 11, the gas production is closely related
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to the structure position, but the difference between different well types is obvious. The
vertical wells DFS-128 and DFS-C04 are located in the gentle slope between the fold flanks,
which average gas production were 3256.75 m3/d and 3145.28 m3/d, respectively, in the
stable production stage. However, the gas production of vertical wells was poor near
the syncline axis. Horizontal wells DFS-C02, DFS-M124, and DFS-05 are located near the
Shijiadian syncline axis. The average gas production in the stable production stage is about
11,270.97 m3/d, 3759.98 m3/d, and 10,600.96 m3/d. Therefore, it can be summarized that
the high production area of horizontal wells is between the syncline core and the vertical
wells are between the fold flanks.

 

Figure 11. The relationship between gas production and structure.

4. Results and Discussion

4.1. Coal Sample Characteristics

The maximum vitrinite reflectance (Ro,max) of the coals is 0.56~0.65%. The coal macer-
als are mainly inertinite (41.13~91.12%), followed by vitrinite (6.93~49.3%), and the content
of liptinite is the lowest (<9.52%) as shown in Table 3. Statistical analysis of the data found
that the vitrinite is positively correlated with the gas content, and the fitting result R2 value
is 0.73, while the inertinite is negatively correlated (Figure 12), which is also consistent with
the results of previous studies [51].

Table 3. Maceral of coal sample.

Sample ID Ro,max/%
Maceral Compositions/%

Vitrinite Inertinite Liptinite

DFS-D48 0.58 6.93 92.12 0.95
DFS-D62 0.56 16.65 82.32 1.03
DFS-M85 0.65 18.94 77.84 3.22
DFS-09 0.59 20.17 74.55 5.28

DFS-U53 0.61 20.83 76.41 2.76
DFS-05 0.63 22.14 74.33 3.53
DFS-128 0.58 25.29 72.54 2.17
DFS-134 0.62 27.46 70.89 1.65
DFS-122 0.57 29.09 68.15 2.76
DFS-C01 0.63 49.30 41.18 9.52

Note: Ro,max is maximum vitrinite reflectance of coal.
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Figure 12. Correlation between gas content and macerals.

4.2. Geochemistry Characteristic of the Gas

The gas compositions (Table 4) show that the gas compositions include CH4, CO2,
N2, a small amount of O2 and a trace of C2H6. The content of CH4 is 68.35~97.95%, and
C2H6 is 0.001~0.028%. The geochemical characteristics of carbon isotope determined that
the C1/(C2 + C3) are 6800~98,000. The dry and wet index C1/C1–5 of the hydrocarbon
composition is 0.99991. The non-hydrocarbon compositions are mainly N2, the content
is 1.256~29.75%, and the content of CO2 is 0.24~2.375%, with an average of 1.16%. The
results of the isotope test showed that the δ13C(CH4) was −87.2~−68.9‰, with an average
of −78.75‰, and the δ13C(CO2) was between −41.693‰ and −7.0650‰, with an average
of −20.43‰.

Table 4. Gas compositions and carbon isotopes analysis.

Well No.
Initial Compositions Stable Isotopes ‰

CH4% C2H6% O2% N2% CO2% C1/C2 + C3 δ13CH4 δ13CO2

DFS-C01 97.95 0.001 0.052 1.256 0.736 97,954.8 −80.52 −24.427
DFS-C02 89.25 0.009 0.267 8.785 1.684 9917.26 −77.25 −12.623
DFS-C03 88.84 0.01 0.273 9.684 1.198 7724.68 −78.88 −7.524
DFS-C04 91.58 0.009 0.211 5.825 2.375 10,175.57 −78.06 −41.693
DFS-05 78.7 0.028 0.4 19.47 1.32 7870 −76.50 −14.8
DFS-06 88.01 0.007 0.331 10.73 0.918 12,573.24 −75.21 −7.065
DFS-09 76.33 0.001 0.22 23.03 0.24 92,940.6 −73.78 −11.419
DFS-45 70.33 - 0.25 28.68 0.44 7033 −76.1 -

DFS-M68 77.88 - 0.24 21.12 0.65 7788 −68.9 −13.2
DFS-69 78.36 - 0.23 20.53 0.78 7836 −82.3 −20.3

DFS-128 84.32 - 0.12 13.49 2.01 8432 −83.7 −22.7
DFS-131 77.34 - 0.18 21.97 0.31 7734 −77.6 -
DFS-133 85.35 - 0.16 12.09 2.34 8535 −87.2 −36.6
DFS-148 68.35 - 0.39 29.75 1.3 6835 −86.5 −32.9

Note: DFS-45, DFS-M68, DFS-69, DFS-128, DFS-131, DF-133, DFS-148 [56].

The δ13C1 is less than −55‰, and the content of heavy hydrocarbon is less than 0.05%.
By comparing δ13CH4 with C1/(C2 + C3), and the methane-genesis identification chart [57],
it can be determined that the gas is a biogenic gas (Figure 13). The N2 is 1.256~29.75%, with
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an average of 16.17%. There is an obvious linear negative correlation between the content
of N2 and CH4 (Figure 14), indicating that the coal seam was exposed to the surface or
connected with surface water, N2 in the atmosphere seeped into the coal seam with the
water flow, resulting in the high N2 content. The CO2 content is 0.24~2.375% and the value
of δ13C (CO2) is between −36.693‰ and −7.0650‰, it belongs to CO2 of organic origin.

Figure 13. Identification chart of the genetic of CBM.

 
Figure 14. Correlation between N2 and CH4 in gas compositions.

The maximum vitrinite reflectance (Ro,max) has indicated that the coal of the study area
was a low metamorphism degree. The coal seam was at the end of the primary biogenic gas
and has not yet entered the thermal genetic stage of massive methane generation, which
provided favorable material conditions for the generation of secondary biogenic gas. Based
on the above comprehensive analysis, CBM was the typical secondary biogenic gas.

4.3. Geological Model of CBM Accumulation

In the geological evolution process of coal reservoirs, tectonic evolution plays a key
role in gas generation through stratum subsidence and thermal evolution. Wang et al. [58]
proposed the feature of the later tectonic of the Ordos coal-forming basin is the symbiosis
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of the western thrust, the southern uplift and the fault depression. Near south-north thrust
nappe structures developed in the western margin of the basin, leading to exposure and
large-scale denudation of the Jurassic coal-bearing rock series. The study area is a northeast
inclined monoclinic structure, the coal seam belongs to the Jurassic coal seam with shallow
burial depth and low metamorphism degree (Ro,max < 0.65%). When the coal seam was
raised to the shallow area, the stratum fissure developed and atmospheric precipitation
and surface runoff directly recharged the coal reservoir, which provided suitable geological
environmental conditions for the reproduction of bacteria. Under the action of the methane
bacteria, the organic matter turned into methane under physical and chemical. It was
found that the relatively enriched area of CBM was mainly concentrated in the weak runoff
zone of the basin margin slope with a burial depth of 450 m~650 m. The weak runoff zone
has weak groundwater activity, which is conducive to the preservation of CBM reservoirs.
The deep stagnant zone (>650 m) is insufficient to recharge the coal seams and the water
mineralization is high, which is not conducive to the reproduction of methane bacteria and
gas generation. According to the analysis results of 4.1 and 4.2, CBM was the secondary
biogenic gas of low-rank coal. Based on the above comprehensive analysis, the CBM
accumulation model is the secondary biogenic gas accumulation on the gentle slope of the
basin margin (Figure 15).

 
Figure 15. Geological model of CBM accumulation and enrichment.

4.4. CBM Production Analysis
4.4.1. Geological Factors Evaluation of CBM Production

As mentioned before, the main controlling factors of CBM production capacity include
gas content, burial depth, coal thickness, structural, hydrological conditions, permeability,
and reservoir pressure. Daily gas production is a key indicator reflecting production
capacity, the average daily gas production at the stable production stage is considered as
the dependent variable and other related factors as independent variables. The main control
factors of gas production capacity were analyzed by the gray correlation. The calculation
process of correlation degree refers to the literature [44,59,60]. The lithology of the No. 4
coal seam roof is all sandy mudstone or carbonaceous mudstone, and the difference in
lithology is small. Therefore, the factors that can affect the CBM production capacity (gas
production) include coal thickness, permeability, gas content, reservoir pressure, ash, roof
thickness and burial depth. According to the results of the correlation degree, it can be
seen that the main control factors of the productivity between vertical wells and horizontal
wells are quite different, as shown in Table 5.
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Table 5. Grey correlation quantitative evaluation of controlling factors of CBM production.

Vertical Well Horizontal Well

Factors Correlation Rank Factors Correlation Rank

Coal thickness 0.662 1 Gas content 0.656 1
Burial depth 0.572 2 Coal thickness 0.622 2
Permeability 0.541 3 Reservoir pressure 0.579 3
Ash of coal 0.493 4 Ash of coal 0.579 4

Roof thickness 0.415 5 Permeability 0.555 5
Gas content 0.404 6 Roof thickness 0.427 6

Reservoir pressure 0.196 7 Burial depth 0.394 7

4.4.2. High Production Model of CBM

The study area as a whole is a monoclinic structure dipping from northeast to south-
west. Except for DFS114 and DFS-C01 located in the eastern part of the minefield, the
rests were distributed in the central area of the minefield. In terms of gas production,
there are 19 production wells above 1000 m3/d, in which horizontal wells DFS-C02 and
DFS-05 have gas production rates of more than 10,000 m3/d. High production vertical
wells (>3000 m3/d) include DFS-128 and DFS -C04.

Through the connected well profile of the high production well in the Dafosi minefield,
DFS-128(V)—DFS-C04(V)—DFS-C02/-05(H)—DFS-M168(H) showed that the vertical wells
DFS-128 and DFS-C04 were mainly distributed on the flanks of the anticline, while hori-
zontal wells DFS-C02, DFS-05 and DFS-M168 were located near the core of the Shijiadian
syncline, and the gas content of the high production wells are basically more than 4 m3/t
(Figure 16). The well positions of different well types have obvious differences, the high
production area of vertical wells is located at the folding flank, and horizontal wells are
located at the syncline axis. The roof mudstone and weak underground water sealing effect
are conducive to forming the high gas content in the fold flank. Under the action of tensile
stress, the fractures above the neutral of the fold are more developed and the permeability
is good, which is conducive to rapid depressurization of the reservoir and gas production
by drainage, e.g., the gas production of well DFS-128 during the stable production period
is more than 3200 m3/d. The thickness (12 m~20 m) and burial depth (500 m~600 m) of the
coal seam at the syncline axis of Shijiadian are large. The hydrodynamic environment is a
weak runoff zone. Due to the long horizontal section of the horizontal well, the influencing
range in the coal seam is relatively wide. Good drainage and depressurization effect, high
gas production, e.g., the gas production of DFS-C02 well during steady production period
is about 11,000 m3/d. Of course, apart from geological factors, drilling and production
technologies, fracturing technologies and drainage systems all have a significant impact on
gas production, but we will not discuss them here.

 

Figure 16. High-production model of CBM.

4.4.3. The Favorable Areas for CBM High Production

It can be seen in Table 6, that the absolute value of the correlation coefficient between
all factors was less than 0.4, and the correlation coefficient of the structure position was also
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close to 0.4. Therefore, the factors can be considered independent of each other. The gas
production of CBM wells is quite different, the classification standard of high production
and low production is the daily gas production in the stable production stage. If it is
higher than 1500 m3/d, it is regarded as high production, less than 1500 m3/d is the low
production. The attribute data of 12 high production wells and the same number of non-
high production wells are randomly selected as the training sample set, and the remaining
five high production wells and the rest of the non-high production well points form a test
sample set. Based on MATLAB, the random forest model training sample set is used for
learning, and the learned model is used in the test sample. The prediction rate of the model
is 70%. Therefore, the model is considered reliable and can be used to evaluate the whole
area in the next step.

Table 6. Correlation coefficient of main controlling factor.

Controling Factors
Gas

Content
Burial
Depth

Coal
Thickness

Permeability
Reservoir
Pressure

Structural
Location

Ash of
Coal

Roof
Thickness

Gas content 1
Burial depth −0.130 1

Coal thickness 0.044 0.186 1
Permeability 0.284 −0.475 0.166 1

Reservoir pressure 0.312 0.011 −0.396 0.021 1
Structure location 0.417 0.199 −0.198 −0.122 0.350 1

Ash of coal 0.194 −0.127 0.141 0.218 0.231 0.075 1
Roof thickness 0.318 −0.047 0.106 0.768 −0.012 0.146 0.271 1

Subsequently, the attribute database of the study area was brought into the trained
model, and the susceptibility index of high production CBM wells based on the random
forest model was obtained, and the interval is [0, 0.948]. The natural discontinuity method
was used to classify its susceptibility levels into three categories, which are the unfavorable
area [0.03, 0.386], generally the favorable area [0.386, 0.51], and the extremely favorable
area [0.51, 0.948], the predicted result of the generated favorable area of CBM is shown in
Figure 17.

 
Figure 17. Prediction results of favorable areas in the study area.

5. Conclusions

(1) The maximum reflectance of vitrinite (Ro,max) in coal are 0.56~0.65%. The result of
gas compositions and carbon isotopes analysis shows that CBM is typical biogenic gas of
low-rank coal.
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(2) The gas content is closely related to buried depth and hydrodynamic environment,
i.e., the high gas content areas are mainly located in the groundwater weak runoff zone at
the burial depth of 450 m~650 m, especially in the syncline. The CBM accumulation model
is the secondary biogenic on the gentle slope of the basin margin.

(3) The productivity of CBM wells is closely related to the structural location, but
vertical wells gas production performance is different from horizontal wells. The high gas
production area of vertical wells is distributed on the gentle slope with high gas content
between anticline and syncline, the horizontal wells with good performance are located
near the core of the syncline.

(4) According to the random forest model, the study area is divided into three areas,
which are the unfavorable area, the generally favorable area, and the extremely favorable
area. The predicted results will provide the scientific basis for the CBM production wells.

(5) The CBM development of low-rank coal in Western China is still in the early stage.
The study area is relatively small, and the number of samples is few. It is suggested that
future research should be based on more production data. In addition, mining technology
is an indispensable aspect of the research on CBM development, and the evaluation of
geological factors should be combined with mining technology.
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Abstract: Gas disasters, such as coal and gas outburst and gas overflow, always occur during the
mining of the steep and extra-thick coal seam in the horizontal, fully mechanized, top coal slice caving
(HFMTCSC) method. To solve these issues and guarantee the safe and efficient mining in the Yaojie
No. 3 coal mine, 3DEC software was used in this work to investigate the overburden movement and
collapse law as well as the stress redistribution and coal-seam deformation characteristics below the
goaf. The results show that a pressure arch structure and a hinge structure are formed in succession
in the overburden rock, which induces stress redistribution in the coal below the goaf. During the
mining of the upper slice, more than 75% of the coal in the lower slice is located at the effective
pressure relief zone; therefore, the steep and extra-thick coal seam can then be protected slice by slice.
Meanwhile, with the increase of mining depth, the efficient pressure relief range expands. Based on
this pressure relief mechanism, crossing boreholes and bedding boreholes were reasonably designed
to efficiently extract the pressure relief gas during the mining of the steep and extra-thick coal seam
in the Yaojie No. 3 coal mine.

Keywords: gas extraction; overburden movement; expansion deformation; effective pressure
relief range

1. Introduction

As is known, the in situ stress decreases, and the coal permeability increases in the
protected layer during the mining of the protective layer, which is beneficial to its extrac-
tion [1–7]. Therefore, protective layer mining, an effective measure for outburst prevention,
has been widely adopted in China under different geological conditions, including different
interlayer distances [8–10], different dip angels [11,12], different mining thicknesses [13,14]
and so on. However, with the deepening of mining depth in China, it is always difficult to
find a coal seam to be mined first as the protective layer because almost all the deep coal
seams are at outburst risk [15–18].

In the past, traditional mining methods were always adopted during the mining of
the steep and extra-thick coal seam with a dip angle greater than 45◦ and a thickness over
decade meters. However, the mining efficiency was rather low due to the difficulty in the
installation of the shearer under this special coal seam condition. With the development
of mining technology, the horizontal, fully mechanized, top coal slice caving (HFMTCSC)
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method has been widely used in northwest China [19–22]. After adopting this new mining
method, the mining efficiency improved significantly. Unfortunately, the gas control is
rather difficult in steep and extra-thick coal seams because its gas resources are very rich. If
there is no suitable coal seam to be mined as the protective layer, a large number of gas
extraction boreholes should be constructed, and the gas extraction period will be very long.
Therefore, gas disasters, such as coal and gas outburst and gas overflow, always occur
during the mining process. Although various measures (such as symmetrical caving and
pre-splitting blasting) have been adopted by many researchers to prevent the accumulation
of the noxious gas caused by the large area dynamic collapse of the top coal [22–24],
pre-mining gas extraction is the basic measure to solve this issue [25].

The main minable seam, a steep and extra-thick one, is of great outburst risk in the
Yaojie No. 3 coal mine [26]. There is no suitable adjacent coal seam to be mined as the
protective layer; thus, its gas extraction is rather difficult, and several serious coal and
gas outburst accidents have been reported. The HFMTCSC method was first used in the
Yaojie No. 3 coal mine in 1986. During the mining process in this method, the stress on
the hydraulic support is rather low, and a large amount of gas originating from the coal
below the goaf can desorb and flow freely into the working face. These phenomena suggest
that pressure relief is maybe achieved in the coal below the goaf. To better understand this
pressure relief mechanism, the overburden movement and collapse law as well as the stress
and deformation characteristics of the coal seam below the goaf were analyzed by adopting
the 3DEC software [27] according to the engineering geological conditions in the Yaojie
No. 3 coal mine. Based on the pressure relief mechanism, crossing boreholes and bedding
boreholes were reasonably designed to extract the pressure relief gas.

2. Geological Setting and Mining Conditions

Steep and extra-thick coal seams are widely developed in northwest China, especially
in coal fields such as at Yaojie, Huating and Urumqi. The location of the Yaojie coal field is
shown in Figure 1a. Yaojie No. 3 coal mine, a main recovery one, is sited at the north center
of the coal field. The mine produced more than 2 million tons of coal in 2014. The mine
generally shows a monoclonal structure with a northeast trend and a southwest dip, and
several faults are also developed, as shown in Figure 1b.

In the Yaojie No. 3 coal mine, the #2 coal seam is the only one with commercial value.
Its thickness is approximately 24.91 m, and its dip angle is approximately 55◦, i.e., the
#2 coal seam is a typical steep and extra-thick one. Meanwhile, its average gas content
is approximately 10 m3/t. The schematic cross section of the #2 coal seam is shown in
Figure 1c. Moreover, several serious spontaneous combustions occurred in the shallow coal
near the earth surface, which destroyed the coal’s commercial value there.

The HFMTCSC method adopted in the mining of the #2 coal seam is shown in Figure 2a.
During the mining process, the coal seam was artificially divided into different horizontal
slices. In each slice, its total thickness was approximately 11.2 m, and the fully mechanized,
top coal caving mining method was adopted. The mining height was approximately
2.8 m, while the caving height was approximately 8.4 m. The mining condition in each
slice is shown in Figure 2b, and the coal roadway support condition is shown in Figure 2c.
Moreover, the generalized stratigraphic column of the Yaojie No. 3 coal mine is shown
in Figure 2d.
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Figure 1. The location and the geological setting of the Yaojie No.3 coal mine: (a) location of the
Yaojie coalfield; (b) geological setting of the Yaojie No.3 coal mine and (c) schematic cross section
along the line A-A′ in (b).
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Figure 2. Mining method and generalized stratigraphic column in the Yaojie No. 3 coal mine:
(a) schematic view of the HFMTCSC mining method; (b) mining condition; (c) coal roadway support
condition and (d) the stratigraphic column.

3. Research Method

Numerical simulations, which can overcome many complicated problems in the
analytical method, have been used widely in engineering and theoretical analysis in recent
years [27–30]. A software based on the discrete element method and developed by Itasca
Consulting Group Inc. (Minneapolis, MN, USA) [31], 3DEC, is one of the most important
numerical software tools in current rock mechanics calculations. Therefore, 3DEC software
was selected to analyze the overburden movement and collapse law as well as the stress
and deformation characteristics of the coal seam below the goaf during the mining of the
steep and extra-thick coal seam in the HFMTCSC method.

For the sake of simplification, a two-dimensional geometric model was built according
to the plane strain assumption, as shown in Figure 3. Considering that the overburden
strata will move towards the goaf sharply during the mining process of the steep and extra-
thick coal seam, from the shallow to the deep slice by slice, the length in the x-direction
was set as 700 m while the height was set as 550 m. Meanwhile, 16 slices with an average
thickness of 11 m for each were built in the geometric model. The 1st slice is located at
220 m below the top side. The 16th slice is located at 154 m above the bottom side. As
for the boundary conditions, the top side was set as the stress boundary with a vertical
stress of 0.6 MPa. At the same time, the horizontal displacement at the lateral and the
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vertical displacement at the base are constrained. The Mohr Coulomb block model and the
joint area contact Coulomb slip model were used during the simulation process [27]. The
parameters of the main rock stratum and coal seams employed in the model are shown in
Tables 1 and 2 and were tested in the laboratory.

Figure 3. Geometric model.

Table 1. Physical and mechanics properties of the rocks and coal blocks.

Rock Strata
Density
(kg/m3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Cohesion
(MPa)

Friction Angle
(◦)

Tensile Strength
(MPa)

Sandstone 2600 8.7 8.3 6.0 35 9.0
Fine sandstone 2600 7.8 4.9 8.3 38 13.1

Oil shale 2100 3.3 3.4 2.3 39 3.5
Al mudstones 2500 3.0 3.0 1.6 27 4.5

Coal seam 1400 0.8 0.8 1.2 30 2.5
Carbonaceous

mudstone 1250 2.6 1.3 2.3 42 3.2

Sandy conglomerate 2750 10.5 6.3 7.1 40 9.4

Table 2. Physical and mechanics properties of the rocks and coal joints.

Rock Strata
Normal Stiffness

(GPa)
Shear Stiffness

(GPa)
Cohesion

(MPa)
Friction Angle

(◦)
Tensile Strength

(MPa)

Sandstone 20.0 19.0 1.2 18 12.3
Fine sandstone 29.0 27.0 1.8 21 8.5

Oil shale 16.0 16.0 1.0 15 4.5
Al mudstones 35.0 34.5 0.6 18 4.2

Coal seam 24.0 23.5 0.5 12 1.5
Carbonaceous

mudstone 22.0 20.0 0.8 22 3.5

Sandy conglomerate 19.0 18.0 1.5 20 10.2
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4. Result and Discussion

4.1. Mining-Induced Overburden Movement and Collapse Law

The numerical simulation method provides us an opportunity to observe the overbur-
den movement during the mining of the steep and extra-thick coal seam. The movements
of the overburden rock during the mining process are shown in Figure 4.

Figure 4. The motion states of the overburden rocks during the mining process: (a) the first slice;
(b) the 5th slice; (c) the 8th slice and (d) the 15th slice.
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During the mining of the first slice, the top coal and the immediate roof begin to
collapse and bend towards the goaf, as shown in Figure 4a. The caving characteristic of the
top coal is in good accordance with the simulation result in the Particle Flow Code programs
by [23]. With the continual mining of the coal seam, the roof hanging distance becomes
increasingly larger. During the mining of the 5th slice, the immediate roof collapses for
the first time, as shown in Figure 4b. Subsequently, the immediate roof collapses, dilates,
accumulates and fills the goaf endlessly. However, the caved rock cannot completely fill
in the goaf. During the mining of the 8th and the 15th slices, the main roof collapses once
and again, as shown in Figure 4c,d. Meanwhile, the goaf is gradually filled in with the
periodical collapse of the main roof. Afterwards, it is difficult for the overburden rock
to collapse under the support of the caved rocks filled in the goaf; thus, a new balance
structure (namely a hinge structure) is formed along the dip in the overburden rock.

In a word, a pressure arch structure with an arch foot located at the coal above the
goaf and the other at the coal below the goaf is formed in the overburden rock during
the mining process from the 1st slice to the 14th slice. Meanwhile, a hinge structure is
also formed in the overburden rock during the mining process from the 15th slice to the
16th slice.

