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ABSTRACT

Along with the continuously go deep into of the research on coal series stratum, unconventional coal-
derived gas gets more attention, including coalbed methane, shale gas and tight sandstone gas. How-
ever, selection evaluation as the basis and prerequisite for the exploration and development of uncon-
ventional coal-derived gas has great significance. The purpose of this paper is to set up a selection
evaluation system, and this system is called selection evaluation on co-mining of “the three gas” in coal
series stratum. If a basin exists these three gases at the same time, then we can use this evaluation
system to evaluate this type of basin and choose dessert area, finally, for co-mining of “the three gas” in
coal series stratum provide guidance. By choosing the main control factors of coalbed methane, shale gas
and tight sandstone gas, and based on fuzzy mathematics, analytic hierarchy process theory and multi-
level fuzzy comprehensive evaluation theory to research selection evaluation system on co-mining of
“the three gas” in coal series stratum. Finally, 26 main control factors are selected, and then the index
system is set up; in addition, by calculating the weight and establishing the membership function and
evaluation set, and then selection evaluation system on co-mining of “the three gas” in coal series
stratum with a four layer index is established. This paper can provide a theoretical basis and engineering

guidance for unconventional gas exploration and development.
© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

characteristics that huge reserves, a wide distribution, and broad
exploration and development prospects. Therefore, the co-mining

In recent years, owing to the go deep into of the research on the
theory and the field of coal-bearing stratum, experts and scholars
have found that organic matter in the coal-bearing stratum is very
rich, and that rock of rich in organic matter is also very good hy-
drocarbon source rock, so, the coal-bearing stratum exist abundant
mineral resources [1]. There are three important unconventional
natural gases in coal series stratum: coalbed methane (CBM), shale
gas, and tight sandstone gas, which we call “the three gas” for short.
These three types of gases in the coal series stratum have the
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of “the three gas” can not only make sure that advantageous re-
sources in coal-bearing stratum in China are used fully, but also
save unconventional gas exploration and development cost and
improve the economic benefit. In general, the co-mining of “the
three gas” has realistic significant that improve the energy struc-
ture in China and promote coal mine safety, and protect the at-
mospheric environment [2].

Domestic and foreign scholars have extensively studied “the
three gas”. Law studied petroleum basins, and found that coal
seams and coal shale seams are the main hydrocarbon source rocks,
and sandstone is