4.2. The Pressure Relief Mechanism during the Mining of the Steep and Extra-Thick Coal Seam

As mentioned above, a pressure arch structure and a hinge structure are formed in
succession during the mining of the steep and extra-thick coal seam. In the pressure arch
structure, the vertical stress it bears could be transferred to the arch feet. Therefore, a vertical
stress-unloading effect could be achieved in the coal below the pressure arch structure.
However, in the coal around the arch feet, there is an obvious increasing tendency in the
stress, which results in a stress concentration zone. In a word, the coal below the goaf can
be divided into a pressure relief zone and a stress concentration zone, as shown in Figure 5a.
A similar stress redistribution could also be achieved when the hinge structure is formed
in the overburden rock (Figure 5b): the vertical stress the hinge structure bears could also
be transferred to the caved rock filled in the goaf and the coal roof; as a result, the coal
below the goaf could also be divided into a pressure relief zone and a stress concentration
zone. According to the above analysis, the pressure relief effect in the coal below the goaf
is mainly caused by the pressure relief structure and the hinge structure formed in the
overburden rock during the mining process of the steep and extra-thick coal seam.

Figure 5. The stress redistribution mechanism of the steep and extra-thick coal seam: (a) the pressure
arch structure stage and (b) the hinge structure stage. In both figures: (1) denotes the pressure relief
zone, and (2) denotes the stress concentration zone.

The stress redistribution could result in a coal-seam deformation. With the unloading
of the vertical stress, the mechanical energy stored in the coal could be released to a certain
degree. Therefore, the coal in the pressure relief zone could expand and deform towards
the goaf. At the same time, the horizontal stress may increase in the stress concentration
zone. Under the squeezing effect of the horizontal stress, the coal’s expansion deformation
could be further enhanced. In summary, the coal in the pressure relief zone will expand and
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deform into the goaf under the effects of vertical pressure relief and horizontal squeezing
during the mining process, as shown in Figure 6.

Figure 6. The expansion deformation mechanism: (1) denotes the pressure relief zone, and (2) denotes
the stress concentration zone.

4.3. Stress Evolution Characteristics in the Coal Below the Goaf

To achieve a better understanding of the stress evolution characteristics in the coal
below the goaf, the vertical stress in the coal at different distances below the goaf was
monitored during the mining of the steep and extra-thick coal seam. Figure 7 illustrates the
stress monitoring results during the mining of the 5th slice.

As shown in Figure 7, the vertical stress decreases in the pressure relief zone, whereas
it increases in the concentration zone. Meanwhile, the pressure relief level decreases with
the distance below the goaf increasing. As shown in Figure 7a, the vertical stress in the coal
2 m below the goaf decreases to approximately 0.5 MPa during the mining of the 5th slice.
However, the vertical stress in the coal at 23 m below the goaf decreases to approximately
3 MPa, as shown in Figure 7h. At the same time, with the distance below the goaf increasing,
the area of the pressure relief zone decreases while the area of the stress concentration
zone increases. In China, the pressure relief angle has been widely adopted to describe the
pressure relief range. According to the vertical stress monitoring results, the pressure relief
angle could be obtained. As shown in Figure 8a, the pressure relief angle is approximately
72◦ during the mining of the 5th slice. During the mining process of the 10th and 15th slices,
the vertical stress evolutions were also monitored in the coal below the goaf. According to
the stress monitoring results, their pressure relief angles could also be obtained, as shown
in Figure 8b,c. From these figures, we can see that the pressure relief angle is approximately
70◦ during the mining process of the 10th and 15th slices. Therefore, the pressure relief
range almost remains the same during the mining process of the steep and extra-thick
coal seam.

Moreover, the vertical stress is almost decreased to the same level during the mining
of the different slices. The vertical stress at the same distance below the goaf was also
monitored during the mining of different slices. Taking the 5th slice, the 10th slice and
the 15th slice as examples, the vertical stress monitoring results at 5 m below the goaf are
shown in Figure 9. From this figure, we can see that the vertical stresses in the pressure
relief zones all decrease to approximately 0.5 MPa, although the initial vertical stress is
approximately 3.0 MPa, 3.5 MPa and 4.0 MPa, respectively. In contrast, the vertical stress in
the stress concentration zone increases to 4.0 MPa, 4.5 MPa and 6.5 MPa, respectively. In
other words, the stress concentration level increases with the mining depth.
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Figure 7. Vertical stress monitoring results during the mining of the 5th slice: (a) 2 m below the goaf;
(b) 5 m below the goaf; (c) 8 m below the goaf; (d) 11 m below the goaf; (e) 14 m below the goaf;
(f) 17 m below the goaf; (g) 20 m below the goaf and (h) 23 m below the goaf.
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Figure 8. Pressure relief range in the coal below the goaf: (a) the 5th slice, (b) the 10th slice and
(c) the 15th slice. In each figure, (1) denotes the pressure relief zone, and (2) denotes the stress
concentration zone.

 
Figure 9. The change of the vertical stress in the coal 5 m below the goaf: (a) the 5th slice, (b) the 10th
slice and (c) the 15th slice.
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4.4. Expansion Deformation Characteristics in the Coal Below the Goaf

As we can find in Figure 6, the coal in the pressure relief zone will expand and deform
towards the goaf under the effects of vertical pressure relief and horizontal squeezing.
Figure 10 shows the expansion deformation cloud charts in the coal below the goaf during
the mining process of the 5th, 10th and 15th slices. From this figure, we can find that the
expansion deformation is increasingly large with the mining depth. The largest expansion
deformation in the coal below the goaf is just 120 mm during the mining of the 5th slice,
whereas those of the 10th and the 15th slices increase to 150 mm and 180 mm, respectively.
The reason for this is because the vertical pressure relief effect is increasingly better in the
deep coal.

Figure 10. The expansion deformation cloud charts in the coal below the goaf: (a) the 5th slice;
(b) the 10th slice and (c) the 15th slice.

4.5. The Effective Pressure Relief Range

The relative expansion deformation is one of the most important evaluation indices
widely used to examine the pressure relief effect of the protective layer mining technol-
ogy [11,32]. In China, the critical relative expansion deformation is 3‰ [17,18,33]. Once the
relative expansion deformation in the protected layer is greater than 3‰, effective pressure
relief could be achieved.

To obtain the relative expansion deformation in the coal at different distances be-
low the goaf, we divide each slice into three sub-slices, namely, 0~3.7 m, 3.7~7.3 m and
7.3~11 m below the goaf. Hence, the relative expansion deformations of four sub-slices
(0~3.7 m, 3.7~7.3 m, 7.3~11 m and 11~14.7 m below the goaf) were calculated during the
mining of each slice. The expansion deformation calculation results during the mining of
the 5th, 10th and 15th slices are shown in Figure 11.
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Figure 11. The relative expansion deformation calculation results: (a) the 5th slice, (b) the 10th slice
and (c) the 15th slice.

As shown in Figure 11, with the distance below the goaf increasing, the relative
expansion deformation in each sub-slice decreases gradually. For example, the relative
expansion deformations in the sub-slices 0~3.7 m, 3.7~7.3 m, 7.3~11 m and 11~14.7 m
below the goaf are approximately 10‰, 5‰, 3‰ and 1.5‰, respectively, as shown in
Figure 11a. The same regulation is also found during the mining of the 10th and 15th
slices, as shown in Figure 11b,c. Moreover, with the mining depth increasing, the relative
expansion deformation tends to increase. Take the sub-slice 3.7~7.3 m below the goaf as
an example; its relative expansion deformation is approximately 5‰ during the mining of
the 5th slice, whereas it increases to approximately 9‰ and 13‰ during the mining of the
10th and 15th slices, respectively. This implies that the pressure relief effect increases with
the mining depth. The effective pressure relief ranges obtained by the relative expansion
deformation date are shown in Figure 12.

As we can see from Figure 12, the effective pressure relief range has an obvious
increasing tendency with the mining depth. During the mining process of the fifth slice, the
effective pressure relief angle is approximately 57◦, and the effective pressure relief depth
is approximately 11.0 m. Meanwhile, 75.6% of the coal in the sixth slice is located at the
effective pressure relief zone. However, during the mining process of the 10th slice, the
effective pressure relief angle and the effective pressure relief depth increase to 61◦ and
14.8 m, respectively. Moreover, 76.7% of the coal in the 11th slice is located at the effective
pressure relief zone. During the mining process of the 15th slice, the effective pressure relief
angle increases to 64◦, and the effective pressure relief depth remains at 14.8 m, resulting in
78.2% of the coal in the 16th slice being located at the effective pressure relief zone.
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Figure 12. The effective pressure relief ranges in the coal below the goaf: (a) the 5th slice,
(b) the 10th slice and (c) the 15th slice. In each figure: (1) denotes the effective pressure relief
zone, and (2) denotes the stress concentration zone.

Therefore, over 75% of the coal in the lower slice can be protected effectively during
the mining of the upper slice in the steep and extra-thick coal seam. In other words, the
steep and extra-thick coal seam can be protected effectively slice by slice during the mining
process in the HFMTCSC method.

5. Gas Extraction Method and Field Application

5.1. The Gas Extraction Method

The #2 coal seam in the Yaojie No. 3 coal mine is of great outburst risk, and several
serious coal and gas outburst accidents have been reported in the past few decades. At
the same time, the gas originating from the coal below the goaf, the mining slice and the
remaining coal in the goaf all easily migrate towards the working face during the mining
process; thus, gas overflow also usually occurs in the working face. The gas emission
sources in the working face are shown in Figure 13. Therefore, pre-mining gas extraction
measures should be adopted in the steep and extra-thick coal seam to eliminate the outburst
hazard and decrease the gas emission in the working face.

In the Yaojie No. 3 coal mine, crossing boreholes and bedding boreholes were adopted
to extract the gas in the coal below the goaf. Crossing boreholes are constructed from
the rock roadway in the roof, as shown in Figure 14. Crossing boreholes are adopted
to extract the gas in 4~5 slices below the goaf. Considering that the coal permeability
values in the effective pressure relief zone and the stress concentration zone are rather
different, the borehole spacing should also be differently set in different zones. During
the actual application process, long boreholes used to extract the pressure relief gas are
constructed first with an angle of 5◦ in the dip until all they are drilled through the coal
floor. Next, enforced short boreholes are supplemented into the stress concentration zone.
After the crossing boreholes are finished, the borehole spacing in the effective pressure zone
is approximately 6~8 m, whereas that in the stress concentration zone is approximately
3~4 m. This arrangement of the crossing boreholes can satisfy the gas extraction demand
both in the effective pressure relief zone and the stress concentration zone. Figure 14b shows
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the arrangement of bedding boreholes, from which we can see that bedding boreholes with
a spacing of 3 m are constructed from the roadway of the working face in each slice.

Figure 13. The gas emission sources in the working face.

Figure 14. Schematic view of the gas extraction in the steep and extra-thick coal seam: (a) crossing
boreholes from the rock roadway in the roof; (b) bedding boreholes from the roadway of the working
face; and (c) the gas extraction flow chart.

During the mining process of each slice, crossing boreholes are set to extract the gas
in 4~5 slices below the goaf simultaneously. Moreover, due to the fact that the effective
pressure relief depth of each slice is just approximately 11 m to 14.8 m, the stress in the
3rd~5th slices below the goaf cannot be released during the mining process. During this
period, the crossing boreholes can also be adopted to extract the gas in these slices, although
the permeability is relatively low. Afterwards, when the upper coal seam is exploited, the
stress in these slices will be released, and the permeability will increase gradually. Then, the
crossing boreholes are used to extract the pressure relief gas in these slices. Therefore, the
crossing boreholes in each roof roadway are used twice during the gas extraction process,
with the first time during the pre-drainage before the pressure relief and the second time
during the extraction of the pressure relief gas.
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The outburst risk in one to two slices below the goaf will be eliminated by the gas
extraction in the crossing boreholes during the mining of each slice. Thus, the roadway
of the next slice below the goaf can be excavated, and the bedding boreholes can be
constructed. By the enhanced gas extraction in the bedding boreholes, the gas content in
the slice to be mined next will decrease furthermore, thereby guaranteeing the safe and
efficient mining in the steep and extra-thick coal seam. The flow chart of the gas extraction
in the steep and extra-thick coal seam is shown in Figure 14c.

5.2. Field Application

Since this gas extraction method was adopted in 1996, the gas extraction condition
in the Yaojie No. 3 coal seam has improved significantly. The gas extraction percentage
increased from 25% to 70%, and the daily coal production rose from 521 t to 3300 t, as
shown in Figure 15. The only coal and gas outburst accident occurred near a major fault
during the mining process in 2003 [34]. The occurrence of the fault destroyed the continuity
of the coal seam; thus, the stress in coal below the goaf cannot be released effectively during
the mining process. Therefore, more attention should be paid during the mining process
near faults.

Figure 15. The gas extraction percentage and daily coal production in recent years.

6. Conclusions

The following conclusions can be drawn in this work:
(1) During the mining of the steep and extra-thick coal seam, a pressure arch structure

and a hinge structure are formed in succession in the overburden rock, inducing stress
redistribution in the coal below the goaf. Therefore, the coal below the goaf can be divided
into a pressure relief zone and a stress concentration zone.

(2) The pressure relief range with a pressure relief angle of approximately 70◦ in the
coal below the goaf is almost the same, regardless of whether it is a pressure arch structure
or a hinge structure in the overburden rock. Moreover, the vertical stress at a same distance
below the goaf is decreased to the same level during the mining of different slices, whereas
the stress in the stress concentration zone increases gradually with the mining depth.

(3) As the mining depth increases, the pressure relief effect in the coal below the goaf
is increasingly notable and the effective pressure relief range increases gradually. When the
mining depth increases from the fifth slice, the effective pressure relief angel increases from
57◦ to 64◦, and the effective pressure relief depth increases from 11.0 m to 14.7 m.

(4) The gas in the coal below the goaf both in the effective pressure relief zone and in
the stress concentration zone can be well extracted by the reasonably designed crossing
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boreholes and bedding boreholes. Since this gas extraction method was adopted in 1996,
the gas extraction condition in the Yaojie No. 3 coal seam has improved significantly. The
gas extraction percentage increased from 25% to 70%, and the daily coal production rose
from 521 t to 3300 t.
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Abstract: In the process of waterflooding development, high waterflooding PVs will make the fluid
percolation in the reservoir more complicated, resulting in lower efficiency of waterflooding. High
waterflooding PVs will affect the relative permeability and change the seepage law of oil–water
two-phase flow in a high water-cut period. In this study, we performed high waterflooding PVs
relative permeability experiments using nine natural cores. The unsteady measurement method is
used to test the relative permeability curve. The results show that: (1) the relative permeability is
affected by the waterflooding PVs, the recovery efficiency of 2000 waterflooding PVs is 10.72% higher
than that of 50 waterflooding PVs on the core scale; (2) it makes water mobility increase sharply,
while oil phase flow capacity remains low and decreases at high water cut stage. A new relative
permeability characterization method considering high waterflooding PVs is established, which is
applied to the numerical simulator. It shows that the remaining oil saturation of the high-permeability
belt is higher than the calculation results of the traditional numerical simulator. It means that the
injected water does not diffuse much into the low-permeability zone of the formation. The modified
simulator is validated with the actual China offshore oilfield model. The numerical saturation of the
key section of the passing well is in good agreement with the actual logging interpretation results, and
the water cut curve fits better in the whole area. The modified simulator could predict oil production
accurately after high waterflooding PVs treatment.

Keywords: relative permeability; high waterflooding PVs; numerical simulation; physical simulation

1. Introduction

The development of oil and gas reservoirs generally goes through three stages. The
first stage is the increased production period. The second is the constant production
stage, and the third is characterized by declining production. As the reservoir enters
its production decline period, there are several EOR methods available to help the field
achieve maximum recovery [1,2]. Increasing the waterflooding PVs is an economical and
straightforward technique, considering the economic cost. In the process of actual reservoir
water flooding development, which is affected by reservoir heterogeneity, water is injected
into the planes and longitudinal high-permeability bands, the water–oil ratio rises sharply,
and the waterflooding PVs can reach hundreds or thousands of times in the mainline or
near the well area [3,4]. The uneven distribution of waterflooding PVs in the reservoir
leads to the invalid circulation of injected water. It has been found that the method of
flow diagnosis that has been applied to profile control and water plugging measures, by
defining the relationship of the connectivity volume, flux, distribution factors of injection
flow, production wells in the reservoir, and Lorentz coefficient, can semi-quantitatively
judge the waterflooding PVs in the reservoir and provide well reference for profile control
and water plugging [5–9]. The traditional relative permeability test is usually performed
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under the conditions of 30–50 PV displacement multiple and 50–60% oil displacement
efficiency. Laboratory tests in the Shengli oilfield show that the oil recovery efficiency can
reach 70–80% by increasing waterflooding PVs and displacement pressure gradient. The
oil recovery efficiency of the Daqing oilfield is nearly 100% when the waterflooding PVs
are 26,331 PVs [10,11]. After long-term waterflooding, the pore throat structure of loose
sandstone reservoirs will change [12]. It is suggested that the formation is formed in large
water channels. In the stage of high water cut and high recovery of China’s Bohai SZ oilfield,
the coring data of new drilling wells shows that the microscopic pore throat characteristics
of the reservoir went through significant changes after long-term waterflooding. The south
China sea offshore oil field laboratory experimental study shows that the oil displacement
efficiency can be increased from 60.67% in the case of waterflooding (100 PVs) to 71.27%
in the case of extra high waterflooding (2000 PVs), and the residual oil saturation can be
reduced from 29.56% to 21.72%, indicating that high water-cut oil fields still have great
exploitation potential [13–15]. Similar characteristics are also found in the Daqing Lasaxing
oilfield and some foreign oilfields in the North Sea. The remaining oil saturation of the
strongly water washed oil layer is lower than the laboratory experiment results [16–18]. A
large number of field practice and laboratory physical simulation experiments prove that
increasing the waterflooding PVs can effectively improve the oilfield development effect.

However, there are several understandings of the mechanism of high waterflood-
ing PVs in EOR. First, long-term waterflooding can cause a change in the reservoir; the
essence of high waterflooding PVs is the long-term reconstruction of underground reservoir
conditions. If the sandstone is poorly cemented, long-term waterflooding will cause the mi-
gration of particles and clay swelling, even sanding, which can cause physical parameters
such as reservoir porosity, permeability, and reservoir microscopic pore structure changes.
This affects fluid percolation characteristics in the reservoir [19–24]. Second, in the whole
process of waterflooding development, the residual oil saturation is not a constant, and
the oil displacement efficiency measured in the laboratory at the early stage of develop-
ment does not represent the ultimate recovery efficiency. High waterflooding PVs will
reduce the critical capillary number of the reservoir, thus improving the oil displacement
efficiency [17,25]. Third, increasing waterflooding PVs can improve the wettability of
reservoir and oil recovery [26]. Either of the above mechanisms or the combination of two
or more mechanisms will result in significant changes in the relative permeability curves
that describe the characteristics of oil–water two-phase seepage.

Fang Yue et al. [27] conducted water–oil displacement experiments with high wa-
terflooding PVs. They found that under high waterflooding PVs, oil-phase permeability
decreased slowly while water-phase permeability increased significantly, and the water-
flooding characteristic curve showed an upward “inflection point”. After the “inflection
point”, water consumption increased sharply. The higher the permeability, the higher
the displacement efficiency, and increasing injection speed can improve oil displacement
efficiency. Hong-min Yu [28] found that high water waterflooding PVs relative permeability
curve has the characteristic of semi-logarithmic piecewise linear bounded by the turning
point of water cut, the relative permeability of oil and water does not change before the
turning point, the residual oil saturation decreases after the turning point, and the relative
permeability of oil and water extends to the limit. Zhang Wei et al. [13] found that the
isotonic point of the relative permeability curve shifts to the right after the high water-
flooding PVs, indicating that the water wettability is enhanced, which is beneficial to water
flooding. Microscopic remaining oil flow patterns are classified and studied by Chun lei
Yu [29] through the micro-glass etching model experiment and computer image recognition
processing technology. The results show that the remaining oil flow patterns can be divided
into clusters of flow, porous flow, columnar, membrane, and flows in dropwise flow. In five
classes considering oil-water and the contact relation between the pore throat, cluster flow
accounts for the largest proportion. With the increase in water saturation, the cluster flow
gradually transformed into porous flow, columnar flow, membrane flow, and droplet flow.
At the same time, the reason for the nonlinear relative permeability curve and the mobility
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law of oil and water in the ultra-high water cut period is explained from the microscopic
point of view.

From the above research results, it can be clearly seen that the physical simula-
tion of waterflooding with high PVs is relatively mature. However, different types of
reservoirs with different properties also have significant differences in their production
systems [30–35]. Therefore, the performance of oil displacement efficiency and relative
permeability is also quite different for the high waterflooding PVs treatment. Moreover,
the application of the understanding of high waterflooding PVs’ relative permeability
in numerical simulation is still unclear. In other words, there are bottlenecks when the
in-house experimental results are applied to the field.

The relative permeability in the traditional numerical simulation model can not change
automatically according to the actual production strategy and reservoir properties changes.
Therefore, we took the natural core of Q oilfield in the Bohai Sea as the research object and
carried out high waterflooding PVs experiments. According to the experimental results, the
relationship between relative permeability and water saturation (Sw) and waterflooding
PVs is established. The knowledge is coupled to the numerical simulator. The effectiveness
of the simulator is verified by the latest logging interpretation results of the passing well
and the fitting of the water cut in the well area.

2. Experiments

2.1. Experimental Design

Bohai oilfield is a typical fluvial facies reservoir with high permeability and porosity.
According to the property variation range of the main reservoir, the law of high waterflood-
ing PVs’ relative permeability of different properties (244~9380 mD) was studied. A total of
9 groups of waterflooding experiments were carried out using typical reservoir cores. The
simulated oil viscosity is 28 mPa·s. Standard brine used in the experiments has a salinity of
10,000 mg/L. The test fluid was designed according to the actual reservoir oil and water
properties of the Q32-6 oilfield. The waterflooding rate was 1.0 mL/min. The maximum
waterflooding PVs is 2000 PVs.

2.2. Sample and Devices

In this study, natural cores with different permeability (244–4814.8 mD) were selected
to carry out high waterflooding PVs displacement experiments. We describe the cores
used in the experiment in Figure 1. All of these cores are moderately wet. Table 1 shows a
summary of cores conditions.

Table 1. Summary of the experiment samples.

Core No.
Core Length

(cm)
Core Diameter

(cm)
Porosity

(f)
Permeability

(md)

Irreducible Water
Saturation

(%)

Residual Oil
Saturation

(%)

1 5.96 2.502 37.5 244.4 28.8 25.99
2 5.88 2.51 37 659.4 27.3 24.72
3 6.04 2.498 37.3 1536.6 25.6 23.21
4 6.33 2.5 38.9 1793.1 22.1 24.79
5 6.24 2.496 38.3 2531.1 20.9 21.99
6 5.97 2.492 38 2681.3 24.4 18.37
7 6.25 2.506 39.5 2811.5 24.2 18.87
8 5.76 2.504 41.1 4035.3 19.3 20.26
9 6.14 2.497 38.7 4814.8 19.6 18.89
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Figure 1. Cores used in the experiments.

The experimental process consists of five parts: pressure control system, temperature
control system, core holder, metering, and data acquisition system (Figure 2).

Figure 2. Schematic representation of the experimental apparatus of the relative permeability mea-
surement.

The relative permeability of different cores at high waterflooding PVs was measured.

2.3. Experimental Procedure

In this experiment, the core is vacuumed and then saturated with standard saltwater,
followed by oil flooding to create irreducible water conditions, and finally, continuous
water flooding at a specified temperature. The variation of oil and water at the outlet end
with time and the displacement pressure difference is recorded. The specific steps are
as follows:
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A. The simulated formation water is prepared and stands for 1 day, then filtered and
loaded into an intermediate container.

B. The cores treated by washing oil and salt are dried, weighed, vacuumed, and
saturated with simulated formation water.

C. The core is loaded into the core holder, the irreducible water is established by
simulated oil flooding, and the oil phase permeability under the condition of irreducible
water is measured.

D. Simulated formation water is used to displace the core with constant speed. The
data of breakthrough time, cumulative oil production, cumulative liquid production,
displacement velocity, and the displacement pressure difference between the two ends of
the core are accurately recorded.

E. At the beginning, encrypt the record and gradually lengthen the time interval of the
record with the continuous decrease in oil production. The experiment was finished after a
water injection of 2000 PVs.

3. Experimental Result

3.1. High Waterflooding PVs Relative Permeability

Nine groups of high waterflooding PVs’ relative permeability curves show similar
characteristics. Here, we take the relative permeability curve of Core #4 as an example
(Figure 3, other high waterflooding PVs relative permeability curves see Appendix A). It
can be seen that with the increase in water saturation, the relative permeability of the oil
phase decreases slowly, while that of the water phase increases sharply, and the increase in
the water phase is much larger than the decrease in the oil phase. As waterflooding PVs
increase from 50 PVs to 2000 PVs, water saturation increases from 60.8 to 75.2. If water
waterflooding PVs stop at 50 PVs, oil-phase relative permeability is considered 0, and the
water saturation is 60.8. Water-phase relative permeability is 13.4. If the waterflooding PVs
increase to 2000 PVs, the relative permeability of the water phase increases from 13.4 to 66.4,
and the relative permeability of the oil phase still decreases slowly with the water saturation
increases from 60.8 to 66.4. During the increase in waterflooding PVs, the mobility of the
oil phase is very low, accompanied by a continuous decrease, and the mobility of the water
phase increases sharply.

Figure 3. Relative permeability curve of #4 (K = 1793.1 mD).
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The waterflooding characteristic curve of no. 4 natural core at high waterflooding PVs
(2000 PV) was obtained (Figure 4). The waterflooding characteristic curve upturns after the
water cut reaches 98%. Before the “inflection point”, the waterflooding PVs is 67.26 PV, the
water consumption is 3.36%, the cumulative time is 941.44 min, and the oil displacement
efficiency is 55.74%. From the “inflection point” to the end of the experiment, another 1933
PV water was injected, which accounted for 96.64% of the total water consumption. The
cumulative time was 27,052 min, and the oil displacement efficiency increased by 13%.
It is suggested that after the waterflooding characteristic curve is upturned, the water
consumption increases sharply, but the oil displacement efficiency increases slowly, and
the development effect gradually deteriorates.

Figure 4. Type A waterflood characteristic curve of #4.

The experimental results of relative permeability at high waterflooding PVs show
that increasing waterflooding PVs can improve oil displacement efficiency. However, the
mobility of the water phase increases sharply at high waterflooding PVs, especially after
the “inflection point” of a waterflooding characteristic curve appears; the same production
of oil needs to consume more injection water. Therefore, before the “inflection point”
appears in the waterflooding characteristic curve, it is the key to increasing waterflooding
recovery efficiency economically and effectively. After the “inflection point”, appropriate
measures can be taken to control the profile and plug water in order to improve the oil
displacement contribution of injected water. Injection–production correlation analysis and
flow diagnosis [5–9] can effectively help to identify high water consumption brands and
provide a basis for better waterflooding development of oilfields.

3.2. Relationship between Residual Oil Saturation and Waterflooding PVs

The amplitude of oil displacement efficiency improvement in different waterflooding
PVs was counted (Figure 5). When the waterflooding PVs were increased from 50 PV to
500 PV, the average oil displacement efficiency was increased by 10.5%; when the displace-
ment was further increased from 500 PV to 1000 PV, the oil displacement efficiency was
increased by 1.5%; when the displacement was further increased from 1000 PV to 2000 PV,
the oil displacement efficiency was only increased by 0.9%. The ultimate oil displacement
efficiency is closely related to permeability. With the increase in permeability, the final
displacement efficiency and the improved range of displacement efficiency increase. In the
actual oilfield development process, the oil displacement efficiency under 2000 PV can be
regarded as the ultimate displacement efficiency under the waterflooding state.
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Figure 5. The range of oil displacement efficiency improvement in different water waterflooding PVs.

3.3. Mechanism Analysis

The reason for high waterflooding PVs’ relative permeability of high water cut stage
shows these characteristics: (1) With the increase in water saturation in the process of
waterflooding, the oil phase is continuously segmented, and the degree of discontinuity is
continuously intensified, which is characterized by large quantity, small volume, and strong
dispersion. (2) The increase in discontinuity is due to the increase in discontinuous flow
patterns, such as cluster flow and porous flow, and the oil flow becomes more and more
dispersed. (3) With the increase in water saturation, the proportion of discontinuous flow
morphology (droplet flow, membrane flow, columnar flow, and porous flow) continues
to increase, while the proportion of continuous flow morphology (cluster flow) gradually
decreases. (4) In the continuous phase, the cluster flow has strong mobility and relatively
high relative permeability, while the remaining oil of the other four forms has weak
mobility and low relative permeability in the discontinuous phase, while the inflection
point of the relative permeability curve occurs when the discontinuous phase with low
relative permeability begins to develop. In other words, inhibiting the transformation
and development of the continuous phase and discontinuous phase and maintaining
the proportion of the continuous phase at a certain level can delay the occurrence of
the inflection point of the phase permeability curve to some extent, which is helpful in
improving the recovery factor [36–39].

4. Numerical Simulation

According to the experimental results, there is a significant difference between the
relative permeability of high waterflooding PVs and the traditional relative permeability,
especially in the high water cut stage. Therefore, based on MRST, we introduce the high
waterflooding PVs’ relative permeability into the traditional numerical simulator (the new
numerical simulator), update the relative permeability curve by automatically converting
the injected water multiple, and compare the results with the traditional numerical simula-
tor (a constant phase permeability curve is used in the whole simulation process). We set
up a numerical simulation model: a heterogeneous model with high permeability bands
along the diagonal distribution. The numerical simulation, calculating results obtained
from the modified simulator, is compared with that from a traditional numerical simulator.
The basic parameters of the numerical simulation model are shown in Table 2, and the
relative permeability curve used in the numerical simulation model is shown in Figure 3.
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Table 2. Simulation model parameters.

Grid node 40 × 40 × 1 Dx (m) 10

Dy (m) 10 Dz (m) 10

Top deep (m) 1000 Initial water saturation (f) 0.205

Porosity (f) 0.35 Permeability (10−3 μm2) 300/3000 (high permeability band)

Water viscosity (mPa·s) 1 Oil viscosity (mPa·s) 28

Exploit scheme Water flooding Well pattern One injection well and one production well

4.1. High Water Waterflooding PVs Relative Permeability Characterization

MRST (MATLAB Reservoir Simulation Toolbox) is free, open-source software for reser-
voir modeling and simulation, developed primarily by the Computational Geosciences
group in the Department of Mathematics and Cybernetics at SINTEF Digital. It provides a
friendly environment for the realization of applications of new understanding or mecha-
nisms on the influence of two-phase flow in the reservoir. It was used to write the empirical
formula of residual oil saturation, respectively, into the simulator, which calculates the
dynamic residual oil saturation of each grid at each time step and ensures that the value is
less than the limit value of residual oil saturation.

The relationship between oil displacement efficiency and residual oil saturation is
as follows:

Ed =
1 − Sor − Swirr

1 − Swirr
× 100% (1)

In the numerical simulation, residual oil saturation is mainly used to calibrate key
parameters such as the relative permeability curve. When the waterflooding PVs are less
than 50, the results of conventional waterflooding experiments and relative permeability
can be used, and when the water waterflooding PVs are greater than 50, it is necessary
to dynamically characterize the residual oil saturation. After processing the experimental
data of each group, the relationship between residual oil saturation and waterflooding PVs
is established, and the power function is used as the time-varying expression of residual oil
saturation (Figure 6).

Sor = A · PVB (2)

Figure 6. The relationship between the waterflooding PVs and the residual oil saturation.
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After fitting 9 groups of experimental data, the values of coefficient A and coefficient B
under different permeability are obtained. The expressions of parameter A and parameter
B with physical properties and mobility parameters are established (Figures 7 and 8).

A = 12.027 ln
(

k
ϕ

)
+ 0.1634 (3)

B = 0.0122 × ln
(

k
μ

)
+ 0.0937 (4)

Figure 7. The relationship between the value of coefficient A and the ratio of k/ϕ.

Figure 8. The relationship between the value of coefficient B and mobility.

The empirical formula of residual oil saturation in the oil field is obtained by substitut-
ing Equations (3) and (4) into (2).

The actual core experiment and field practice show that there is an extreme value that
does not change when the PV number is maximum. Therefore, it is necessary to restrict the
extreme value of residual oil saturation. The residual oil saturation under 2000 PV is used
as the limit residual oil saturation value.

There is a correlation between irreducible water saturation and core permeability
(Figure 9). According to the regression relationship of relevant experimental data in the
target oil field, the calculation formula of irreducible water saturation is obtained.

Swirr = −3.116 × lg (k) + 46.868 (5)
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Figure 9. The relationship between the irreducible water saturation and permeability.

The expression of ultimate residual oil saturation in the target oil field can be deduced
by simultaneous Equations (1), (2), and (5).

Sorjx =

(
1.266 + 7.626 lg K − 0.829ln

K
μ
− 0.486 lg K ln

K
μ

)
/100 (6)

The model was simulated with MRST, which automatically converted the water multi-
ple, corrected the residual oil saturation endpoint, and calculated the phase permeability
iteratively at each step. However, the initially written equation often cannot achieve the
best fitting state, and the dynamic residual oil saturation formula needs to be modified
iteratively according to the historical fitting effect.

4.2. Numerical Simulation with High Waterflooding PVs Relative Permeability

In this section, we study the effect of high waterflooding PVs’ relative permeability on
remaining oil saturation. It is indicated that waterflooding is uniform, and the remaining
oil is symmetrically distributed along the injection-production wells’ diagonal line in
the traditional simulator. The calculation results of the numerical simulator considering
the relative permeability of high waterflooding PVs show that the overall oil saturation
distribution is more uneven, the water saturation of the high-permeability belt is higher,
and the remaining oil saturation of the relatively low-permeability region far from the
high-permeability belt is higher than the calculation results of the traditional numerical
simulator (Figure 10). This means that the injected water does not flood much into the
low-permeability zone of the formation but flows along the high-permeability strip to
the production well. In heterogeneous reservoirs, with the continuous enhancement of
waterflooding, the high permeability area receives more water and is more likely to be
washed out, and the water phase mobility is stronger. The low permeability area does
not suffer more erosion due to the increase in water injection, which is consistent with
the results of parallel flooding experiments and large 3D physical simulations in the
laboratory [31,37,40–42]. Thus, the injected water is more inefficient in the process of
increasing waterflooding PVs and further enhances reservoir heterogeneity. Because of
the above reasons, the actual reservoir sweep area is more complex, and the remaining oil
distribution is far more complex than the traditional numerical simulation results.
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Figure 10. The water saturation distribution at the 50th time step (The left is the numerical simulation
results considering the relative permeability of high waterflooding PVs, and the right is the traditional
numerical simulation results).

The pressure distribution calculated by the two numerical simulation methods shows
that the pressure spreads uniformly from the water injection well to the production well.
However, the pressure distribution of the numerical simulation considering the high
waterflooding PVs’ relative permeability is more uniform, and the pressure difference
between the injection well and the production well is smaller than that of the traditional
numerical simulation result, indicating that the injected water can flow well to the oil
production well along the high permeability channel, so the pressure propagation is more
smooth. There is an obvious high-pressure area near the injection well, and an obvious
low-pressure area can also be seen near the production well in the traditional numerical
simulation result, indicating that the pressure propagation speed is slow (Figure 11). This
is also the reason for the difference in saturation distribution.

Figure 11. The water saturation distribution at the 50th time step (the left is the numerical simulation
results considering the relative permeability of high waterflooding PVs, and the right is the traditional
numerical simulation results).

As we have seen, in the initial oil saturation condition, whether considering the high
waterflooding PVs’ relative permeability or traditional relative permeability, the calculated
results of both simulators are consistent. There is anhydrous oil recovery period, and the
water cut rises rapidly until point A. When breakthrough occurs in the production well,
the water erosion degree of the high permeability channel will be higher and higher, and
far more than the low permeability zone. Therefore, after point A, due to lower residual
oil saturation of high waterflooding PVs’ relative permeability, it is true that more injected
water flows to production wells along the high permeability belt, and the sweeping speed of
the surrounding low permeability area is slow. When considering the relative permeability
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of high waterflooding PVs, the water cut of the simulation result is lower than that of
the traditional numerical simulation (AB section in Figure 12). As the injection multiple
continues to increase, the oil displacement efficiency gradually approaches the limit oil
displacement efficiency, and the water cut increases gradually, exceeding the water cut
calculated by the traditional numerical simulation.

Figure 12. The water cut curve of numerical simulation of traditional simulator and simulator that
considering high water waterflooding PVs.

5. Simulation Validations

In order to verify the accuracy of the calculation results of the new numerical simulator,
we compared the logging interpretation saturation of the target layer of the newly drilled
passing well with that of the new numerical simulator and the traditional simulator. Taking
the reservoir model of a certain area of the Q32-6 oilfield as an example, a fine numerical
simulation considering high waterflooding PVs’ relative permeability was carried out
under the condition of small adjustments of local permeability, conductivity, interlayer
plugging performance, and other parameters. The coincidence between the oil saturation of
the target layer calculated by the new numerical simulator and the logging interpretation of
oil saturation is obviously higher than that calculated by the traditional numerical simulator
(Figure 13). The water cut of the whole area fit well (Figure 14). Therefore, the modified
simulator could provide a more accurate remaining oil saturation prediction for further
developing the potential of the reservoir.

Figure 13. The comparison between the actual logging interpretation oil saturation curve and the
model oil saturation curve of a passing well.
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Figure 14. Fitting results of water cut in the whole well area.

6. Conclusions

A total of nine groups of typical cores with different permeability were selected to
carry out high waterflooding PVs experiments. The results show that oil displacement
efficiency increases 12.9% on average after increasing water waterflooding PVs to 2000 PV,
and the potential of the high waterflooding PVs stage cannot be ignored.

The expression of high waterflooding PVs’ relative permeability and dynamic displace-
ment efficiency is obtained. The new understanding of high waterflooding PVs’ relative
permeability is introduced into the numerical simulator. It is considered that in heteroge-
neous reservoirs, the waterflooding PVs in high permeability areas is much larger than that
in low permeability areas. As a result, the oil recovery in the high permeability area and
the residual saturation in the low permeability area are underestimated.

Taking the saturation of the key section of the passing well as the verification, the
saturation of the passing well at the corresponding time point is in good agreement with
the actual logging interpretation results, and the water cut curve fits well in the whole area.
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Nomenclature

Ed oil displacement efficiency, %
Sor residual oil saturation, %
Swirr irreducible water saturation, %
PV pore volume, mL
A coefficient
B coefficient
K permeability, mD
ϕ porosity, %
μ viscosity, mpa·s
kro oil relative permeability, decimal
krw water relative permeability, decimal
Sorjx ultimate residual oil saturation, %
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Appendix A Relative Permeability Curves of No. 1–No. 3 and No. 5–No. 9 Cores

Figure A1. High waterflooding PVs’ relative permeability curves of other cores.
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Abstract: This study aims to develop a novel low-heat cement slurry using phase change microcapsule
additives to reduce the decomposition of hydrate-bearing sediments during cementing. Microcap-
sules were prepared by coating mixed alkanes with polymethyl methacrylate, and lipophilic-modified
graphite was incorporated to enhance the thermal conductivity of microcapsules. The effects of
microcapsules upon the hydration heat, pore distribution, and compressive strength of the cement
slurry/stone were studied through a variety of tests. The results showed that the phase-change
temperature, thermal enthalpy, and encapsulation efficiency of the microcapsules were 8.99–16.74 ◦C,
153.58 Jg−1, and 47.2%, respectively. The introduction of lipophilic-modified graphite reduced the
initial phase-change temperature of microcapsules by 0.49 ◦C, indicating an improvement in their
temperature sensitivity. The maximum hydration heat of cement slurry decreased by 41.3% with
7% dosage of microcapsules; the proposed microcapsules outperformed comparable low-heat ad-
ditives. Moreover, the presence of microcapsules could reduce the number of large pores in (and
thereby improve the compressive strength of) cement stone. The innovation of this study is that it
comprehensively and intuitively confirms the feasibility of the application of low-heat cement slurry
with MPCM as the key in hydrate sediments rather than just focusing on the reduction of hydration
heat; furthermore, a self-made cementing device was developed to simulate the cementing process
of hydrate deposition. The results show that the thermal regulation of microcapsules inhibited the
temperature increase rate of the cement slurry, significantly reducing the damage caused to the
hydrate. These findings should improve the safety and quality of cement in offshore oil and gas
well applications.

Keywords: microencapsulated phase-change materials; heat control; temperature sensitivity; cementing;
hydration heat; natural gas hydrate-bearing sediment

1. Introduction

In offshore oil and gas well cementing, natural gas hydrate-bearing sediment (GHBS)
is often present at the well hole. The hydration heat released during the consolidation
of cement slurry changes the stable phase equilibrium state of the hydrate (i.e., to a high
pressure and low temperature) [1–3]. When this occurs, the gasified natural gas hydrate
enters the cement slurry, which affects the sealing quality of the unhardened cement
sheath [4]. In serious cases, the cementing operation may not succeed and a blowout
accident could occur [5,6]. Therefore, to prevent accidents and ensure cementing quality in
offshore cementing engineering, a cement slurry with a hydration-heat regulation function
is urgently required [7,8]. One logical solution to this problem is to introduce phase-
change materials (PCMs) as admixtures into the cement slurry, which would adjust its heat
of hydration.
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Owing to their ability to release or absorb heat during phase changes, and thereby
maintain a stable system temperature, PCMs have been implemented in numerous other
fields including thermal energy storage [9–11]. PCMs have been introduced as an additive
to adjust the heat release rate of concrete with the aim of suppressing temperature cracks
and achieved remarkable results [12,13]. However, the increase in fluidity of PCMs during
phase change brings hidden danger to the safety of building gel materials [14,15]. Microen-
capsulated PCMs (MPCMs), which comprise a PCM (as the core material) encapsulated in a
dense polymer or insoluble precipitation, are typically applied to address this problem, not
only to retain a stable PCM shape during phase transitions but also to avoid incompatibility
between the PCM and cement gel materials [16–18]. Usually, the phase change materials in
MPCMs can be divided into two categories: inorganic hydrates and organic matter (such as
alkanes, fatty alcohols, and fatty acids). Due to the characteristics of hydrated salt removing
bound water step by step, when it is used as a PCM, it often has a wide temperature
control range. For example, disodium hydrogen phosphate dodecahydrate can store heat
in the temperature range of 25–75 ◦C [19]. In the process of offshore cementing, the cement
slurry will experience the continuous changing temperature environment of ‘seawater—
GHBS—deep formation—GHBS’, so the cement slurry additive is required to have excellent
thermal stability. However, the well-known disadvantage of hydrate salt is that it is easy
to precipitate and undercooled, which will damage its heat storage density in complex
temperature environments. [20–22]. Compared with hydrated salts, organic PCMs exhibit
better thermal stability [23–26]. Sari et al. [27] prepared MPCM by using heptadecane as a
PCM, and tested its thermal stability. The results show that the latent heat of the prepared
MPCM decreases by only 3.8% after 1000 phase transformations. Yu et al. [28] have also
prepared PCMs with good thermal stability using octadecane as a PCM. However, their
studies have pointed out that low thermal conductivity of organic compounds may reduce
the sensitivity of MPCM to temperature. Furthermore, Liu et al. [29] microencapsulated
paraffin with calcium carbonate as a shell to improve the temperature sensitivity of PCM
by increasing the heating area of paraffin and the high thermal conductivity of calcium
carbonate. Moreover, they tried to use MPCM to reduce the temperature rise rate of oil
well cement slurry used in GHBS cementing. The results show that the hydration heat of
cement slurry with 12 wt % MPCM decreases by 45.67%. To summarize, it seems feasible
to introduce MPCMs into low-heat cement slurry as a more efficient heat-control additive,
which might effectively avoid hydrate decomposition caused by high exothermic rates of
cement slurry. In addition, to our knowledge, no clear research method has directly verified
that the addition of MPCM will inhibit the damage of hydration heat of cement slurry on
GHBS, which makes it obviously difficult to confirm the feasibility of MPCM application in
this field.

In this study, a heat-control microcapsule (MPCM-1) with a mixed alkane core and
polymethyl methacrylate (PMMA) shell was developed via in situ polymerization. The
structures diagram of MPCM-1 is shown in Figure 1.

Figure 1. Structure diagram of MPCM-1.
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Owing to the low thermal conductivity of alkanes and PMMA, lipophilic-modified
graphite was introduced into MPCM-1 to improve its temperature sensitivity. Furthermore,
the prepared MPCM-1 and other low-heat additive materials (e.g., fly ash, slag, and
as-purchased MPCM) were added into the oil well cement slurry system to investigate
their effects upon hydration temperature increase rates and maximum hydration heat.
Based on the characteristic that gas channeling occurs easily during cementing in GHBS,
the compressive strength and pore distribution of cement stone are studied, which are
rarely focused on by other studies [29–31]. Finally, one of the innovations of this work
is that a device to simulate the cementing process was designed, to intuitively evaluate
the impact of low-heat cement slurry hydration upon the stability of hydrate-bearing
sediments. This study verifies the feasibility of low-heat cement slurries containing phase-
change microcapsules for safe cementing in hydrate-bearing sediments, which represents
an important step forward in this area of research.

2. Experimental Section

2.1. Materials

N-tetradecane [analytical reagent grade (AR), 99%], n-hexadecane (AR, 98%), benzoyl
peroxide (AR, 99%), polyvinyl alcohol (AR, 99%), and stearic acid (AR, 98%) were purchased
from Aladdin Reagents (Shanghai, China) Co., Ltd. Aluminum chloride hexahydrate (AR,
97%) and absolute alcohol (AR, 99%) were purchased from Shanghai Meirel Chemical
Technology Co., Ltd. (Shanghai, China). Microcrystalline graphite was purchased from
Dingsheng Xin Chemical Co., Ltd. (Tianjin, China) Deionized water was self-made.

Class G oil-well cement and additives were provided by CNOOC (Sanhe, China) Co.
Ltd. Fly ash and slag were purchased from Shanghai Weishen New Building Materials Co.,
Ltd. (Shanghai, China). The chemical compositions of Class G oil-well cement, fly ash, and
slag are listed in Table 1.

Table 1. Chemical composition of cement, fly ash, and slag (%).

Sample CaO SiO2 Al2O3 SO3 K2O Na2O Fe2O3 TiO2 CeO2 LOI

Cement 64.10 20.10 3.67 3.54 0.62 0.29 4.89 0.31 - 3.10
Fly ash 6.69 52.45 29.35 0.74 1.07 0.89 5.93 1.24 0.20 4.41

Slag 34.66 30.04 13.54 0.83 0.31 0.33 0.31 0.57 0.14 0.39

In addition, several typical particle sizes are listed in Table 2.

Table 2. Particles size distribution of cement, fly ash, and slag (μm).

Sample D10 D50 D90

Cement 10.082 13.675 45.359
Fly ash 2.846 12.830 52.834

Slag 1.038 4.835 14.216

2.2. Synthesis of MPCM-1
2.2.1. Lipophilic Modification of Microcrystalline Graphite

First, 0.2 g stearic acid was dissolved in 20 mL absolute alcohol, and 0.22 g aluminum
chloride hexahydrate was dissolved in 100 mL deionized water. The ethanol solution was
then mixed with aqueous solution to form an emulsion, and 4 g microcrystalline graphite
was added. The mixture was placed in a water bath with a temperature of 60 ◦C and stirred
continuously at a rate of 100 r/min for 1.5 h. Finally, the modified microcrystalline graphite
(with a rich lipophilic group on the surface) was obtained via suction filtration and drying.
During this period, the filter material was not washed in order to prevent removal of the
polymer material and suppression of its physical coating effect on the microcrystalline
graphite during drying.
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2.2.2. Synthesis of MPCM-1

First, 3 g polyvinyl alcohol was dissolved in 100 mL deionized water at 90 ◦C. Subse-
quently, 0.2 g benzoyl peroxide was dissolved in 10 mL methyl methacrylate (the inhibitor
having been washed away by 1 wt% NaOH solution), and 0–0.8 g of lipophilic modified
graphite (MG) was added and stirred evenly to produce a wall material solution (WM).
Next, n-tetradecane and n-hexadecane were mixed and fused in a mass ratio of 1:4 to form
10 g of the phase change core material (i.e., the PCM). To prevent early polymerization of
the methyl methacrylate (caused by high temperature or low temperature-induced solidifi-
cation of PCM), the polyvinyl alcohol solution (100 mL), WM mixture (10 mL), and PCM
solution (10 g) were kept at 50 ◦C for 10 min before being added together in a three-pot flask
(500 mL). The water bath environment was then adjusted to 60 ◦C for 15 min (prepolymer
process) and 80 ◦C for 1.5 h; the stirring speed was kept at 200 r/min. Finally, MPCM-1
was obtained by suction filtration, washing, and drying.

2.3. Characterization

The functional groups of the PCM, WM, and MPCM-1 were analyzed via FT-IR
spectroscopy (Perkin Elmer Frontier, Perkin Elmer Co., Ltd., Waltham, USA) using the
standard KBr disk method (scanning number: 32; optical range: 400–4000 cm−1). The
morphology of MPCM-1 without MG (MPCM-2) and MPCM-1 was observed using Zeiss
stereoscopic optical microscopy (STEMI 508, Zeiss, Oberkochen, Germany). The NanoVoxel-
3502E X-ray three-dimensional scanning system (micro-CT) (Sanying Precision Instrument
Co., LT, Tianjin, China) was used to scan MPCM-1 (particle size > 200 mesh) placed in a
cylindrical plastic mold. The core-wall structure of MPCM-1 (particle size > 200 mesh)
was then assessed by analyzing the reconstructed MPCM-1 data using Voxel Studio Recon
software (Sanying Precision Instrument Co., Ltd., Tianjin, China). A schematic diagram
and digital photo of the micro-CT are shown in Figure 2.

Figure 2. (a) Entity devices and (b) schematic diagram of micro-CT.

The microstructure of MPCM-1 (particle size < 200 mesh) and the element distribution
upon its surface were observed using SEM (Carl Zeiss Sigma 300, Zeiss, Oberkochen, Germany)
and energy-dispersive X-ray spectrometry (Smartedx, Zeiss, Oberkochen, Germany) after
the MPCM-1 had been dispersed on a conductive adhesive and sprayed with gold powder.
Using the transient plane heat source method, the thermal conductivity of WM (mass
fractions: 0%, 2%, 4%, 6%, and 8% MG) fabricated into 5 × 5 × 0.05 cm3 films was analyzed
by Hot Disk (TPS 2500S, Kegonas Instrument Trading Co., Ltd., Shanghai, China) at 10 ◦C.
Here, three samples in each group were tested; the average of each group was then taken as
the final test result. The phase change performances of MPCM-1, PCM, and MPCM-2 (i.e.,
the phase change temperature and latent heat) were analyzed using DSC (DSC3, ETTLER
TOLEDO, Zurich, Switzerland) at a heating/cooling rate of 5 ◦C/min in the range 0–60 ◦C
under a nitrogen environment. A thermal analyzer (TGA55, ETTLER TOLEDO, Zurich,
Switzerland) was used to analyze the thermal stability of MPCM-1 and PCM at a heating
rate of 10 ◦C/min in the range 20–800 ◦C under a nitrogen environment, after which the
samples were maintained at 800 ◦C for 30 min. The MPCM-1 (5 g) and PCMs (5 g) were
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wrapped with dust-free blotting paper and placed in an electric blast drying oven. The
samples were heated and cooled in 20 cycles over a temperature range of 0–60 ◦C. The
samples were then weighed, and mass loss rate was calculated to estimate the thermal
reliability of MPCM-1.

2.4. Preparation of Cement Slurry

First, the low-heat and low-density cement slurry applied to GHBS was prepared using
the formula provided by the CNOOC Zhanjiang Branch (Sanhe, China); this was taken
as the control group and denoted as “CS.” Second, 10 wt% slag and 10 wt% fly ash were
introduced into CS; the resulting samples were denoted as CSS10% and CSF10%, respectively.
Next, the 5 wt% phase change microcapsules (MPCM-3) purchased from Shanghai Feikang
Products Factory were added into CS, and the result was denoted as CSM5%. Finally,
3.0 wt%, 5.0 wt%, and 7.0 wt% MPCM-1 were added into CS, and the resulting samples
were denoted as CSM13%, CSM15%, and CSM17%, respectively. The function of the additives
and the design of the cement slurry system are shown in Tables 3 and 4.

Table 3. Functions of cement slurry additives.

Samples X60L F45L G86L BT5 P60

Function Inhibit
foam production

Improve
rheological properties Reduce water loss Increase

early strength
Reduce

system density

Table 4. Mixture composition of cement slurry system (g).

Samples Cement Slag Fly Ash MPCM-1 MPCM Water X60L F45L G86L BT5 P60

CS 600 - - - - 1000 6 9 18 30 102
CSS10% 540 60 - - - 1000 6 9 18 30 102
CSF10% 540 - 60 - - 1000 6 9 18 30 102
CSM5% 570 - - - 30 1000 6 9 18 30 102
CSM13% 582 - - 18 - 1000 6 9 18 30 102
CSM15% 570 - - 30 - 1000 6 9 18 30 102
CSM17% 558 - - 42 - 1000 6 9 18 30 102

The additives in all cement slurry samples were adjusted according to GB/T 19139-
2012, and the density and rheological properties of the cement slurry are shown in Table 5.

Table 5. Physical properties of samples.

Samples Density/g·cm−3 Rheological Index Consistency Coefficient (Pa·Sn)

CS 1.50 0.630 1.246
CSS10% 1.57 0.578 1.754
CSF10% 1.58 0.612 2.339
CSM5% 1.46 0.554 3.711

CSM13% 1.48 0.598 1.874
CSM15% 1.46 0.576 2.069
CSM17% 1.45 0.561 2.154

2.5. Temperature and Hydration Heat of Cement Slurry

First, the cement slurry samples (shown in Table 4) were prepared and stirred at a
high speed of 4000 r/min for 20 s and 12,000 r/min for 45 s. Before reaching the GHBS, the
cement slurry passes through a low temperature (4 ◦C) region near the mud line. Hence,
cement slurry samples were placed in a 4 ◦C curing tank for 15 min and transferred to a
self-made semi-adiabatic calorimeter that met the GB/T12959-2008 standard and had a
constant temperature of 8 ◦C. Fran bottles filled with the cement slurry were sealed with
plasticine at the top, to reduce the effect of air temperature and to prevent water from
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entering the cement paste. Finally, the changes in cement slurry temperature and hydration
heat release over 48 h were recorded.

2.6. Compressive Strength of Cement Stone

Following the GB/T 17671-2021 standard, the cement slurry samples were placed into
the standard mold (40 × 40 × 40 mm3) and cured at a constant temperature in a humidity
curing box (humidity: 90%) and at temperatures of 8 ◦C, 10 ◦C, and 15 ◦C for 24 h. The
average compressive strengths of the three samples in each group were then measured
using a compression and flexural testing machine (ZCYA-W300C, Star Fire Testing Machine
Co., Ltd., Jinan, China).

2.7. Spatial Distribution of Pores and MPCM-1 in Cement Stone

First, the cement slurry samples were placed into a standard mold (20 × 20 × 20 mm3)
and cured in a constant temperature and humidity curing box (humidity: 90%; temperature:
8 ◦C) for 24 h. Micro-CT was then used to scan the spatial distribution of pores and MPCM-
1 in cement stone. The dates were recorded after reconstruction using VG Studio Max
software (scanning accuracy: 15.63 μm; voltage: 120 kV; current: 110 μA).

2.8. Simulation of GHBS Damage

The self-made device used to simulate the cementing process in the GHBS is shown in
Figure 3. First, the simulated GHBS was formed by injecting methane gas into a formation
cavity preloaded with 30 g of tetrahydrofuran, 770 mL of deionized water, and 8 kg of
sand particles under increasing pressure and decreasing temperature. The cement slurry
samples (800 mL) were injected into the slurry cavity. The damage of the simulated GHBS
during cement slurry hydration was estimated using temperature and pressure sensors.

Figure 3. (a) Structure chart and (b) digital photo of device used to simulate cementing in GHBS.

3. Results and Discussion

3.1. Infrared Spectrum Analysis of MPCM-1

The infrared spectra of the PCM, WM, and MPCM-1 are shown in Figure 4.
For the FT-IR spectra of PCM, the absorption peak at 1464 cm−1 corresponds to the

antisymmetric vibration of −CH3, and the absorption peak at 720 cm−1 corresponds to the
rocking vibration peak of −(CH2)4. In the infrared spectrum of WM, the strong absorption
at 3429 cm−1 corresponds to the stretching vibration peak of −OH and −COOH dimer OH.
The absorption peak at 1731 cm−1 corresponds to the umbrella bending vibration peak of
−CH3, and the absorption peak at 1270 cm−1 corresponds to the stretching vibration band
of -O-C(O)-C [32]. Notably, the FT-IR spectrum of MPCM-1 contains all the characteristic
absorption peaks of PCM and WM, and no new absorption peaks appear. Therefore, the
preliminary results demonstrate that the energy storage density of the PCM has not been
lost during microencapsulation, and MPCM-1 consists of PCM and WM.
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Figure 4. FTIR spectra of core materials (PCM), wall material (WM), and MPCM-1.

3.2. Microstructural Analysis of MPCM-1

Figure 5 shows the stereomicroscope views of MPCM-1.

Figure 5. Stereomicroscope views of (a) MPCM-2, (b) MPCM-1 section, (c) MPCM-1, and (d) MPCM-1
of different sizes.

It can be observed from Figure 5 that the PCM was successfully encapsulated by the
WM without the addition of MG. The 3D image model and slice images of MPCM-1 are
presented in Figure 6. The images show that microcapsules combined with MG also exhibit
an excellent core-wall structure; furthermore, the dense surface of WM helped to suppress
PCM leakage during the phase transition.
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Figure 6. 3D image model and slice images of MPCM-1 (particle size > 200 mesh): (a) 3D image
models, (b) XY plane slice, (c) YZ plane slice, and (d) XZ plane slice.

Besides this, the microcapsules prepared from the same batch with different particle
sizes (Figure 5d) indicate that the mechanical strength of cement stone can be enhanced
by varying the gradation relationship between the cement particles and MPCM-1, with
suitable particle sizes isolated via screening [33–35]. The SEM micrographs of MPCM-1
(particle size < 200 mesh) are presented in Figure 7.

Figure 7. SEM micrographs of MPCM-1 (particle size < 200 mesh): (a) ×6500 and (b) ×5000. (c) EDS
analysis. (d) Surface element content of MPCM-1.

The small-particle MPCM-1 appears easier to agglomerate but exhibits superior
sphericity. The surface element content of MPCM-1 (shown in Figure 7c) demonstrates that
the mass fractions of C and O are 35.14% and 64.86%, respectively; this conforms to the
composition of C and O elements in the wall material (PMMA). Combined with the FT-IR
analysis results, this provides strong evidence for the packaging effect of WM on PCMs,
which allows them to satisfy design specifications.

3.3. Phase-Change Properties of MPCM-1

Thermal conductivity is an important factor in heat control; it affects temperature
sensitivity and latent heat storage and release rates for MPCM-1 in the cement slurry.
However, the thermal conductivity of organic PCMs is generally lower than that of cement
slurry. In this study, the thermal conductivity of MPCM-1 was improved by adding
microcrystalline graphite (which is inexpensive); furthermore, the lipophilic modification of
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graphite was performed to evenly disperse it in MPCM-1. Figure 8 shows the compatibility
of MG with water before and after lipophilic modification.

Figure 8. Comparison of hydrophobicity between (a) MG and (b) microcrystalline graphite.

The hydrophobicity of the MG increased markedly compared with that of the graphite,
owing to the increase in the number of lipophilic groups on the surface. The improvement
of MG lipophilicity was achieved via two stages: chemical modification and physical
coating. The surface of the microcrystalline graphite contained hydroxyl groups [36,37]
which could be esterified with stearic acid under aluminum chloride catalysis. By ester
bonding, the carbon chain of stearic acid was partially distributed on the surface of the
microcrystalline graphite, and the chemical modification was completed. During the drying
process for microcrystalline graphite, the polymer (after esterification reaction) and stearic
acid (without chemical reaction) were gradually precipitated out and coated on the surface
of the microcrystalline graphite to produce a physical coating modification. Furthermore,
the WM (with different mass fractions of MG) pressed into the films (as shown as Figure 9),
and the hydrophobicity of the graphite after modification notably increased, allowing it to
be uniformly dispersed in the WM.

Figure 9. WM films at different MG dosages.

The thermal conductivity analysis of the WM is presented in Figure 10.
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Figure 10. Thermal conductivity of WM films with modified MG.

Under the increase in MG mass fraction, the thermal conductivity of WM was con-
siderably improved. However, MG entering the PCM reduced the PCM content per unit
volume, lowering the thermal storage efficiency; therefore, a 4 wt% addition of MG was
selected to optimally improve thermal conductivity.

The phase-change properties of PCM, MPCM-1, and MPCM-2 were tested, and the
results are presented in Figure 11 and Table 6.

Figure 11. DSC curves of (a) PCM, (b) MPCM-1, and (c) MPCM-2.

Table 6. Phase-change behaviors.

Sample Melting Process Encapsulation
Efficiency (%)To (◦C) Tp (◦C) Te (◦C) ΔHm (Jg−1)

PCMs 9.01 15.32 18.82 325.34
MPCM-1 8.99 13.77 16.74 153.58 47.2
MPCM-2 9.48 14.07 16.99 159.89 49.1
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Both PCMs and MPCM-1 had high latent heat and a wide phase transition temperature
range, owing to the mixed dissolution of n-tetradecane and n-hexadecane; this indicates
that hydration heat was continuously absorbed by MPCM-1 over a large temperature range
during the cement slurry hydration process. The phase-change temperature range, peak
temperature, and latent heat of MPCM-1 were 8.99–16.74 ◦C, 13.77 ◦C, and 153.58 Jg−1,
respectively. Compared to MPCM-2, it is found that the initial phase-change temperature
of MPCM-1 is 0.49 ◦C earlier, due to the addition of modified MG, and its temperature
sensitivity was significantly enhanced. Moreover, only one phase transition peak appeared
in each DSC curve, owing to the eutectic effect of the PCMs composed of n-tetradecane and
n-hexadecane in this composition ratio during the phase transition process [20,38]. The
formula for calculating the encapsulation efficiency Ee of MPCM-1 is [7,29]:

Ee =
ΔHm(MPCM−1)

ΔHm(PCM)
× 100% (1)

where To, Tp, and Te are the initial phase-change temperature, the peak phase-change
temperature, and the end phase-change temperature in the melting process, respectively;
ΔHm is the latent heat during the melting process, for which ΔHm(MPCM-1) and ΔHm(PCM)
are the latent heat of MPCM-1 and PCM during the melting process, respectively. Using
this formula, the encapsulation efficiency of MPCM-1 is determined as 47.2% which may
be lower than that of some other studies (the Ee is 67.8% and 66.5%, respectively) [7,29];
however, the lower encapsulation efficiency within a reasonable range ensures the ability
of MPCM to resist external loads, which facilitates the mechanical strength of cement stone
incorporated with MPCM [39].

3.4. Thermal Reliability of MPCM-1

Taking oil and gas resources in the South China Sea as an example, GHBS is typically
present in the shallow surface of the mud line, with a water depth of 300–2000 m [40,41]. Cement
slurry for deep-sea GHBS undergoes the following process: “seawater → GHBS → deeper
formation → GHBS”, during which the ambient temperature changes continually. In
addition, MPCM-1 experiences frequent temperature variations during transport and
storage on offshore platforms. The coating integrity of MPCM-1 under temperature change
conditions is extremely important for ensuring its heat storage efficiency and the sealing
performance of cement sheaths, which may be affected by PCM leakage. Hence, the thermal
reliability of MPCM-1 was analyzed via TG and thermal cycles.

TGA and DTG curves of MPCM-1 and PCMs are shown in Figure 12.

Figure 12. TGA curve and DTG curve of (a) PCM and (b) MPCM-1.

It can be observed that the initial and total mass loss temperatures of MPCM-1 were
117 ◦C and 409 ◦C, respectively; furthermore, when the temperature reached 262 ◦C, the
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mass loss rate was maximized at 0.613/◦C. Compared with PCMs, the initial and maximum
mass loss rates of MPCM-1 were higher and slower, respectively, because of the coating
effect of the WM on the PCMs [42].

The samples of the thermal cycle experiment are shown in Figure 13, and the test
results are shown in Table 7.

Figure 13. Digital photographs of (a) initial samples and (b) samples after thermal cycles.

Table 7. Mass loss of MPCM-1.

Sample
Initial

Mass (g)
Mass after 5 Cycles (g);

Mass Loss Rate (%)
Mass after 10 Cycles (g);

Mass Loss Rate (%)
Mass after 15 Cycles (g),

Mass Loss Rate (%)
Mass after 20 Cycles (g),

Mass Loss Rate (%)

MPCM-1 5 4.5, 10 4.3, 14 4.2, 16 4.2, 16
PCM 5 0,100 0, 100 0, 100 0, 100

After five thermal cycling experiments, the mass loss rates of MPCM-1 and PCM were
10% and 100%, respectively. At this stage, the PCMs rapidly melted and leaked during
phase change. Meanwhile, the quality of MPCM-1 also decreased significantly because
several PCMs were not completely coated inside the microcapsule, and some were only
embedded in the grooves on the WM surface. After twenty thermal cycles, the mass loss
rate of MPCM-1 was 16%. The mass loss rate of MPCM-1 increased slightly because most
of the remaining PCMs at this stage underwent a phase transformation in the WM, and the
morphology of the PCMs remained essentially stable. These results further verify that WM
can effectively prevent the leakage of PCMs and ensure their heat storage density.

3.5. Heat Control Effect of MPCM-1

Figures 14 and 15 show the temperature change and hydration heat release of each cement
slurry sample, respectively, as obtained using the self-made semi-adiabatic calorimeter.

Table 8 shows the values corresponding to the curves.

Table 8. Temperature and heat of hydration data for cement slurry.

Sample Ti (◦C) Tm (◦C) ΔT (◦C) tm (h) Q20h (J) Qm (J)

CS 11.3 31.3 20 16.6 49,812 61,729
CSS10% 10.2 28.1 17.9 18.1 37,583 46,555
CSF10% 10.7 26.5 15.8 16.8 32,954 40„384
CSM5% 10.2 24.2 14.0 16.6 32,608 40618
CSM13% 10.2 24.6 14.4 18.9 30,535 40,463
CSM15% 10.7 22.4 11.7 19.8 25,410 38,212
CSM17% 10.2 21.6 11.4 22.5 19,905 36,220
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Figure 14. Hydration temperature of cement slurry samples.

Figure 15. Hydration heat of cement slurry samples.

Compared to slag and fly ash, MPCM-1 has a more notable inhibitory effect on cement
slurry temperature increase; this is reflected in the fact that the Tmax of CSM17% was 6.5 ◦C
and 4.9 ◦C lower than those of CSS10% and CSF10%, respectively. Simultaneously, the Tmax of
CSM17% appeared later than those of CSS10% and CSF10%. Similar results were also obtained
in the research of Huo et al. [30]. They suggested that MPCM-1 not only replaced the active
component of cement particles (similar to the function of slag and fly ash) but also absorbed
heat released by the cement slurry during phase transformation. Compared to CSM, the
maximum temperature and hydration heat of CSM1 were both lower, owing to the higher
storage density of MPCM-1. In Figure 15 and Table 8, a significant positive correlation
can be identified between the retarding effect of each low-heat material on the hydration
heat release of the cement slurry; the effect of this on the temperature increase can also be
seen. Moreover, the rate of increase in hydration heat for CSM1 was significantly faster
than that for CS when the cement slurry temperature fell and approached the water bath
temperature; this resulted from heat absorption during the liquid–solid phase transition of
MPCM-1. Furthermore, compared with CS, the Tm and Qm of CSM17% decreased by 9.7 ◦C
and 25,509 J (41.3%), respectively, and Tm was extended by 5.9 h. The results show that
MPCM-1 can effectively control the temperature increase and heat release rate of cement
slurry, indicating that MPCM-1 has excellent prospects as a new additive for low-heat
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cement slurry. Huo et al. [43] conducted a similar study. The results showed that the
peak temperature of cement slurry decreased by 6 ◦C with 7.5% MPCM (prepared from
urea-formaldehyde resin coated paraffin) dosage. The reasons why the ability of MPCM in
the study of Huo et al. to regulate the temperature of cement slurry was worse than that
of this study, is that MPCM-1 can quickly sense the temperature change in cement due to
the incorporation of high thermal conductivity materials, and that PCMs’ phase transition
occurs in time to complete the endothermic process [44]. Here, Ti, Tm, and ΔT represent the
initial temperature, maximum temperature, and maximum temperature difference for the
cement slurry, respectively; furthermore, tm denotes the time taken for the cement slurry to
reach the maximum temperature. Q20h and Qm denote the heat release in 20 h and the final
heat release of the cement slurry.

3.6. Comprehensive Strength of Cement Stone

In this section, the effects of MPCM-1, low-heat inorganic materials, and as-purchased
microcapsules upon the comprehensive properties of cement stone are studied. As GHBS
is soft and the pressure window between fracture and formation-pore pressure gradients is
narrow, a low-density cement slurry system is usually used to cement the well to prevent
loss of circulation [45–47]. As shown in Table 5, the reduction effect of MPCM-1 upon the
initial density of cement slurry was more notable than other low-heat materials. Thus,
the MPCM-1 cementing system conforms to this design philosophy [48]. Compared with
CS, the fluidity of CSM1 decreased slightly within the allowable range. Wang et al. [39]
found that the reason for the decrease in fluidity of cement slurry is that the particle size
of MPCM is generally larger than that of cement particles, which enhances the friction
between particles in cement slurry. The compressive strength of cement increased under
the increase in MPCM-1 dosages within a certain range (see Figure 16).

Figure 16. Compressive strength of cement stone after 24 h at 8 ◦C, 10 ◦C, and 15 ◦C.

Compared with CS, the compressive strength of CSM13%, CSM15%, and CSM17% cured
at 15 ◦C for 24 h increased by 5.5%, 9.7%, and 13.8%, respectively. This occurs because
PMMA (the shell of MPCM-1) is rigid; thus, it plays the role of an aggregate, which allows
the cement stone of CSM1 to withstand higher external loads [49,50]. However, the results
of Aguayo et al. [51] showed that a 5% dosage of microcapsules increased the number of
pores in the cement stone, reducing its compressive strength by 12.5%. Ghods et al. [52,53]
classified the pores inside the cement stone in terms of size and shape; they suggested
that the macropores were the main factor affecting its compressive strength. Therefore, the
reduction of large volume pores in cement stone may also represent an important factor
when improving the compressive strength of CSM1. The spatial distribution of pores in the
cement stone is studied in Section 3.7.
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3.7. Distribution Analysis of MPCM-1 and Pores in Cement Stone

Figures 17 and 18 and Table 9 show the distribution of pores and MPCM-1 in cement
stone, as obtained via micro-CT analysis.

Figure 17. Slice images and 3D image model of the pores in CS.

Figure 18. Slice images and 3D image model of the pores and MPCM-1 in CSM15%.

Table 9. Total volume of MPCM-1, all pores, and the pores in MPCM-1.

Sample CS CSM15%

Pore MPCM-1 All Pores Pores in MPCM-1 Pores in Cement

Total volume (mm3) 62.4044 269.4997 98.7520 36.2646 62.4874

MPCM-1 is evenly distributed in the cement stone without agglomeration, which is
amenable to the uniform heat control effect of MPCM-1 upon the cement slurry hydration
process. Moreover, no clear arc-shaped pores (resulting from the incompatibility of MPCM-
1 with cement slurry) were found around MPCM-1, and the porosity of cement in CSM1 was
approximately equal to that of CS. Further, through reconstruction analyses, the volumes
of MPCM-1 and its internal porosities were found to be 269.4997 mm3 and 36.2646 mm3,
respectively. Calculated to be 13.4%, the porosity in MPCM-1 was already high, though
it was lower than the true value, owing to accuracy limitations of the micro-CT scan.
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Therefore, reducing the internal porosity of MPCM-1 should be considered in subsequent
studies to improve its heat storage density and mechanical strength.

The voxel is the smallest volume unit that can be represented by a pixel after micro-CT
reconstruction. The cumulative probability of voxel numbers in the pores inside the cement
stone of CS and CSM15% is shown in Figure 19.

Figure 19. Cumulative probability of pore voxels in CS and CSM15% cement.

The voxel of the largest pore in CSM15% cement was 10.61 (i.e., 0.155 mm3). Further-
more, it was calculated that 27 pores with a volume exceeding 0.155 mm3 were present
in CS, among which the maximum pore volume was 15.005 mm3. Compared with CS,
more small volume pores and fewer large volume pores were present in the cement stone
of CSM15%. Two factors may contribute to the reduction in the number of large volume
pores: (1) the MPCM-1 increases the number of nucleation sites for the precipitation hydra-
tion products [39], and (2) the MPCM-1 (with a small particle size) plays a role in filling
the pores. Therefore, MPCM-1 can (similar to defoamers) reduce the occurrence of large
volume pores in the cement stone; this improves the mechanical strength of the cement
stone [54,55]. Here, the side length of the unit voxel is 15.63 μm. Furthermore, micro-CT
analysis at this precision shows that 447,743 and 501,657 pores are present in the CS and
CSM1 cement stones, respectively.

3.8. Simulation of GHBS Damage

To further evaluate the protective function of a low-heat cement slurry system with
MPCM-1 (to function as the key temperature control for GHBS stability), a device simulating
the cementing operation of GHBS was designed and prepared (as shown in Figure 3). As
the change in pressure during hydrate decomposition was considerably more drastic than
the temperature change, the large pressure increase was selected as the standard by which
to quantify the damage to GHBS stability.

The influence of the CS hydration heat on GHBS was observed, as shown in Figure 20.
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Figure 20. Damage of GHBS caused by hydration heat of CS.

In the first 7.5 h, owing to the slow increase of CS temperature in the initial hydration
reaction [56], GHBS did not decompose under the thermal interaction between CS and
GHBS. During this time, the temperature and pressure of GHBS remained essentially
unchanged. Subsequently, the hydration process of CS entered an accelerated period [56],
and the temperature increase in CS became more rapid. Owing to the enhanced heat
exchange between CS and GHBS, the phase equilibrium condition for GHBS was destroyed,
and the hydrate began to decompose. GHBS pressure increased significantly at 9.5 h,
which continued until the end of the experiment, indicating that the stability of GHBS was
completely damaged by the hydration heat release of CS.

As shown in Figure 21, under the hydration exothermic process of CSM15%, the
GHBS temperature and pressure began to increase significantly after 7 h via heat exchange
between the CS and GHBS.

Figure 21. Damage of GHBS caused by hydration heat of CSM15%.

When GHBS pressure reached the peak at 11.5 h, the ambient temperature and pressure
were restored to the phase equilibrium via the pressure increase and temperature decrease
caused by hydrate dissociation, after which the hydrate stopped decomposing. Meanwhile,
the hydration exothermic rate of CSM15% gradually began to fall below the cooling rate,
and the temperature of the cement slurry dropped. From 14.5 h, GHBS pressure began
to decline until the GHBS reached a stable state at 28 h. At this stage, the GHBS pressure
drop was attributable to re-formation of the lattice, in which the cavities that were trapped
previously decomposed gas molecules and formed hydrate crystals. Compared to CS, the
overall temperature increase rate of CSM15% was slower, and the temperature increased
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less, which was conducive to the phase equilibrium recovery within the GHBS [2]. These
results indicate that the addition of MPCM-1 can successfully reduce the damage to GHBS
during heat release in cement slurry.

4. Conclusions

In this work, a new low-heat cement slurry system incorporating prepared phase
change microcapsules (MPCM-1) was developed for cementing in natural gas hydrate-
bearing sediment. The following conclusions can be drawn:

(1) The addition of lipophilic-modified graphite reduced the initial phase transition
temperature of MPCM-1 by 0.49 ◦C, indicating that the sensitivity of MPCM-1 to
temperature change was improved.

(2) MPCM-1 was superior to fly ash and slag for temperature regulation in the cement
slurry hydration process.

(3) The addition of MPCM-1 reduced the number of large volume pores in the cement
stone, which helped to improve the compressive strength of the cement stone.

(4) The self-made cementing simulation device test results show that the addition of
MPCM-1 inhibits the temperature increase rate of cement slurry, significantly reducing
the damage to natural gas hydrate-bearing sediment during cementing. This also
intuitively confirms the feasibility of low-heat cement slurry systems with MPCM-1
(a key objective in the field).

This work not only provides a comprehensive and intuitive proof of the feasibility
of the application of MPCM-doped low-temperature cement slurry in hydrate sediment
cementing, but also provides a new idea for inhibiting the formation of temperature cracks
in mass concrete in civil engineering.
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Abbreviations

GHBS Natural gas hydrate-bearing sediment
MPCM Microencapsulated phase-change materials
MG Lipophilic-modified graphite
WM Wall materials
C-S-H Calcium silicate hydrate
CS Control group cement slurry
CSF10% CS incorporated with 10 wt% fly ash
CSM13% CS incorporated with 3 wt% MPCM-1
CSM17% CS incorporated with 7 wt% MPCM-1
To The initial phase-change temperature, ◦C
Te The end phase-change temperature, ◦C
ΔHm(PCM) The latent heat of PCM, J/g
Ti The initial temperature of cement slurry, ◦C
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ΔT The maximum temperature difference of cement slurry, ◦C
Qm The final heat release of the cement slurry, J
PCMs Phase-change materials
MPCM-1 Prepared heat-control microcapsule
MPCM-2 Prepared MG-free MPCM-1
MPCM-3 Phase-change microcapsule purchased from Shanghai Feikang

Products Factory
PMMA Polymethyl methacrylate
CSS10% CS incorporated with 10 wt% slag
CSM5% CS incorporated with 5 wt% MPCM-3
CSM15% CS incorporated with 5 wt% MPCM-1
Dn Particle size when cumulative particle size distribution percentage

reaches n%, mm
Tp The peak phase-change temperature, ◦C
ΔHm(MPCM-1) The latent heat of MPCM-1, J/g
Ee The encapsulation efficiency of MPCM-1,%
Tm The maximum temperature of cement slurry, ◦C
Q20h The heat release in 20 h of the cement slurry, J
tm Time when cement slurry reaches maximum temperature, h
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Abstract: In view of the serious heat loss in the process of steam injection for heavy oil recovery,
nonhydrocarbon gas combined with steam has attracted much attention in recent years to realize the
efficient development of heavy oil. Due to the wide variety of nonhydrocarbon gases, their perfor-
mance in pressurization, dissolution, viscosity reduction, and heat loss decrease is changeable. In this
paper, four groups of one-dimensional physical simulation experiments on different nonhydrocarbon
gas-assisted steam flooding methods were carried out, and the effect on oil displacement character-
istics under high temperature and pressure conditions was studied. Moreover, the differences in
N2, CO2, and flue gas in energy supplementation, heat transfer, and oil recovery efficiency were also
analyzed. The results showed that the three nonhydrocarbon gas-assisted steam flooding methods
could significantly improve the oil displacement efficiency, which was specifically embodied as a
faster oil production rate and longer production period. Compared with pure steam flooding, the
recovery was increased by 12.13%, 16.71% and 13.01%, respectively. The effects of N2 in energy
supplementation and heat transfer reinforcement were the greatest among the three nonhydrocarbon
gases, followed by those of flue gas, and the CO2 effects were the worst. The temperature at the end of
the sandpack model increased by 14.3 ◦C, 8.8 ◦C and 13.1 ◦C, respectively. In addition, CO2-assisted
steam flooding had a prominent oil recovery effect, and the oil content of the sands in the front
and middle of the model was significantly lower than that of other displacement methods. Most
importantly, combined with the analysis of the remaining oil in the oil sands after displacement, we
explained the contrasting contradictions of the three non-hydrocarbon gases in terms of recovery and
energy supply/heat transfer, and further confirmed the gas properties and reservoir adaptability
of the three non-hydrocarbon gases. The results may provide a theoretical basis for the selection of
nonhydrocarbon gases for heavy oil reservoirs with different production requirements.

Keywords: heavy oil; nonhydrocarbon gas; steam flooding; reservoir adaptability

1. Introduction

With the development of conventional oil and gas resources entering the middle and
late stages, many tricky problems have arisen at the sites, such as the high moisture content
of the export liquid and depletion of natural energy in the formation, inducing higher
development difficulty and reducing economic benefits at the same time. However, the
demand for energy is increasing daily, and conventional oil resources obviously cannot
meet the requirements of the current fast-developing industry. To ensure national energy
security and the sustainable development of society, it is urgent to intensify the exploration
of unconventional oil and gas resources and new energy. As one of the representatives,
heavy oil is widely distributed in the world and has abundant reserves, accounting for more
than 70% of the world’s total oil reserves, and approximately 17% is recoverable, showing
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promising value and prospects for development [1,2]. Compared with conventional oil, the
most notable features of heavy oil are high viscosity, high specific gravity, and the existence
of many heavy components, such as sulfur, heavy metals, and asphaltenes, giving rise to
its large flowing resistance in the formation, so the recoverable reserves through water
flooding are extremely low, which is the fundamental reason for its limited production.
Heavy oil has evident thermal expansion and temperature sensitivity; that is, when the
temperature increases, the viscosity decreases, and the fluidity increases [3,4]. Therefore,
thermal technologies have become an effective means of heavy oil development. Multiple
conventional thermal methods of enhancing oil recovery, such as in situ combustion,
hot water flooding and steam injection, which include steam huff and puff [5–7], steam
flooding [8,9] and chemical assisted steam flooding [10], are being used by the oil and gas
industry [11]. In addition, new measures, such as electromagnetic heating [12–14] and
catalytic modification [15], also have significant potential exploration value.

Nevertheless, almost all thermal measures exhibit certain faults in technological as-
pects. In the process of steam flooding, the injected steam is prone to gas channeling
along the high-permeability layer formed by the heterogeneity of the formation. The water
breakthrough time of the oil well is greatly shortened, and the heat cannot comprehensively
spread to the vast formation, so the ultimate recovery is located at a relatively low degree.
On the other hand, when continuously injecting steam into the rock-oil-water system, a
phase change (from liquid to steam phase) usually occurs, ultimately inducing unfavorable
wettability and directly affecting the extent of heavy oil recovery [16–18]. Therefore, a series
of measures to improve heat utilization, such as suppressing steam channeling, expanding
the scope of heat spread, and reducing heat loss during the process, have been key to
solving this problem. Flue gas, as a kind of non-condensable gas, is mainly formed in the
process of producing steam. Because of its low thermal conductivity, it is widely used in
thermal recovery processes to achieve the efficient development of crude oil and simultane-
ously reduce carbon emissions. Zhoujie Wang et al. [19] conducted steam condensation
heat transfer experiments with the addition of flue gas and steam flooding experiments in a
one-dimensional sandpack model. They believed that the flue gas can inhibit the condensa-
tion and heat release of steam in the front and middle parts of the reservoir and hinder the
formation of condensing droplets, thereby promoting the expansion of the steam chamber
into the deep reservoir. The adsorption and retention of nanoparticles in the reservoir can
result in a significant plugging effect, forcing the direction of liquid flow to change and
increasing the sweep coefficient. Osamah A. and Abdullah F. [20] synergized the recovery
mechanisms of both EOR agents by injecting a hot hydrophilic nanofluid (HNF) slug,
followed by superheated steam (SHS) in a second slug. The thermophysical properties of
hydrophilic nanoparticles improve the thermal performance of SHS injection and increase
oil mobility, which can substantially reduce steam consumption by up to 50% and reduce
the costs of producing steam while also improving oil recovery through the utilization of
nanotechnology. When passing through a narrow rock pore throat, the foam expands and
deforms, generating additional flow resistance. With the continuous accumulation of foam,
the resistance effect becomes increasingly obvious. Moreover, foam has the characteristics
of blocking water but not oil and is often called an intelligent fluid. Yongqing Bai et al. [21]
foamed a physically crosslinked clayey hydrogel Bent/PAM with low thermal conductance,
high thermal stability and good mobility, which was synthesized by a one-pot process,
enabling remarkable blockage of steam channeling. Zhanxi Pang et al. [22] selected a kind
of foaming agent for thermal foam flooding and carried out many displacements in a sand-
pack, and the results showed that foam can effectively increase the displacement efficiency
of steam flooding from 43.30% to 81.24% and that thermal foams can effectively improve
the injection profile to restrain steam injection from gravity override and steam channeling
in reservoirs. Changfeng Xi et al. [23] conducted 3D physical modeling experiments of
steam flooding, CO2-foam-assisted steam flooding, and CO2-assisted steam flooding under
different perforation conditions. The experimental results show that after the adjustment of
perforation holes in the later stage of CO2-assisted steam flooding, the steam chamber in the

180



Energies 2022, 15, 4805

middle and lower part of the water injection well expand laterally, and the production and
development mode of gravity drainage is formed in the top chamber of the production well.

In this paper, from the perspective of increasing the heat transfer range of steam and
promoting the expansion of the steam chamber to the deep reservoir, the effects of different
types of gases on the oil production rate, temperature field change, displacement pressure,
etc., were researched based on a one-dimensional steam flooding experiment assisted
by nonhydrocarbon gas. The oil displacement characteristics and the distribution of the
remaining oil after displacement were also analyzed, yielding a certain guiding significance
for the development of enhanced heavy oil recovery by injecting gas/steam.

2. Experimental Section

2.1. Materials

Removal of brine and gases from crude oil samples. The crude oil used in the exper-
iment came from China’s Shengli Oilfield. The viscosity of the crude oil was tested by a
rheometer (Model MCR 302, Anton Paar, Austria). The relationship between viscosity and
temperature is shown in Figure 1. The flue gas used in the experiment was a 1:4 mixture
of CO2 and N2, which was similar to actual flue gas produced by steam generators in
oil fields. The purity of CO2 and N2 were both 99.9 mol%, provided by China Tianyuan
Company. Two types of silica sands were used to fill the sandbags: 80 mesh and 120 mesh,
respectively. The water used in the laboratory to generate steam was distilled water. The
parameters of the sand bag used in the oil displacement experiment are shown in Table 1.
The physical properties of the sand bag were the same, which was consistent with actual
field conditions.

Figure 1. The relationship between the viscosity and temperature of the heavy oil used in the experiment.
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Table 1. Parameters of the sandpack used in the flooding experiment.

Displacement Length/cm Diameter/cm Porosity/% Permeability/mD Back Pressure/MPa

Steam flooding 60 2.54 33.1 1184 1
N2-assisted steam flooding 60 2.54 34.17 1230 1

CO2-assisted steam flooding 60 2.54 33.18 1152 1
Flue gas-assisted steam flooding 60 2.54 33.84 1203 1

2.2. Apparatus

The flow chart of the nonhydrocarbon gas-assisted steam flooding experiment is
shown in Figure 2 and the involved experimental devices are listed in Table 2. A specific
flow of flue gas was injected into the experimental model through a gas flow controller.
Distilled water pressurized by a high-precision syringe pump was heated into steam by a
steam generator. Water or heavy oil was injected from the intermediate vessel into the sand
bag with three temperature test points. The temperature was measured by thermocouples.
The schematic diagram and real picture of the sandpack model are shown in Figure 3.

Figure 2. Schematic diagram of the experimental setup in the laboratory.

Table 2. Relevant parameters of experimental equipment.

Device Type

Gas flow controller Model Sla58550, Brooks, United States, flow rate range of 0–30 mL/min under standard conditions

High-precision syringe pump Model 100DX, Teledyne ISCO Company, Teledyne Co., Ltd., USA, flow accuracy of ± 0.25 μL/min
and pressure accuracy of ± 0.5%

Steam generator Model GL-1, Haian Petroleum Equipment Company, temperature range of 100–350 ◦C and
pressure range of 0.1–25 MPa

Thermocouples Model K, Haian Petroleum Equipment Company, temperature accuracy of ± 0.1 ◦C
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(a) (b) 

Figure 3. The sandpack with three temperature probes: (a) is a schematic diagram and (b) is a real picture.

2.3. Experimental Procedures

(1) Fill the sandpack with sand of different diameters, and then test the air tightness of
the sandpack.

(2) Measure the dry weight of the sandpack. Then, test the wet weight of the sandpack
saturated with salt water. The porosity is calculated from the weight difference, and the
permeability is calculated from the Darcy equation.

(3) Place the sandpack in a 100 ◦C oven for 2 h until the temperature of the sandpack
stabilizes. Then, crude oil is injected into the sandpack at a flow rate of 0.5 mL/min to
achieve oil saturation.

(4) The steam generator is pre-heated at a temperature of 250 ◦C. When the temperature
of the sandpack and the steam generator stabilize, steam or steam with flue gas is injected
into the sandpack according to the designed experimental parameters. The steam injection
flow rate is set to the equivalent of condensate water.

(5) During the experiment, the temperature of each temperature measurement point in
the sandpack is monitored and recorded in real time, and the water production and crude
oil production are recorded.

(6) When the temperature of the sandpack is stable and the proportion of water in the
produced fluid reaches 98%, the oil displacement experiment is stopped.

(7) The oil sand samples located in different positions of the model after the end of
the displacement are selected to analyze the distribution of the remaining oil and evaluate
the oil displacement effect of different displacement methods. The injection parameters of
various displacement experiments are shown in Table 3.

Table 3. Injection parameters of various displacement experiments.

Steam Flow Rate/(mL·min−1) Steam Dryness Gas Flow Rate/(mL·min−1) Back Pressure/MPa

1 0.7 1 1

3. Results and Discussion

3.1. Variation in the Oil Displacement Parameters

In the experiments, temperature changes at three locations within the sandpack were
used to determine the heat transfer performance of steam flow in porous media. The
temperature changes of the three thermocouples in the sandpack under different injec-
tion parameters were obtained. After the temperature of the sandpack was stable in the
experiment, the data of each temperature measurement point were recorded. Taking the
one-dimensional pure steam flooding as the standard control group, a total of 4 experiments
were carried out with the addition of N2, CO2 and flue gas-assisted steam flooding. The oil
characteristics of gas-assisted steam flooding and their mechanisms for enhancing heavy
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oil production were explored through the curves of apparent oil displacement parameters
changing with time.

The liquid production characteristic curve included three parameters: recovery, water
cut and oil production rate. For sandstone, the surface of the formation rock was mostly
hydrophilic, and the seepage resistance of steam in the formation mainly came from the
capillary force generated by the two-phase flow. In Figure 4, when the steam injection
volume was approximately 0.3 PV, water started to appear at the outlet, and at this moment,
the oil production rate reached a peak value of 0.81 mL/min. After that, due to the gradual
formation of the dominant flow channel, the steam began to channel, and the water cut
curve rose rapidly, corresponding to the rapid decrease in the oil production rate. During
the subsequent displacement process, the flow of steam in the sandpack reached a steady
state, the oil production rate fluctuated around the equilibrium value of 0.1 mL/min, and
the recovery and water cut increased steadily as the remaining oil in the reservoir decreased.
The ultimate recovery was near 48%, which was relatively low in terms of the thermal
recovery of heavy oil.

From Figure 4b–d, it could be found that after adding nonhydrocarbon gas, the
variation law of oil displacement parameters was similar to that of pure steam flooding; that
is, there were two stages: a high-producing period and a low-producing period. The high-
producing period appeared in the early stage of displacement, and the oil production rate
increased sharply at first and then decreased rapidly. The low-producing period appeared
in the middle and late displacement stages, and the production rate decreased slowly and
gradually stabilized. The maximum oil production rates of N2-assisted steam flooding,
flue gas-assisted steam flooding, and CO2-assisted steam flooding were 1.2 mL/min,
1.17 mL/min (since the main component of flue gas was N2 and only a small amount of
CO2 existed, the maximum oil production rate of flue gas-assisted steam flooding was very
close to the former), and 1.06 mL/min, respectively, which were higher than that of pure
steam flooding. In Figure 5, the steam mixed with the nonhydrocarbon gas flowed faster
than pure steam in the formation, and the peak value was higher due to the lower seepage
resistance of the gas, thereby improving the oil displacement efficiency.

Figure 5 shows that after adding nonhydrocarbon gas, the ultimate recovery was
improved to different degrees. It is not difficult to understand that since the main compo-
sition of flue gas was also N2, the recovery of N2-assisted steam flooding was very close
to that of flue gas-assisted steam flooding. Although the maximum oil production rate of
CO2-assisted steam flooding was relatively lower, the high production period lasted for a
longer time, so the final recovery degree was the highest.

 
(a)  

Figure 4. Cont.
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(b)  

 
(c)  

 
(d)  

Figure 4. The liquid production characteristic curves under different flooding methods: (a) pure
steam flooding, (b) N2 + steam flooding, (c) CO2 + steam flooding, and (d) flue gas + steam flooding.
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Figure 5. Maximum oil production rate and recovery under different displacement methods.

3.2. Variation in the Pressure Difference during Displacement

In Figure 6, the variation in the pressure difference of pure steam flooding and non-
hydrocarbon gas-assisted steam flooding was similar, and the curve trends were basically
the same. For a period of time when the steam was injected, the fluid flowed among
the sand grains to open up the dominant channel for seepage. At this stage, no water
was seen at the outlet, and the injection pressure increased rapidly, providing momentum
for the flow of heavy oil. As the heavy oil along the dominant steam channel was con-
tinuously removed, high-permeability channels formed. After that, the flow resistance
of steam/nonhydrocarbon gas dropped greatly, and a large amount of injected gas was
channeled. Therefore, the displacement pressure suddenly dropped and finally remained
stable with a small fluctuation. The heavy oil lying in the corners gradually expanded
under the action of heat, occupying the large pores of fluid seepage, or the unstably filled
sand particles formed displacement under the scouring of the steam/nonhydrocarbon gas,
which slightly plugged the high-permeability channels. The pressure difference curves
fluctuated in waves under this dynamic balance mechanism.

Further interpretation of the curves showed that the maximum displacement pressure
difference of steam flooding was 2.28 MPa, and the maximum displacement pressure
differences of N2-assisted steam flooding, flue gas-assisted steam flooding and CO2-assisted
steam flooding were 3.16 MPa, 3.11 MPa and 2.86 MPa, respectively (Figure 7). After adding
gas, the reasons why the maximum displacement pressure difference of each displacement
mode was more than that of pure steam were as follows: First, in the high temperature
and pressure conditions, the thermal motion of gas molecules was intensified, and the
mixing degree of the two was higher. The dryness of the steam decreased, and the flow
resistance of the mixed steam increased. Second, the non-condensate gas could form an
insulating gas film on the surface of the rock particles, which prevented the direct contact
between the steam and rock for heat exchange, and the viscosity of the heavy oil in the
formation decreased slightly, resulting in a reduction in the flow capacity. In the later
stage of displacement, due to the high gas mobility, the flow resistance of the mixed steam
was reduced, so the stable pressure difference was lower than that of pure steam flooding.
Compared with CO2, N2 was not easy to compress and had poor solubility in crude oil.
Therefore, the maximum displacement pressure difference of N2-assisted steam flooding
was significantly greater than that of the other two gases, which also showed that N2
possessed more ascendancies in supplementing the formation energy.
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(a)  (b)  

 
(c)  (d) 

Figure 6. Variation in the displacement pressure difference under different displacement modes: (a) pure
steam flooding, (b) N2 + steam flooding, (c) CO2 + steam flooding, and (d) flue gas + steam flooding.

 
Figure 7. Maximum pressure difference and stable pressure difference under different displacement methods.
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3.3. Variation in the Temperature Field

Figure 8 shows the temperature change process of the sandpack model under different
displacement methods. The commonality was that as the steam front continued to advance
into the deep reservoir, each temperature measurement point started to heat in sequence.
The inlet first sensed the temperature change, and the curve increased nearly vertically
and quickly reached a stable temperature. The temperature of the measurement points
closer to the outlet end had a slower temperature rise, a longer heating time, and a lower
stable temperature. It was determined that without changing the environmental conditions
and injection parameters, the steam continuously exchanged heat with the formation rocks
and fluids during the flow process, and with liquefaction and heat dissipation, its own
temperature was lowered, inducing the heat it carried to be gradually reduced. Under
the same displacement mode, the difference between the stable temperatures of adjacent
temperature measurement points increased, indicating that the heat loss of the steam was
severe along the way.

  
(a)  (b)  

  
(c)  (d)  

Figure 8. Temperature variation at temperature measurement points under different flooding modes: (a) pure
steam flooding, (b) N2 + steam flooding, (c) CO2 + steam flooding, and (d) flue gas + steam flooding.

The stable temperature of each temperature measurement point under different dis-
placement modes is shown in Figure 9 and Table 4. In pure steam flooding, the end
temperature of the model was 135.9 ◦C, while it increased by 14.3 ◦C, 8.8 ◦C, and 13.1 ◦C in
the steam flooding model assisted by N2, CO2, and flue gas, respectively. On the one hand,
the addition of nonhydrocarbon gases improved the flow rate of the mixed thermal fluid.
On the other hand, nonhydrocarbon gas would be enriched in the front edge of the flow,
prompting heat exchange resistance between steam and rocks. Under the combined action
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of the two, the nonhydrocarbon gas spurred the steam to flow rapidly and reduced the heat
loss in the low oil saturation region, thereby bringing more heat into the deep reservoir.
The best effect of preventing the heat transfer mode was obtained with N2-assisted steam
flooding, followed by flue gas, and CO2 was the worst because N2 was not easily com-
pressed with a low thermal conductivity, and the energy-providing effect was outstanding,
while CO2 had better dissolution and compressibility.

Figure 9. The comparative curves of the stable temperature of the measurement points under different
displacement modes.

Table 4. The stable temperature of the measurement points under different displacement modes.

Displacement Mode Inlet/◦C Measurement Point 1/◦C Measurement Point 2/◦C Measurement Point 3/◦C

Steam 205.1 189.4 162.9 135.9
N2 + steam 198.8 190.2 182.5 150.2

CO2 + steam 201 192.3 173.4 144.7
Flue gas + steam 200.8 190.8 181.3 149

3.4. Distribution of the Remaining Oil

After flooding, samples were taken at different positions of the sandpack model to
observe the distribution of the remaining oil, as shown in Figure 10. From the inlet to the
outlet, the color of the oil sand became darker, and the oil content gradually increased. Due
to the limited heat of the injected steam, the heavy oil near the inlet had the most obvious
effect of heating up and reducing viscosity and had the highest recovery degree with an oil
content of 5.15% (Table 5). Then, as the steam gradually liquefied and released heat, the heat
brought to the rear of the reservoir dropped, and the oil content at the outlet was 12.88%.
At the inlet and the middle position, the oil content of CO2-assisted steam flooding was
lower than that of N2-assisted steam flooding, indicating that although CO2-assisted steam
flooding was not as good as N2-assisted steam flooding in promoting the development
of steam chambers, the oil recovery efficiency in the affected range was higher than that
of N2-assisted steam flooding (Figure 11). Compared with steam flooding assisted by
nonhydrocarbon gas, it was found that the color of the oil sand was obviously lighter, and
the remaining oil content was reduced, indicating that the addition of nonhydrocarbon gas
significantly improved the overall oil displacement efficiency. In the area affected by steam
heat, the result of multiple mechanisms, such as temperature rise and viscosity reduction,
thermal expansion, and CO2 extraction to light components, was that the oil recovery
efficiency was greatly enhanced.
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Figure 10. The distribution of the remaining oil under different displacement methods.

Table 5. The oil content of oil sands at different positions after displacement.

Oil Content/%. Position
Displacement Modes Inlet Middle Outlet

Initial oil sands 25.77 25.77 25.77
Steam 5.15 9.86 12.88

N2 + steam 4.37 6.15 11.05
CO2 + steam 3.76 5.72 11.95

Flue gas + steam 4.05 6.1 11.69

Figure 11. Comparison of oil content reduction rate of oil sands after displacement.

3.5. Analysis of the Reasons for the Effects Induced by Different Gases

From the above experimental results, some rules were determined. The mixing of the
non-condensate gas with the steam increased the mobility of the displacement medium,
thus prolonging the high production period and increasing the maximum oil recovery rate,
because the gas was unable to liquefy into water when contacting cold objects, emitting
much heat during the flow. The gas had a large molecular distance, and the viscous
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force between the molecules was mild, and the force generated by mutual shearing was
significantly smaller than that of the liquid, so that it could quickly channel flow in the
tiny pores, opening up the main path for the liquid flow and increasing the range of
thermal spreading.

In terms of suppressing the heat transfer effect of condensation, the advantages of N2
were more obvious than those of CO2. After investigation, N2 had low thermal conductivity
and low compressibility. Because of lower density and better mobility, the injected N2
could form a thermal isolation layer at the top of the reservoir. It not only inhibited steam
override, but also prevented heat loss from the overlying rock, thus increasing thermal
efficiency and sweep efficiency [24]. This was determined by the structure and physical
properties of the gas molecules.

In terms of supplementing formation energy, compared with CO2, N2 was less com-
pressible and insoluble in crude oil. Under the condition of the same injection amount,
it could occupy a larger space, and better supplement formation energy, which provided
higher displacement power and accelerated the advancement of thermal fluid to the deep
formation, then expanding the swept range. This feature also positively affected the
expansion of the heat spread.

In the aspect of enhancing oil recovery, CO2 could dissolve in crude oil under certain
conditions and reduce its viscosity, which not only supplements crude oil energy, but
also increases fluid pressure in porous media. At the same time, the two further formed
a miscible phase, which greatly reduced the interfacial tension, thereby decreasing the
seepage resistance. As a kind of common acid gas, CO2 also possessed a certain acid
etching effect on rock particles that dissolved the cement between particles from the micro
perspective, expanding the fluid flow space, and improving the flow capacity of the heavy
oil originally located in the corner.

The research content of this paper was based only on the one-dimensional sandpack
model of steam flooding. There are certain limitations in the testing and evaluation of oil
production parameters, injection pressure and other indicators that affect the reservoir
development effect, and the dynamic changes in the actual development process cannot be
accurately predicted, but can provide a certain theoretical basis.

4. Conclusions

(1) Steam flooding assisted by three nonhydrocarbon gases, N2, CO2 and flue gas,
could significantly improve the oil displacement efficiency, which was manifested as
accelerated oil recovery and a prolonged high production period. Compared with that
of pure steam flooding, the recovery factor was increased by 12.13%, 16.71% and 13.01%,
respectively.

(2) The effect of enhancing the heat transfer of N2-assisted steam flooding was the best
among the three nonhydrocarbon gases, and the CO2 effect was the worst. Compared with
steam flooding, N2-, flue gas- and CO2-assisted steam flooding increased the temperature
at the end of the sandpack by 14.3 ◦C, 13.1 ◦C and 8.8 ◦C, respectively. That is, N2 could
bring more heat into the deep formation under the same conditions.

(3) N2 showed more evident assets in supplementing the formation energy. The
maximum displacement pressure differences during steam flooding assisted by N2, CO2
and flue gas were 3.16 MPa, 2.86 MPa and 3.11 MPa, respectively.

(4) The oil content of the sands after undergoing CO2-assisted steam flooding was lower
than that of N2-assisted steam flooding for the inlet and middle points of the sandpack, not
the outlet, which indicated that CO2 had a more remarkable effect on oil displacement.
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Abstract: The Huaibei coalfield is an important coal base and one of the hot spots of coalbed methane
development in China. Therefore, a detailed understanding of gas occurrence in the Huaibei coalfield
is of great significance. This paper analyzes the gas occurrence from the perspective of multiple-level
tectonic control, i.e., the regional tectonic level, the coalfield tectonic level, the mining area tectonic
level, and the coal mine tectonic level. This study deduces that gas occurrence in the Huaibei coalfield
is characterized by multiple-level tectonic control. At the regional level, the Huaibei coalfield is
located in the southeast margin of the North China plate, affected by the tectonic evolution of the
North China plate and by the evolution of the Dabie–Tanlu–Sulu orogenic belt. Therefore, the regional
geological tectonic is complex, leading to the high gas content and serious gas hazard. At the coalfield
level, gas occurrence in the Huaibei coalfield is controlled by east–west faults, NNE faults, and the
Xuzhou–Suzhou arc nappe tectonic, which results in the highest gas occurrence in the Suxian mining
area, followed by the Linhuan mining area and the Suixiao mining area, while the lowest amount
of gas occurs in the Guoyang mining area. At the mining area level, considering the Suxian mining
area as an example, the gas occurrence is controlled by the distance from the Tancheng–Lujiang fault
zone and the intensity of tectonic compression, i.e., coal mine gas in the east is the highest, followed
by coal mines in the south, while coal mine gas in the west is the lowest. At the coal mine level, gas
occurrence is controlled by the buried depth of the coal seam, the tensional normal fault, magmatic
activity, and uplift and erosion of strata. Finally, the findings of this study may help in the prevention
of gas hazard and the exploration and development of coalbed methane in the Huaibei coalfield and
other coalfields of similar geological characteristics.

Keywords: Huaibei coalfield; tectonic evolution; gas occurrence; multiple-level tectonic control;
coalbed methane

1. Introduction

Gas explosions and coal and gas outbursts are potential hazards in high-gas coal
mines [1,2]. Methane is the main component of coal mine gas, which is a clean and efficient
energy source [3,4]. China is seriously affected by coal mine gas, and it is also actively
engaged in the development and utilization of coalbed methane [5–7]. It is, therefore,
important to further investigate the occurrence characteristics and gas distribution patterns
of coal mines.

In the long-term study of gas geology, it is well recognized that the generation, mi-
gration, and occurrence of a certain area’s coal mine gas are controlled by the geotectonic
evolution of this area [8–10]. The multiple-level tectonic control of gas occurrence is pro-
posed [11]. A macroscopic study of the multiple-level tectonic control of gas occurrence in
China reveals that there are 29 areas of coal mine gas occurrence, including 16 high- and
outburst-gas areas and 13 low-gas areas [12]. There are also some studies based on the
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multiple-level tectonic control of gas occurrence from the perspective of a certain coalfield,
mining area, or coal mine. It is important to mention that in existing studies, multiple-level
tectonic control may be expressed as “tectonic-level control” [12], “tectonic level-by-level
control” [13], “stepwise tectonic control” [14,15], “tectonic gradual control” [16], and “step
by step control” [17].

The Huaibei coalfield is rich in coal and coalbed methane resources. It features thick
coal seams with a moderate depth and a relatively high gas content [18]. Therefore, the
Huaibei coalfield is an important coal base in China and faces serious safety challenges
in mitigating gas risk during coal mining operation [19,20]. As this coalfield is rich in
coalbed methane resources [21,22], it is a hot spot for the development of coalbed methane
resources. The coalfield has been explored and developed for its coal resources since 1955,
and a number of surface test boreholes have been created in several pilot studies of coalbed
methane development. A wealth of data has been obtained on the coalfield geology,
gas geology and coalbed methane resources of the Huaibei coalfield. These data have
substantially improved the understanding of the occurrence and distribution of coalbed
methane. In this paper, the Huaibei coalfield is considered a target area in order to study
the gas occurrence from the perspective of multiple-level tectonic control.

2. Geological Background

Anhui Province is located in eastern China. It is part of the Yangtze River Delta region,
with a well-developed economy and a strong energy demand. Its west, north, and east are
bound by Henan, Shandong, and Jiangsu Provinces [23]. The Huaibei coalfield is located in
the northern part of Anhui Province and spreads across Huaibei City, Suzhou City, and
Bozhou City of Anhui Province, with a coal-bearing area of approximately 4100 km2 [24].
In the Huaibei coalfield, two large coal-producing enterprises mainly exist: the Huaibei
Mining (Group) Co., Ltd., headquartered in Huaibei City of Anhui Province, China, and
Wanbei Coal-electricity Group Co., Ltd., headquartered in Suzhou City of Anhui Province,
China. In addition, at least 23 underground coal mines have been developed [18].

The Huaibei coalfield is in the southeastern margin of the North China plate. It
belongs to Xusu depression in the south–central part of the Luxi-Xuhuai uplift area [25,26].
Regionally, the Huaibei coalfield is located between the nearly east–west Feng–Pei uplift
and the Bengbu uplift and lies adjacent to the He-Huai subsidence area on the west and the
Tancheng–Lujiang fault zone on the east [26,27]. The Huaibei coalfield is in north–south
orientation. Its fault structure has a grid structure pattern. From north to south, the main
east–west orientation faults are the Feng–Pei fault, the Subei fault, and the Banqiao fault.
From east to west, the main north–south orientation faults are the Guzhen–Changfeng fault,
the Fengxian–Kouziji fault, and the Xiayi–Gushi fault, as shown in Figure 1. According to
the characteristics of tectonic development, the Huaibei coalfield can be subdivided into
the Suixiao, Linhuan, Suxian, and Guoyang mining areas [23,24,27]. The Suixiao mining
area is located north of the Subei fault, while the Suxian, Linhuan, and Guoyang mining
areas are located between the Subei fault and the Banqiao fault. The Nanping fault is the
boundary between the Suxian and Linhuan mining areas, while the Fengxian–Kouziji fault
is the boundary between the Linhuan and Guoyang mining areas.
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Figure 1. Tectonic outline map of the Huaibei coalfield. Modified from [28].

The strata in this study area in ascending order consists of the Archean, Qingbaikou
system and Sinian, Cambrian and Ordovician, Carboniferous and Permian, Triassic, Jurassic
and Cretaceous, Paleogene, Neogene, and Quaternary formations [23,26,27]. The Carbonif-
erous and Permian are the coal-bearing formations, including in ascending order, the
Benxi, Taiyuan, Shanxi, Lower Shihezi, Upper Shihezi, and Sunjiagou formations. The coal-
bearing strata has a thickness of nearly 920 m. It is formed by shallow marine deposition,
shore coastal deposition, fluvial delta deposition, and alluvial plain deposition [29]. The
Benxi and Taiyuan formations contain several thin coal seams that are not minable, the
Shanxi, Lower Shihezi, and Upper Shihezi formations are major coal-bearing strata, while
the Sunjiagou Formation contains no coal seams. In total, 25 coal seams exist in the Huaibei
coalfield. Among them, 12 coal seams are minable, with an average total thickness of
almost 14.25 m, and the main minable coal seams are nos. 32, 72, 81, 82, and 102 [18,23,30].

3. Multiple-Level Tectonic Control of Gas Occurrence

The multiple-level tectonic control of gas occurrence in the Huaibei coalfield is ana-
lyzed at four levels: the regional tectonic level, the coalfield tectonic level, the mining area
tectonic level, and the coal mine tectonic level.

3.1. Regional Tectonic Level

The basement of the coal-bearing strata in the Huaibei coalfield is complete and con-
tinuous, with a flat terrain and no large tectonic differentiation in this area. The whole
crust subsides in Late Paleozoic. In addition, deposition occurs on basin basement, forming
continuous and stable coal accumulation in Carboniferous Permian [31,32]. After the for-
mation of coal-bearing strata, the evolution of coal seams’ buried depth and temperature in
the Huaibei coalfield can be subdivided into three major stages: Triassic to Middle Jurassic,
Late Jurassic to Cretaceous, and Paleogene onward. From Triassic to Middle Jurassic, the
buried depth of the Permian strata rapidly increased and reached almost 3000 m, with a
maximum temperature range of 140–180 ◦C. From Late Jurassic to Cretaceous, the Permian
strata uplifted, the overlying strata suffered from erosion, and the maximum erosion thick-
ness reached 1800–2650 m. From Paleogene onward, the deposition in the area continued
and the temperature of the coal-bearing formation was kept between 27 and 50 ◦C for a
period of time [33,34]. The coal seam temperature was mainly controlled by its buried
depth of the coal seam. In this case, the deep burial metamorphism of coal is important to
the coalification process. In addition, the Yanshanian tectonic-thermal event superimposed
magmatic thermal metamorphism on the coal seams in the Huaibei coalfield, which led to
an increase in coal rank to coking coal, and even natural coke in some areas [35–37].
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From the perspective of plate tectonics, since the formation of the Carboniferous
Permian coal-bearing strata, the North China plate where the Huaibei coalfield is located,
was mainly pushed by the Siberian plate from north to south and by the Yangtze block from
south to north during the Indosinian period, forming wide and flat folds and faults in nearly
east–west orientation. The North China plate was then mainly pushed by the subduction
and collision of the Pacific Kula plate during the Yanshanian period, which formed a series
of large-scale uplift and depression in NNE and NE directions, accompanied by intense
magmatism. On the west side of the Tancheng–Lujiang fault zone, the Xuzhou–Suzhou
arc nappe tectonic was formed by the subduction and collision of the Yangtze plate to the
North China plate [11]. In summary, the tectonic evolution of the Huaibei coalfield has gone
through three stages: the east–west trending tectonic development stage in the Indosinian
period (257–205 Ma), the NEE trending tectonic development stage in the Yanshanian
period (205–65 Ma), and the extensional tectonic development stage in the Himalayan
period (65 Ma–) [38].

The Huaibei coalfield is located in the southeast margin of the North China plate. It
lies adjacent to the Tancheng–Lujiang fault zone on the east, and therefore it is affected by
the tectonic evolution of the North China plate and the evolution of the Dabie–Tanlu–Sulu
orogenic belt. Consequently, the geological tectonic of the Huaibei coalfield is complex,
the magmatic activity is frequent, and the faults and folds are well developed [26,39]. The
tectonic in the Huaibei coalfield is controlled by east–west faults, NNE faults, and the
Xuzhou–Suzhou arc nappe tectonic. The fault structure of the whole coalfield presents
a grid structure pattern, and the NNE trending faults formed in the Yanshanian period
transformed the east–west trending faults in the Indosinian period. Under the influence
of the Dabie orogenic belt and the Tancheng–Lujiang fault zone, the Huaibei coalfield
generally shows the tectonic pattern of pushing in the east part and sinking in the west
part. More precisely, the east part is the Xuzhou–Suzhou arc nappe tectonic, while the west
part is the Guoyang–Linhuan fault depression belt [26,40], as shown in Figure 2.

Figure 2. Geological background of the Xuzhou–Suzhou arc nappe tectonic. Modified from [41,42].

The regional tectonic evolution history controls the gas occurrence in the Huaibei
coalfield. The complex regional geological tectonic leads to the high gas content and serious
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gas hazard in the Huaibei coalfield [12,43,44]. Li and Wang (2009) mention that all the 14
coal mines in Huaibei Mining (Group) Co., Ltd. are of high content. In addition, 7 of them,
namely Luling, Haizi, Qinan, Zhuxianzhuang, Shitai, Taoyuan, and Tongting mines, are
prone to coal and gas outbursts [43]. Since the development of coal resources in the Huaibei
coalfield, 33 outburst incidences have occurred, with a total coal ejection of 11,339 t and
gas emission of 1,404,000 m3 [43]. Zhang and Wu (2013) mention that the Huaibei coalfield
has 13 coal- and gas-outburst-prone coal mines and 9 high-gas coal mines. Moreover, more
than 140 incidences of coal and gas outbursts have occurred. The largest outburst in the
Huaibei coalfield occurred at the Luling coal mine, with a coal ejection of 10,500 t and gas
emission of 1,230,000 m3 [12].

3.2. Coalfield Tectonic Level

As previously mentioned, the Huaibei coalfield is controlled by the Xuzhou–Suzhou
arc nappe tectonic (cf Figure 3). Therefore, the stress of the arc structure mainly controls
the distribution characteristics of gas enrichment in the coalfield. The stress of the arc
structure has two states, divided by the neutral plane of the arc structure. The stress state is
compressive in the inward arc direction and tensile in the outward arc direction. In general,
the curvature of the inner arc zone is greater than that of the outer arc. Therefore, the stress
of the inner arc zone is concentrated and the compression is serious, which results in the
development of more reverse faults. Thus, the gas content in the middle part of the arc is
higher than that in the two wings of the arc, and the gas content in the inner arc zone is
greater than that in the outer zone [45]. The Suxian mining area, which is located on the
inner side of the arc structure and close to the Tancheng–Lujiang fault zone, is of high stress
concentration due to compression. It has many reverse faults, and it is conducive to the
accumulation and preservation of coal seam gas. Therefore, the Suxian mining area has a
high gas content and faces serious gas hazard in coalmining operations [38]. The Linhuan
mining area, which is located in the middle of the arc structure and slightly far away from
the Tancheng–Lujiang fault zone, is in the area of transformation from compressive stress
to tensile stress and has many tensile normal faults. This area is relatively conducive to the
migration and release of coal mine gas. Therefore, although the Linhuan mining area has a
high gas content, the gas hazard risk in the area is lower than that in the Suxian mining
area. Although the Suixiao mining area is also located in the middle of the arc structure, it
is on the wing of the arc structure rather than at the center of the arc structure. Therefore, it
is in the area of tensile stress, and many tensile normal faults are developed. This area is
relatively unfavorable to the accumulation and preservation of coal seam gas. Therefore, the
Suixiao mining area has generally a low gas content. The Guoyang mining area is located
on the outside of the arc structure and farthest from the Tancheng–Lujiang fault zone.
Therefore, the influence of the Xuzhou–Suzhou arc nappe tectonic has largely disappeared.
Thus, the Guoyang mining area has the lowest gas content in the Huaibei coalfield.

Besides the control of the Xuzhou–Suzhou arc nappe tectonic, the uneven subsidence
of the Huaibei coalfield also affects the distribution characteristics of coal seam gas. The
uneven subsidence of the Huaibei coalfield that occurred in the Himalayan period causes
subsidence and sedimentation in Linhuan and Suxian mining areas located in the south
of the Subei fault and the east of the Fengxian–Kouziji fault, which provides favorable
conditions for gas preservation. The uneven subsidence has also caused uplift and erosion
in the Suixiao mining area in the north of the Subei fault and the Guoyang mining area
in the west of the Fengxian–Kouziji fault, which provides favorable conditions for gas
migration and release and therefore results in low gas contents in the areas [25].
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Figure 3. Geological map of the Xuzhou–Suzhou arc nappe tectonic. Modified from [46].

Thus, the gas distribution in the Huaibei coalfield presents a distribution pattern of
“high in the south and low in the north,” “high in the east and low in the west,” and “the
highest in the southeast” [25,40]. “High in the south and low in the north” denotes that the
gas content and the gas hazard in the Suxian mining area and the Linhuan mining area in
the south of the Subei fault are greater than those of the Suixiao mining area in the north of
the Subei fault. “High in the east and low in the west” denotes that there are 3 mining areas
in the south of the Subei fault: the Suxian, Linhuan, and Guoyang mining areas. The gas
content and the gas hazard in the Suxian mining area in the east are the highest, followed
by those in the Linhuan mining area in the middle, while the Guoyang mining area in the
west has the lowest gas content and gas hazard risk. “The highest in the southeast” denotes
that among the four mining areas in the study area, the gas content and the gas hazard in
the Suxian mining area in the southeast of the Huaibei coalfield are the highest.

Previous studies have confirmed this understanding, as shown in Table 1. For instance,
Zhou and Wang (2000) report that the gas content in the east of the Suxian mining area
is the highest, averaging at more than 8 m3/t. This is followed by the gas content in the
south of the Suxian mining area, while the gas content in the Guoyang mining area is
the lowest, averaging at less than 4 m3/t. The average gas contents of no. 8 coal seam in
the Suxiang, Linhuan, Suixiao, and Guoyang mining areas are 7.3, 6.1, 5.2, and 3.4 m3/t,
respectively [47]. Qu et al. (2008) report that the gas content of the Suixiao mining area
north of the Subei fault is only 2–12 m3/t, which is far less than that of mining areas in the
south of the Subei fault. In addition, from the west to the east of the Huaibei coalfield, the
gas content in the Guoyang mining area is 2–8 m3/t, which is less than the 6–16 m3/t in
the Linhuan mining area and the 6–24 m3/t in the Suxian mining area [25]. Wang (2015)
reports that the gas contents of the Suxian mining area and the Linhuan mining area are,
respectively, 12–15 m3/t and 8–12 m3/t, which is higher than the 8–10 m3/t in the Suixiao
mining area and less than the 8 m3/t in the Guoyang mining area [45]. Hu et al. (2014)
report that 75.8% outburst incidences occurred in the Suxian mining area, 21.2% in the
Linhuan mining area, 3.0% in the Suixiao mining area, and none in the Guoyang mining
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area as no active coal production exists in this area at the time of reporting. Among the
incidences, the Luling coal mine in the Suxian mining area is the most serious, and the
number of outburst incidences accounts for 66.7% of the total in the Huaibei coalfield [40].

Table 1. The gas characteristics of the Huaibei coalfield.

Characteristic
Suxian

Mining Area
Linhuan

Mining Area
Suixiao

Mining Area
Guoyang

Mining Area
Source

Average gas content of no. 8 coal seam (m3/t) 7.3 6.1 5.2 3.4 [47]

Gas content (m3/t) 6–24 6–16 2–12 2–8 [25]

Gas content (m3/t) 12–15 8–12 8–10 <8 [45]

Outburst incidence (%) 75.8 21.2 3.0 0.0 [40]

3.3. Mining Area Tectonic Level

This section analyzes the gas occurrence in these four mining areas from the perspec-
tive of the mining area tectonic level.

3.3.1. Suxian Mining Area

The main coal mines in the Suxian mining area include the Luling coal mine and the
Zhuxianzhuang coal mine in the east, the Taoyuan coal mine, the Qinan coal mine and the
Qidong coal mine in the south, and the Qianyingzi coal mine and the Zouzhuang coal mine
in the west (cf Figure 4). The gas hazards these coal mines pose are serious. However, the
characteristics of coal seam gas occurrence and the risk of coal and gas outburst are different
for specific coal mines due to their different tectonic positions in the Suxian mining area.

Figure 4. Tectonic outline map in the Suxian mining area. Modified from [38].

As for the Sudong syncline in the east of the mining area, it is in the hanging wall of
the NW trending the Xisipo thrust fault (cf Figure 5). In addition, the tectonic compression
and shear deformation are strong, and therefore the tectonic coals in coal seams are well
developed, with large thickness and continuous distribution, which is the main reason why
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the Luling coal mine and the Zhuxianzhuang coal mine in the Sudong syncline are highly
prone to coal and gas outburst [48,49].

Figure 5. Geological section of the Xisipo thrust fault and its surrounding area. Modified from [50].

As for the Sunan syncline in the south of the mining area, it is in the footwall (i.e., a
passive moving wall) of the NW trending Xisipo thrust fault (cf Figure 5). The tectonic
compression and shear deformation are smaller than those of the Sudong syncline in the
hanging wall. The south end of the Sunan syncline is close to the east–west direction’s
Bengbu uplift, and the east–west tectonics are relatively well developed, such as the
Weimiao fault, which creates good conditions for gas release [3,51]. Therefore, the risk of
coal and gas outburst at Taoyuan, Qinan, and Qidong coal mines in the Sunan syncline is
smaller than that at the Luling and Zhuxianzhuang coal mines in the Sudong syncline.

As for the Sunan anticline in the west of the mining area, the Qianyingzi and Zouzhuang
coal mines are on the west wing of the Sunan anticline. The tectonic compression and shear
deformation of this location are further smaller than those of the Sudong syncline and the
Sunan syncline. Furthermore, this location is divided by two high-angle normal faults (i.e.,
the Nanping normal fault and the Shuangduiji normal fault), which is conducive to gas
release. In the long process of geological evolution, a large amount of coal seam gas has
been released. Therefore, the risk of coal and gas outburst is much smaller than that of the
Sudong syncline and the Sunan syncline [52,53].

3.3.2. Linhuan Mining Area

Affected by the superposition of multi-stage tectonic movements, many faults have
been formed in the Linhuan mining area. The openness of these faults is fairly good, which
is conducive to the release of coal seam gas, resulting in a significant reduction in gas
content compared with the adjacent Suxian mining area. There are more than 10 coal mines
in the Linhuan mining area, i.e., Haizi, Linhuan, Tongting, Zhangyoufang, Wugou, Jiegou,
Xutuan, Renlou, Suntuan, and Yangliu coal mines, many of them distributed around the
Tongting anticline. At the core of the Tongting anticline, due to the uplift of coal-bearing
strata, the coal seams suffer from weathering and erosion, which forms gas release channels.
The gas of coal seams the nearby weathering area can continuously release through the
channels, thus reducing the gas pressure and gas content of these coal seams. Therefore, in
general, the gas content of coal seams around the Tongting anticline is small [54].

However, the northwest area of the Tongting anticline where the Tongting coal mine,
the Linhuan coal mine, and the Haizi coal mine are located is the superimposed intersection
of the Tongting anticline formed in the early Yanshan period and the Yuandian syncline, the
Qingtuan anticline, and the Haizi syncline formed in the Indosinian period. Consequently,
the compressive stress is concentrated in this area. Moreover, in this area, the magmatic
intrusion is serious. Due to the concentrated stress and serious magmatic intrusion, the
coal seam structure is damaged and tectonic coal and even a soft layer in coal seams are
developed. Thus, this is an area having a high gas pressure and gas content of coal seam,
is a potential gas hazard, and could lead to serious coal and gas outburst in the Linhuan
mining area [55]. For instance, the Haizi coal mine is a coal-and-gas-outburst coal mine,
its maximum absolute gas emission rate is 55.80 m3/min, and its maximum relative gas
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emission rate is 28.79 m3/t. In addition, Xutuan and Renlou coal mines are located in the
southeast edge of the Linhuan mining area. They are in the transition zone from the Suxian
mining area, dominated by a compressive fault, to the Linhuan mining area, dominated by
a tensile fault. It is also a stress concentration zone, which is conducive to gas accumulation
and preservation. Thus, the gas pressure of the main coal seams at Xutuan and Renlou coal
mines is greater than that in the middle and west of the Linhuan mining area. In addition,
the coal seam here has a certain risk of coal and gas outburst. For instance, the Xutaun
coal mine is a coal-and-gas-outburst coal mine, its maximum absolute gas emission rate is
58.34 m3/min, and its maximum relative gas emission rate is 15.82 m3/t.

3.3.3. Suixiao Mining Area

The Suixiao mining area is the earliest mining area in the history of coal resources
development in the Huaibei coalfield. More than 10 coal mines are distributed around
Zhahe syncline, i.e., the Yangzhuang, Zhuzhuang, Zhangzhuang, Daihe, Shitai, Shuoli,
Yuanzhuang, Shenzhuang, Mengzhuang, and Maoyingzi coal mines [56]. The Suixiao
mining area is located at the north of the Subei fault, which is relatively far from the Bengbu
uplift. Therefore, it is less affected by the Bengbu uplift and is mainly controlled by the
Xuzhou–Suzhou arc nappe tectonic. The Suixiao mining area is located in the wing of
the arc structure rather than at the center of the arc structure. Therefore, it is relatively
unfavorable to the accumulation and preservation of coal seam gas. In addition, the uneven
subsidence of the Huaibei coalfield that occurred in the Himalayan period causes uplift and
erosion of Triassic strata in the Suixiao mining area, which provides favorable conditions
for gas migration and release. Therefore, the gas content in the Suixiao mining area is
relatively low and several low gas coal mines exist [57]. These coal mines in the west of
the Suixiao mining area, such as the Baishan coal mine, Liuqiao no. 1 coal mine, and the
Hengyuan coal mine, are all low-gas coal mines due to the strong weathering and erosion
of the coal seams.

When coal seams are located in the conditions of complex tectonic, strong tectonic
compression, or deep burial depth, they may have high gas contents and even have the
risks of coal and gas outburst. The magmatic activity may lead to secondary hydrocarbon
generation, which results in uneven gas distribution in the area and sudden enrichment
of gas in parts of the area. This location extruded by magmatic activity can be easily
enriched by coal seam gas, and it is prone to coal and gas outbursts in mining activities.
For instance, in general, the Maoyingzi coal mine has a low gas content and a low risk of
coal and gas outburst. Its maximum absolute gas emission rate is only 4.9 m3/min, and its
maximum relative gas emission rate is only 6.4 m3/t. However, there exists the risk of coal
and gas outburst in the zones affected by magmatic intrusion and the zones with stress
concentration, and an incidence of coal and gas outburst did occur in the mine [57].

3.3.4. Guoyang Mining Area

The Guoyang mining area is located on the west of the Linhuan mining area, bound
by the Subei fault in the north, the Banqiao fault in the south, the Xiayi–Gushi fault in the
west, and the Fengxian–Kouziji fault in the east. The Guoyang mining area is the most
recently explored and developed among the four mining areas in the Huaibei coalfield.
In the reported year [58], there were only two coal mines in the Guoyang mining area
(Guobei and Liudian), while the others were at exploration stages. Compared with other
mining areas in the Huaibei coalfield, the Guoyang mining area is the farthest away from
the Tancheng–Lujiang fault zone and has been far away from the tectonic active zone on
the plate edge. Therefore, most of the tectonic stress formed by the strong rock deformation
at the plate edge has been diminished in the area [59]. In addition, the fault tectonic in the
Guoyang mining area is relatively well developed and the main faults in the area are the
east–west trending and north–south trending normal faults, which result in poor continuity
of coal bearing strata and easy gas release. Therefore, the gas content and the gas hazard in
this area are far less than those at the other three mining areas in the Huaibei coalfield [60].
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However, it is important to mention that in the zones having a high gas content, the risk
of coal and gas outburst may occur under the condition of an increased coal seam buried
depth, complex tectonic, magmatic intrusion, and high compressive stress [61].

3.4. Coal Mine Tectonic Level

There are many coal mines in each of the mining areas. A total of four coal mines,
selected respectively from each of the four mining areas, are used in this study.

3.4.1. Qidong Coal Mine in the Suxian Mining Area

There are two distinct characteristics of the tectonic control of the Qidong coal mine
in terms of gas occurrence. The first is the differentiation between the north part and
the south part of this coal mine. The Weimiao fault in the east–west direction is a major
controlling fault of the Qidong coal mine, which divides it into a north part and a south part.
The Mawan syncline and the Weidong anticline, with an axial nearly east–west direction,
are developed around the Weimiao fault, as shown in Figure 6. Due to the fact that the
Weimiao fault is a tensional normal fault system, it provides a good channel for gas release.
In addition, a large part of the coal-bearing strata in the core of the Mawan syncline and the
Weidong anticline has been eroded, making gas release favorable. Therefore, it is deduced
that the gas content in the north part is 2–3 times higher than that in the south part at the
same burial depth [62]. The second is the effect of the burial depth. For a given coal seam,
the gas content and the risk of coal and gas outburst increase with the burial depth of the
coal seam [62,63].

Figure 6. Geological section of no. 24 exploration line at the Qidong coal mine. Simplified from [64].

3.4.2. Tongting Coal Mine in the Linhuan Mining Area

The Zhaokou fault and the Mengji fault are two large normal faults at the boundary of
the Tongting coal mine. The coal seams are cut and controlled by the Mengji fault in the
shallow part and the Zhaokou fault in the deep part, as shown in Figure 7. Consequently,
the occurrence characteristics of coal seam gas are largely controlled by these two faults. It
is widely accepted in gas geology that the gas content and pressure in coal seams increase
with the increase in the burial depth of coal seams. In addition, the gas emission and the
risk of coal and gas outburst will be high when the seams are mined. However, an abnormal
phenomenon occurs at the Tongting coal mine. That is, with the increase in the coal seam
burial depth, the gas content, the gas pressure, and the gas emission first increase and then
decrease [65,66], which is mainly due to the fact that the distribution of the coal seam gas is
controlled by the Zhaokou fault in the deep part. The Zhaokou fault is a tensional normal
fault in the deep part of this coal mine, which is characterized by a large fault drop, a wide
fracture zone, and extended distance. During the long geological time, this normal fault
has become a good channel for gas release, which results in a reduction in the gas content
in the coal seams around the Zhaokou fault.
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Figure 7. Geological section of no. w20 exploration line at the Tongting coal mine. Simplified
from [67].

3.4.3. Qianling Coal Mine in the Suixiao Mining Area

Several coal and gas outbursts have occurred at the Qianling coal mine due to its
complex geological tectonic [68]. The magmatic intrusion is serious in this coal mine. The
magmatic rock has been found in 27 of a total 32 exploration boreholes. Based on the
statistics of gas emissions of the working faces at the Qianling coal mine, it is deduced that
the gas emission from the working faces affected by magmatic intrusion is greater than that
from the unaffected working faces, and so is the risk of coal and gas outburst. This is due
to the secondary hydrocarbon generation of the coal seam by magmatic intrusion at a high
temperature and the overlying sill of the coal seam, which prevents gas from escaping from
the coal seam [69].

3.4.4. Guobei Coal Mine in the Guoyang Mining Area

The overall tectonic of the Guobei coal mine is a monocline with nearly north–south
strike and a near-west inclination. The south boundary is the F9 fault and the F9-1 fault,
while the north boundary is the Liulou fault. Two intersecting faults (F22 and F26) divide
this coal mine into four blocks, as shown in Figure 8. The tectonic characteristics in this
coal mine are that the faults are mainly developed, while the folds are not well developed
and the magmatic activities are not serious. The five normal faults are most important: F9,
F9-1, Liulou, F22, and F26. In addition, 54 faults, i.e., 51 normal faults and 3 reverse faults,
are found in this coal mine. These tensional normal faults provide favorable conditions
for gas migration and gas release, which results in low gas pressure, low gas content, low
gas emission, and low risk of coal and gas outburst [70,71]. In addition, the uplift and
erosion of the Triassic strata that occurred in the Himalayan period also provide favorable
conditions for gas migration and release. The data of geological exploration and coal mine
construction confirm this understanding. The data of geological exploration reveal that
the gas pressure (elevation from −442.10 to −806.40 m) of this coal mine is 0.20–0.60 MPa,
the gas content (elevation from −439.62 to −878.71 m) is 0.01–6.96 m3/t, the relative gas
emission rate (elevation from −457.56 to −685.00 m) is 0.38–4.54 m3/t, and the absolute
gas emission rate (elevation from −457.56 to −685.00 m) is 0.37–5.72 m3/min. The data in
the coal mine construction reveal that the gas pressure in nos. 81 and 82 coal seams at the
main shaft and the auxiliary shaft is 0.96 Mpa and 0.85 Mpa, respectively. In addition, the
gas contents in nos. 81 and 82 coal seams at the main shaft are respectively 5.81 m3/t and
5.23 m3/t, and the gas content in no. 81 coal seam at the auxiliary shaft is 4.32 m3/t [71].
The coal seams generally have a low gas content. However, the gas content of the seams
may increase with the increase in the buried depth of the seam and tectonic complexity.
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Figure 8. Tectonic map of no. 8 coal seam at the Guobei coal mine. Modified from [72].

Although these four coal mines considered in this study may not represent all the
characteristics of all the coal mines in the Huaibei coalfield, the above analysis shows that
in general, the gas occurrence characteristics are largely controlled by the buried depth
of the coal seam, the tensional normal fault, magmatic activity, as well as the uplift and
erosion of strata.

4. Discussion

Whether it is for the prevention and control of gas hazard or for the development of
coalbed methane resources, the Huaibei coalfield is one of the areas for intensive study in
China. However, these studies lack a systematic approach on gas occurrence in the Huaibei
coalfield from the perspective of multiple-level tectonic control. Since the discovery of coal
resources in the Huaibei coalfield in 1955, rich data have accumulated on regional geology,
coalfield geology, and gas geology after a large period of coal resource exploration, coal
mine construction and operation, and coalbed methane drainage [26,36,73]. This provides
a solid foundation for the study of the multiple-level tectonic control of gas occurrence in
the Huaibei coalfield. Based on the previous research results and the analysis of the rich
data, this paper studied the multiple-level tectonic control of coal mine gas occurrence in
the Huaibei coalfield from four levels: the regional level, the coalfield level, the mining area
level, and the coal mine level.

Several geological factors affect the occurrence of coal seam gas. For instance, the
coal maceral and coal rank may affect the generation of gas. The permeability of the
coal seam and the hydrogeological condition of the coal mine may affect the migration
of gas. The burial depth of the coal seam and the porosity of surrounding rock strata
may affect the preservation of gas. The development characteristics and the evolution
history of geological tectonic are important factors controlling the generation, migration,
and preservation of gas [12,38,39]. The multiple-level tectonic control of gas occurrence
in the Huaibei coalfield is helpful to understand the gas distribution characteristics at the
regional level, the coalfield level, the mining area level, and the coal mine level. It is also
useful in the prevention and control of gas hazard in coal mines and in the selection of
favorable belts for coalbed methane development.

The Huaibei coalfield is one of the key areas of coal resource prospecting in Anhui
Province [74,75]. In order to ensure sustainable and stable coal production, improve the
guarantee capacity of coal resources, and promote the development of coalbed methane, it
is required to continue the exploration and development of coal resources, coalbed methane
resources, and related scientific studies. This study provides a reference for the future
exploration and development in the Huaibei coalfield and for other coalfields or mining
areas having a similar geological tectonic evolution history or gas geological occurrence.
Finally, any new geological data related to the Huaibei coalfield or the research results of
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other coalfields or mining areas will also help to enrich and improve the understanding of
the Huaibei coalfield.

5. Conclusions

Gas occurrence in the Huaibei coalfield is characterized by multiple-level tectonic
control, as well as a tectonic level controls gas occurrence in a certain range. At the regional
level, the Huaibei coalfield is located at the southeast margin of the North China plate. It
is affected by the tectonic evolution of the North China plate and by the evolution of the
Dabie–Tanlu–Sulu orogenic belt. Therefore, the regional geological tectonic is complex,
which leads to a high gas content and serious gas hazard in the Huaibei coalfield. At the
coalfield level, gas occurrence in the Huaibei coalfield is controlled by east–west faults,
NNE faults, and the Xuzhou–Suzhou arc nappe tectonic, which results in the overall
pattern of gas distribution. In other words, the Suxian mining area has the highest gas
content, followed by the Linhuan mining area, the Suixiao mining area, and the Guoyang
mining area. At the tectonic level of mining areas, considering the Suxian mining area as
an example, the gas distribution of the coal mines is controlled by the distance from the
Tancheng–Lujiang fault zone and the intensity of tectonic compression. That is, the highest
gas content occurs in mines in the east, followed by mines in the south, and mines in the
west. At the tectonic level of coal mines, the gas occurrence characteristics in each mining
area are different, which shows the tectonic control characteristics as the buried depth of
coal seams, the tensional normal fault, magmatic activity, and uplift and erosion of strata.

This study provides a reference for the subsequent exploration and development of
coal and coalbed methane resources and the prevention and control of gas hazard in the
Huaibei coalfield. It may also provide a reference for studies on other coalfields or mining
areas having the same geological characteristics.
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Abstract: The research of pore and permeability characteristics of tight sandstone reservoirs in coal-
measure is critical for coal-measure gas development. In this study, the pore systems of tight sand-
stones were studied based on low-field nuclear magnetic resonance (LF-NMR) data. The permeability
of tight sandstones was obtained by the tester based on the pulse transient method. The permeability
variation with the effective stress, grains, and pore characteristics was analyzed. The results show
that the tight sandstone reservoirs in the coal-measure have low total porosity (2.80–4.14%), low
effective porosity (0.51–1.56%), and low permeability (0.351 × 10−6–13.910 × 10−6 um2). LF-NMR
T2 spectra of the testing sandstones show that the micropores are the most developed, but most of the
micropores are immovable pores. The pore characteristics are significantly affected by the grain size
of sandstones. The pore connectivity ranks from good to poor with decreasing sandstone particle
size. The total porosity and effective porosity increase with the grain size. There is a near-linear
negative relationship between permeability and effective stress when the effective stress is between
405 psi and 808 psi. The greater the number of movable pores and the larger the effective porosity, the
bigger the permeability of the sandstone. The effective porosity of sandstones is a sensitive indicator
for evaluating the permeability of tight sandstone reservoirs. The stress sensitivity coefficient of
permeability (Ss) increases with the increase of the effective stress. The sandstone with lower per-
meability, smaller effective porosity, and finer grains has a higher Ss. The particle size of sandstone
from coal-measure has a great influence on both permeability and Ss. The findings will provide a
better understanding of the characterization of pore structure and permeability in the process the
coal-measure gas extraction, which is useful for the efficient development of coal-measure gas.

Keywords: sandstone; permeability; pore characteristics; permeability stress sensitivity; Jixi Basin

1. Introduction

The coal-measure formation is rich in unconventional natural gas resources, which
is called coal-measure gas, including coalbed methane in coal reservoirs, tight sandstone
gas in sandstone reservoirs, and shale gas in shale reservoirs [1,2]. Coal-measure gas
development has attracted global attention because of its huge resource potential, especially
in China [1,3,4]. Coal seams are generally mixed with sandstones, mudstones, and shales
in coal-measure [5]. Coal seams and shale in the coal-measure could be the main source
rocks for coal-measure gas because they are favorable for hydrocarbon generation and
gas accumulation, while the conditions, such as burial depth, time, and temperature, are
appropriate [1,6,7]. Sandstones in the coal-measure are one kind of reservoir that could store
gas charged by the above source rocks [4,6,8,9]. Most of the sandstones in coal-measure
are tight sandstones because their porosity is less than 10%, and their permeability is less
than 0.1 mD [1,6,10]. The reservoir characteristics among the coal, shale, and sandstone
in the coal-measure vary greatly [11]. The pore and permeability characteristics of the
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coal-measure gas reservoir could affect the gas accumulation and production [12,13]. Many
studies have focused on the reservoir characteristics of coal [14,15], while the research on
the pore and permeability characteristics of tight sandstone in coal-measure in the study
area has been less focused upon. The tight sandstones in coal-measure are characterized by
smaller pores and complex pore throat connections [16], which lead to lower permeability.
The research on pore and permeability characteristics of tight sandstone reservoirs is critical
for coal-measure gas development [15].

Low field nuclear magnetic resonance (LF-NMR) is a non-destructive method to char-
acterize the pore structure parameters of complex porous media on a wide scale compared
with N2 adsorption and mercury porosimetry [1,4,17–19]. The sandstone sample should be
saturated with water when the pore characteristics of the sandstone are obtained by LF-
NMR. The water-saturated sample is then placed in a strong static magnetic field generated
by an external magnet, and a small radio frequency magnetic field is superimposed on the
static magnetic field to excite the hydrogen nuclei in the water, thereby inducing nuclear
magnetic resonance [20]. When the radio frequency field is turned off, a signal varying
with time can be received [21]. The amplitude of the signal change can be described by the
longitudinal relaxation time (T1) and the transverse relaxation time (T2). For LF-NMR, T2
carries similar information to that of T1 [20,22,23]. Therefore, T2 is generally applied to the
analysis of the pore structure parameters of sandstone samples. Pore sizes, porosity, pore
connectivity, and pore throat distribution for tight sandstone reservoirs could be charac-
terized by the relaxation time T2 distribution [1,14,19,24]. However, it cannot determine
the permeability of the sandstone directly [1,16]. Tight sandstone reservoirs have complex,
highly heterogeneous pore structures, and poor pore connectivity [1,25]. The pore size and
pore distribution vary greatly for the samples with different lithology. There is a close rela-
tionship between permeability and pore characteristics including porosity, pore-throat size,
and pore volume [14,15,26,27]. The permeability of tight sandstones cannot be assessed
only by total porosity because of the sandstone’s complex pore-throat geometry [26,28].
However, the movable fluid porosity attained by LF-NMR might have a certain indication
on permeability [1,14].

The previous reports have studied the relationship between permeability and scaling
in the water injection, pore fluid pressure, confining pressure, and effective stress [29–32].
Generally, permeability decreases with the rise of the confining pressure and the effective
stress [31], the permeability declines dramatically under 4–8 MPa confining stress, and
permeability reduces slightly for 8–12 MPa conditions [29–31]. In a deep coal-measure
reservoir, stress increases with the burial depth, which results in low permeability. The
extraction of coal-measure gas would increase the effective stress on pores and fractures,
which results in the compression of pores and the closure of fractures [29,31,33–37]. The
permeability of the reservoir gradually decreases with the increase of the effective stress in
the process of coal-measure gas extraction [38]. This kind of phenomenon is known as the
stress sensitivity of the reservoir [39]. The permeability loss by the stress sensitivity will
significantly affect the water and gas production rate because the original permeability of
the coal-measure reservoir is generally low [15,29,38,40,41]. The stress sensitivity coefficient
of reservoir permeability (Ss) for sandstones [37,42] is an index of reservoir permeability in
response to effective stress variation [38], which could be affected by the plastic mineral
content, pore throat size, porosity, permeability, etc. [37]. For instance, a higher the plastic
mineral content could result in a bigger Ss [37].

The effect of sandstone grains on pore characteristics, permeability, and Ss is still
unclear, and the relevant research about that is of great significance to coal-measure gas
production [26,37,38,43,44]. The objective of this study was to analyze the characteristics
of pore systems and permeability in tight sandstones with different grains based on Coal-
measure Gas Well HJD1 in Jixi Basin in Northeast China. The pore systems were studied
based on LF-NMR data. The permeability was obtained by the tester based on the pulse
transient method. The effects of pore characteristics on permeability variation were dis-
cussed. Then, permeability variation with effective stress and grain size of sandstones were
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analyzed in detail. The findings will provide a better understanding of the characterization
of pore structure and permeability in the process of coal-measure gas extraction, and will
be useful for the efficient development of coal-measure gas.

2. Geological Setting

Jixi Basin is mainly composed of the northern depression and the southern depression,
which are separated by the central Mashan fault (Figure 1a). Large-angle normal faults are
well developed in the basin. The strikes of the faults are mainly east–west and northeast.

 

Figure 1. Geological background of the study area: (a) Location of Coal-measure Gas Well HJD1 in
Jixi Basin; (b) geological structure of the area where Well HJD1 is located; (c) sampling stratigraphic
column in Well HJD1.

The Quaternary in the Cenozoic and the Lower Cretaceous in the Mesozoic are the
main strata in the research area where Well HJD1 is located (Figure 1). The Lower Cre-
taceous covers the Jixi Group and Huashan Group. The Jixi Group consists of Didao
Formation, Chengzihe Formation, and Muling Formation from bottom to top (Figure 1c).
The Muling Formation and Chengzihe Formation in the Lower Cretaceous are the main
coal-bearing strata. Well HJD1 was constructed for coal-measure gas extraction from
the Chengzihe Formation in the Jixi Basin, which is in eastern Heilongjiang province, in
northeast China.

The Chengzihe Formation is the target strata in this research (Figure 1c). The buried
depth of the Chengzihe Formation in Well HJD1 is 767.50–1739.05 m. The Chengzihe
Formation is mainly composed of siltstone, fine sandstone, and coal seam. The sandstone
samples used in this study are taken from the middle section of the Chengzihe Formation.
The main coal seams involved in the sampling section are Numbers 22, 23, 25, and 28,
respectively. In addition, most sandstone layers are between 2–8 m in thickness, as the
sandstone layers are separated by thin mudstone layers and coal seams. The grains of
sandstone also vary greatly.
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3. Samples and Experimental Methods

3.1. Sample Collection and Processing

There are 4 sandstone samples collected from Well HJD1: medium sandstone (HJD1-01),
fine sandstone (HJD1-06 and HJD1-08), and siltstone (HJD1-10). The 4 sandstone samples
were lithologically classified according to the rock flake identification standard SY/T5368-2016
issued by the National Energy Administration in China. The grain size, and the percentage
of clastic constituents and clay of the four samples can be seen in Table 1. The appearance
of the rock samples was gray white sandstone without visible cracks.

Table 1. Rock thin section identification results of sandstone samples.

Sample No.
Clastic Constituents/% Matrix/%

Grain Size/mm Lithology
Quartz Feldspar Detritus Mica Clay

HJD1-01 56 12 13 3 - 0.30–0.50 Medium sandstone
HJD1-06 32 28 13 2 23 0.05–0.10 Fine sandstone
HJD1-08 55 18 11 1 10 0.06–0.12 Fine sandstone
HJD1-10 15 11 - - 72 0.03–0.06 Siltstone

The collected sandstones were made into cylinders for permeability testing with a
diameter of 50 mm and a height of 30 mm–100 mm. In addition, the flatness of the top and
bottom surfaces of the sandstone samples was within 0.05 mm. Then, these samples were
washed and dried before the test, in accordance with the requirements of Practices for Core
Analysis (SY/T5336-2006).

HJD1-10 (silts sandstone), HJD1-06 (fine sandstone), and HJD1-01 (medium sandstone)
are sandstones with different grain sizes. They were selected to undergo LF-NMR experi-
ments. The LF-NMR experiments were conducted to characterize the pore system of the
sampling sandstones and illustrate the effect of pore characteristics on the permeability of
the sandstone.

3.2. Permeability Experiment

The permeability was tested by a Pulse Decay Permeameter-PDP-200 (American Core
Lab Company, Tulsa, OK, USA, Figure 2), which was based on the pulse transient method.
The permeability could be obtained based on the pressure decay curve. Practices for
Core Analysis (SY/T5336-2006) was the reference method for this experiment, and the test
gas was nitrogen. Permeability experiments were conducted by increasing the confining
pressure and fixed pore pressure. This simulates the increasing effective stress during the
coal-measure gas development.

 

Figure 2. Pulse Decay Permeameter-PDP-200.
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In this experiment, the test sample was put into a closed container, then the initial
pressure was set, and time allowed for the initial pressure to reach the equilibrium state.
Then, a pulse pressure (ΔP) was applied to the top of the sample. The gas percolated
through the sample under the pressure ΔP, and this process resulted in the decrease of
the pressure of the top container and the increase of the pressure of the bottom container.
Finally, another equilibrium state (Pf) was reached between the top container and the
bottom container; there was no pressure difference attenuation.

The intake nitrogen gas pressure, which is also known as pore pressure, was set
to 700 psi, and the average pore pressure stabilized between 682 psi and 704 psi. The
confining pressure for each sample was set to 1100 psi, 1200 psi, 1300 psi, 1400 psi, and
1500 psi to obtain the permeability. The temperature in the permeability tests was the
indoor atmospheric temperature (about 25 ◦C).

3.3. LF-NMR Experiments

The LF-NMR experiments were performed by the MesoMR23-060H-I instrument with
a main frequency of 23.400 MHz (Figure 3). The temperature of the laboratory where the
NMR experiments were performed was 23.5 ◦C, the magnet temperature was constant at
(35 ± 0.02) ◦C, the echo spacing was 0.1 ms, the numbers of scans were 32, and the echo
numbers were 8000.

 
Figure 3. MesoMR23-060H-I instrument for LF-NMR experiments.

First, the columnar sandstone samples were dried. The sample was put into a 101 elec-
tric heating blast box for nearly 24 h until its weight remained constant. In addition, the
samples were vacuumed for 2 h, and then they were saturated with water for nearly 24 h
in the 2XZ-4B vacuum-saturation device. The quality difference of the sandstone sample
before and after saturation was less than 0.05%. Moreover, the T2 spectrum distribution
of the saturated sandstone sample was obtained by the NMR test instrument. After that,
the movable water within the saturated sandstone sample was removed by the TCL-21M
desktop high-speed refrigerated centrifuge. Finally, the T2 spectrum distribution of the
centrifuged sandstone samples was tested by the MesoMR23-060H-I instrument.

In an LF-NMR test, the number of hydrogen atoms present within a fluid in a porous
medium can be detected by the transverse relaxation time (T2) [1,14], and the T2 spectrum
is generally used to characterize the physical parameters of the rock, such as pore size dis-
tribution and connectivity. It is supposed that longer T2 corresponds to larger pores, while
shorter T2 corresponds to the smaller pores [4,28]. The amplitude of the T2 distribution
reflects the number of pores within a certain size. The higher the amplitude, the greater the
number of pores [20,21].
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The application of NMR in the study of pore types in sandstone is based on the fact that
T2 is positively correlated with pore size. This relationship can be expressed as [20,28,45]:

1
T2

= ρ2

(
S
V

)
(1)

where T2 is the transverse relaxation time resulted from surface interactions, ms; and ρ2 is
a constant representing the transverse relaxation strength, μm/ms; S is the surface area of
pores (cm2); and V is the pore volume (cm3).

4. Results

4.1. Permeability

The permeability of testing sandstones was between 0.351 × 10−3–13.910 × 10−3 mD
under the confining pressure of 1100–1500 psi. The permeability of the medium sandstone
was the highest, followed by the fine sandstone, and the siltstone was the smallest under
similar pore pressure and confining pressure.

For the medium sandstone (HJD1-01), its permeability was between 11.160 × 10−4–
13.910 × 10−3 mD under the confining pressure of 1100–1500 psi, with an average of
10.118 × 10−3 mD (Table 2).

Table 2. Permeability results.

Sample
Number

Test Gas
Confining

Pressure/psi
Average Pore
Pressure/psi

Permeability/
×10−3 mD

Lithology
Sampling
Depth/m

HJD1-01

N2 1100 695 13.910

Medium
sandstone

1201.60–1201.88
N2 1200 700 13.410
N2 1300 699 12.860
N2 1400 704 12.110
N2 1500 704 11.160

HJD1-06

N2 1100 687 1.188

Fine sandstone 1300.12–1300.54
N2 1200 695 1.081
N2 1300 697 0.891
N2 1400 697 0.738
N2 1500 703 0.689

HJD1-08

N2 1100 691 1.060

Fine sandstone 1301.88–1302.5
N2 1200 700 0.932
N2 1300 705 0.788
N2 1400 705 0.656
N2 1500 704 0.594

HJD1-10

N2 1100 693 0.643

Siltstone 1380.95–1381.82
N2 1200 707 0.571
N2 1300 682 0.489
N2 1400 698 0.410
N2 1500 699 0.351

For the fine sandstone (HJD1-06, HJD1-08), the permeability was between 0.594 × 10−3–
1.188 × 10−3 mD. The permeability of HJD1-06 was between 1.188 × 10−3–0.689 × 10−3 mD
and the average permeability was 0.917 × 10−3 mD under 1100–1500 psi confining pressure.
The permeability of HJD1-08 between 1.060 × 10−3–0.594 × 10−3 mD and the average value
was 0.806 × 10−3 mD under the condition of 1100–1500 psi confining pressure (Table 2).

For the siltstone (HJD1-10), its permeability was between 0.351 × 10−3–0.643 × 10−3 mD,
with an average of 0.493 × 10−3 mD (Table 2).

The grain size of sandstone has an obvious effect on permeability. The permeability of
the sampling sandstone increases with the increase of grain size. The permeability of the
medium sandstone (HJD1-01) with an average of 10.118 × 10−3 mD was higher than that of
the other samples. However, the permeability of the fine sandstone (HJD1-06 and HJD1-08)

216



Energies 2022, 15, 5898

and the siltstone (HJD1-10) was relatively close. The permeability of the fine sandstone was
bigger than that of the siltstone under similar confining pressure and pore pressure.

The permeability and confining pressure are negatively correlated. The permeability
gradually decreases as the confining pressure increases for the medium sandstone, the fine
sandstone, and the siltstone (Figure 4). The decrease in permeability for HJD1-01, HJD1-06,
HJD1-08, and HJD1-10 while the confining pressure increased from 1100 to 1500 psi was
2.75 × 10−3 mD, 0.499 × 10−3 mD, 0.466 × 10−3 mD, and 0.292 × 10−3 mD, respectively.

Figure 4. Relationship between confining pressure and permeability.

4.2. LF-NMR Pore Characteristics

The pore size distribution, total porosity, effective porosity, and the T2C value could be
obtained by the T2 spectrum [1,14,46]. The T2 spectra of the sampling sandstones under
the water-saturated condition and the centrifugal condition is shown in Figure 5a–c. T2
spectra for three sandstones range from 0.01 to 1889.65 ms. T2 spectra of HJD1-01, HJD1-06,
and HJD1-10 show a wide bimodal distribution with a main peak and a subpeak. There is
a significant difference in T2 distribution between the three sandstones (Figure 5d). The
main peak of HJD10 is separate from the subpeak; however, the main peak of HJD1-01
and HJD1-06 is interconnected with the subpeak. The main peaks of HJD1-01, HJD1-06,
and HJD1-10 are within 0.13–11.09 ms, 0.13–9.66 ms, and 0.01–1.38 ms. The subpeaks
of HJD1-01, HJD1-06, and HJD1-010 are within 11.09–1889.65 ms, 9.66–666.99 ms, and
12.75–622.25 ms.
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Figure 5. T2 spectra showing the porosity of different sampling sandstones: (a) NMR measurements
of HJD1-01 under the water-saturated condition and centrifugal condition; (b) NMR measurements
of HJD1-06 under the water-saturated condition and centrifugal condition; (c) NMR measurements
of HJD1-10 under the water-saturated condition and centrifugal condition; (d) contrast of T2 spectra
under the water-saturated condition between HJD1-01, HJD1-06, and HJD1-10.

T2 distribution is closely related to the size of the pores. Generally, the longer T2, the
bigger the pore size. In contrast, the shorter T2, the smaller the pore size. The characteristics
of the pores in sandstone could be analyzed by the distribution position and the area of
the T2 spectrum [14]. The area of the peaks reflects the number of pores within a certain
size; the larger the area, the greater the number of pores. The peak width suggests the
distribution of a certain kind of pore, while the number of peaks reflects the continuity
of pores at all levels. The two peaks of the T2 spectra reflect the two main types of pores.
Based on the T2 spectra curve of HJD1-01, HJD1-06, and HJD1-10, micropores correspond
to T2 < 11.09 ms, and macropores correspond to 11.09 ms < T2 < 1889.65 ms. The micropores
peak of the T2 spectra is the largest, indicating that the micropores are the most developed.
The bigger the value of T2, the bigger the pore size of the sandstone. The pore size of
the micropores from big to small is HJD1-01, HJD1-06, and HJD1-10, The pore size of the
macropores from big to small is HJD1-01, HJD1-06, and HJD1-10 as well.

The T2 spectrum morphology of the peak in the saturated state is very close to that
after centrifugation (Figure 5c). This means the residual water trapped in the pores cannot
be removed by centrifugation, which indicates that the connectivity of the pores is poor.
Otherwise, the T2 spectrum morphology of the peak after centrifugation is very different
from the peak in the saturated state; this indicates that the connectivity of pores is good,
and the pores are very conducive to gas flow. According to Figure 5a–c, the macropore
connectivity in the three testing samples is relatively good, which is significantly better
than that of the micropores. Furthermore, there are obvious differences in the connectivity
of micropores among the three sandstone samples; the micropores’ connectivity is in the
order from good to poor: HJD1-01, HJD1-06, HJD1-10.
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The connection between the main peak and the subpeak could be used to identify the
connectivity among pores [14]. For instance, there is a gap between the main peak and
subpeak in the siltstone (HJD1-10) in Figure 5c, meaning the connection between micropores
and macropores is poor. In contrast, the main peak is interconnected with the subpeak
in HJD1-01 (Figure 5a) and HJD1-06 (Figure 5b), which suggests the pore connectivity of
HJD1-01 and HJD1-06 is better than that of HJD1-10 between micropores and macropores.
In general, the pores in the siltstone (HJD1-10) had poorer pore connectivity than that of
the medium stone and the fine stone (HJD1-01, HJD1-06) [47].

The distribution position and area of the T2 spectrum of medium sandstone, fine sand-
stone, and siltstone are different [47], which suggests that sandstone grains can affect pore
characteristics. For example, the distribution area of T2 spectra representing macropores in
HJD1-1 (Figure 5a) is much larger than that of HJD1-6 and HJD1-10 (Figure 5b,c).

The porosity of sandstones can be analyzed based on LF-NMR T2 [14,48]. Total
porosity in the saturated state and centrifugal state can be obtained by separate NMR
tests (Figure 5a–c). The maximum value of the cumulative porosity in the saturated water
state is known as the total porosity [14,49]. There is residual water in the sample after
centrifugation. The maximum value of the cumulative porosity after centrifugation could
be seen as the residual porosity. The difference between the total porosity and the residual
porosity is the porosity occupied by free water, which can be regarded as the effective
porosity. The total porosity of HJD1-01, HJD1-06, and HJD1-10 was 4.14%, 2.80%, and
2.97%. The effective porosity of HJD1-01, HJD1-06, and HJD1-10 was 1.56%, 0.60%, and
0.51%. The proportion of the effective porosity to the total porosity for HJD1-01, HJD1-06,
and HJD1-10 was 37.68%, 21.42%, and 17.18% (Table 3).

Table 3. Results of NMR analysis.

Sample T2C Total Porosity
Residual

Water Porosity
Effective
Porosity

Pore Proportion (%)

ID (ms) (%) (%) (%) T2 < T2C T2 > T2C
Effective

Porosity/Total Porosity

HJD1-01 5.54 4.14 2.58 1.56 61.50 38.50 37.68
HJD1-06 2.77 2.80 2.20 0.60 79.07 20.93 21.42
HJD1-10 0.85 2.97 2.46 0.51 81.95 18.05 17.17

The T2C value can be obtained by the following steps. First, draw a line parallel to
the X-axis with the residual porosity (Figure 5a–c). This parallel line has an intersection
point with the saturated cumulative porosity curve. The X value corresponding to this
intersection point is T2C [14,50]. T2C can divide the T2 spectrum into two segments: one
segment corresponds to pores with water that could not be drained, and the other segment
corresponds to pores with water that could be drained. Pores with water that could not be
drained are known as immovable pores, pores with water that could be drained are called
movable pores. Therefore, the pore size at the T2C value is taken for the separation between
the immovable pore volume and the movable pore volume [14]. The T2 spectrum which
is less than T2C corresponds to micropores with poorer pore connectivity, which are the
immovable pores. The T2 spectrum which is bigger than T2C corresponds to macropores
with better pore connectivity which are the movable pores [15]. T2C was 5.54 ms, 2.77 ms,
and 0.85 ms for HJD1-01, HJD1-06, and HJD1-10, respectively. Almost all of the micropores
were immovable pores in the three samples. The proportion of immovable pores to total
pores for HJD1-01, HJD1-06, and HJD1-10 was 61.50%, 79.07%, and 81.95%, respectively.
The proportion of movable pores to total pores for HJD1-01, HJD1-06, and HJD1-10 was
38.50%, 20.93%, and 18.05% (Table 3).
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5. Discussion

5.1. Permeability Variation with Effective Stress and Grains

The permeability decreases with the increase of the effective stress; the relationship
between the permeability and the effective stress is close to the linear relation when the
effective stress is between 405 psi and 808 psi because the R2 of all the samples is more than
0.9757 (Table 4, Figure 6).

Figure 6. Relationship between the effective stress and permeability.

Table 4. Linear fitting results between permeability (y, mD) and effective stress (x, psi).

Sample Fitting Liner Equations R2

HJD1-01 y = −6.95 × 10−6x + 16.86 × 10−3 0.9757
HJD1-06 y = −1.39 × 10−6x + 1.76 × 10−3 1
HJD1-08 y = −1.24 × 10−6x + 1.55 × 10−3 1
HJD1-10 y = −0.75 × 10−6x + 0.94 × 10−3 1

The grain size of sandstone has a significant impact on sandstone permeability [51].
The permeability decreases in the order of medium sandstone, fine sandstone, and siltstone
under similar effective stress. For the medium sandstone (HJD1-01), the fine sandstone
(HJD1-06), and the siltstone (HJD1-10), the slope in Figure 6 is −6.95 × 10−6, −1.39 × 10−6,
and −0.75 × 10−6, respectively, as the effective stress increases from nearly 400 psi to
800 psi.

The rock permeability damage by the stress sensitivity could be expressed by the
permeability stress sensitivity coefficient. The greater the stress sensitivity coefficient, the
better the stress sensitivity will be. The calculation formula is as follows [38]:

SS =

[
1 − 3

√
Ki
K0

]
log10

δi
δ0

(2)

where SS is the permeability stress sensitivity coefficient, dimensionless; Ki is the perme-
ability of the sample under δi, mD; K0 is the permeability under δ0, mD; δi is the effective
stress at any time, psi; and δ0 is the initial effective stress, psi.

Generally, Ss would increase for the same sample with the increase of the effective
stress (Table 5). It seems that the sample with lower permeability and finer grains has a
higher SS. The permeability of the medium sandstone (HJD1-01) is much higher than that of
the other samples (including HJD1-06 and HJD1-08) with similar initial effective stress, and
the Ss of HJD1–01 is much lower than the other samples with similar effective stress. For the
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fine sandstone samples HJD1-06 and HJD1-08, the higher the permeability, the lower the
stress sensitivity. This agrees with the reports that sandstones with very low permeability
are affected by stress to a greater degree than those with higher permeability [52,53]. SS
could be affected by the sandstone grains. The Ss of the medium sandstone is a bit lower
than that of the fine sandstone and the siltstone. However, the Ss of the fine sandstone and
the siltstone is relatively close (Table 5).

Table 5. Stress sensitivity coefficient (SS) under different effective stress between 405 and 801 psi.

Sample
Number

Lithology
Effective
Stress/psi

Permeability/
×10−3 mD

SS

HJD1-01 Medium sandstone

405 13.91 -
500 13.41 0.1325
601 12.86 0.1506
696 12.11 0.1920
796 11.16 0.2412

HJD1-06 Fine sandstone

413 1.188 -
505 1.081 0.3546
603 0.891 0.5563
703 0.738 0.6352
797 0.689 0.5816

HJD1-08 Fine sandstone

409 1.06 -
500 0.932 0.4813
595 0.788 0.5781
695 0.656 0.6420
796 0.594 0.6071

HJD1-10 Siltstone

407 0.643 -
493 0.571 0.4662
618 0.489 0.4808
702 0.41 0.5884
801 0.351 0.6215

5.2. Effects of NMR Pore Characteristics on Permeability Variation

Generally, the permeability of coal-measure sandstone is controlled by the number
of movable pores, effective porosity, and total porosity. The total pore volume from big to
small was HJD1-01, HJD1-06, and HJD1-10. The number of micropores and macropores was
HJD1-01, HJD1-06, and HJD1-10 in descending order. Almost all of the micropores were the
immovable pores in the three samples. The macropore connectivity affects the permeability
of the tested samples. Nevertheless, the macropore connectivity in the three testing samples
was relatively close. Therefore, the pore volume of the macropores or movable pores was
the key factor to the permeability. Large pores are critical to the reservoir quality of the tight
sandstone [50]. Movable pores, which are large scale pores with good pore connectivity,
dominate the permeability of the reservoir [1,15]. The greater the number of movable pores
and the larger the total porosity and the effective porosity, the bigger the permeability of
the sandstone. The total porosity of HJD1-01, HJD1-06, and HJD1-10 was 4.14%, 2.80%, and
2.97%. The proportion of movable pores to total pores for HJD1-01, HJD1-06, and HJD1-10
was 38.50%, 20.93%, and 17.17%. The effective porosity of HJD1-01, HJD1-06, and HJD1-10
was 1.56%, 0.60%, and 0.51%. The permeability from big to small was HJD1-01, HJD1-06,
and HJD1-10.

Grain size, compaction, and mineral composition could affect the pore structure char-
acteristics [24,37,54]. Finer grain-size sandstones have experienced stronger compaction
and cementation during diagenesis in comparison with sandstones with coarser grain
size [55]. Stronger compaction and cementation tightly arranged the sandstone’s particles
and decrease the residual intergranular pores. Therefore, sandstone with a finer grain
size develops smaller pore space and a narrower throat [55], which contributes to less
total porosity and effective porosity. Mineral composition affects pore-throat structure
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parameters such as porosity, pore throat, and effective porosity as well [56]. Sandstones
with a coarser grain size have larger rigid grains, such as quartz and feldspar [37]. In
the contrary, finer grain-size sandstones have more ductile minerals such as mica and
clays [54]. Rigid grains could sustain more pressure during compaction, which is beneficial
for preserving intergranular pores [57]. Meanwhile, clay minerals occupy primary pores
and cut pore throats, resulting in a decrease in effective porosity. Therefore, sandstone with
a coarser grain size is more likely to develop bigger total porosity and effective porosity
compared with finer-grained sandstone [26]. In the testing sandstone samples, the finer the
grain sizes, the less the pore space. The coarser the grain size, the larger the pore space [55].
The coarser the grains, the larger the effective porosity and the larger the permeability.
This suggests that the effective porosity of sandstone has a positive correlation with the
permeability value. Therefore, the effective porosity of sandstone is a sensitive indicator
for evaluating the permeability of the tight sandstone reservoirs.

The effective porosity has a dominant effect on the Ss, and Ss is negatively correlated
with the effective porosity. Ss of HJD1-01 was only about 0.27–0.42 times that of the other
samples when the effective porosity of HJD1-01 was 2.6–3 times that of other sandstone
samples. It can be seen from HJD1-10 and HJD1-06 that Ss is not only affected by the
effective porosity, but also by the total porosity. The effective porosity of HJD1-06 and
HJD1-10 was 0.60 and 0.51, which appears closer. Ss increases as the effective stress
gradually increases. However, in a certain stress scope, the Ss of the fine sandstone (HJD-06)
with higher effective porosity may be bigger than that of the siltstone (HJD-10) with lower
effective porosity. It is speculated that the total porosity of sandstone also has a certain
influence on Ss due to the total porosity of HJD-10 being a bit bigger than that of HJD-06.

Another reason for the increase of Ss of fine sandstone and siltstone compared to
medium sandstone may be the content of plastic minerals. Clay minerals tend to increase
with the decrease of sandstone grain size. The content and type of plastic minerals are one
factor that determines the difference in Ss; that is, the higher the content of plastic minerals
such as mica and clay, the stronger the Ss of the tight rock reservoir.

6. Conclusions

An experimental study was conducted to investigate the pore characteristics and
permeability in coal-measure sandstones based on the pulse attenuation gas permeability
tester and LF-NMR. The permeability variation with the effective stress and grains and the
effects of NMR pore characteristics on permeability variation were analyzed in detail. The
following conclusions were obtained:

(1) Although the micropores are the most developed in sandstones from coal-measure,
most of the micropores are the immovable pores. The pore characteristics are signif-
icantly affected by the grain size of sandstones in coal-measure. The movable pores
and effective porosity increase with the grain size of testing sandstones. The pore
connectivity ranks from good to poor with decreasing sandstone particle size.

(2) The relationship between the permeability and the effective stress is close to the linear
relationship as the effective stress is between 405 psi and 808 psi. The greater the
number of movable pores and the effective porosity, the bigger the permeability of the
sandstone. The effective porosity of sandstone is a sensitive indicator for evaluating the
permeability of tight sandstone reservoirs. Ss would increase for the same sample with
the increase of the effective stress, whilst the effective porosity is negatively correlated
with Ss. The particle size of sandstone from coal-measure has a great influence on
permeability and Ss. Under similar stress conditions, the permeability of the sampling
sandstones increases with the increase of the grain size. The sandstone with lower
permeability and finer grains has a higher Ss.
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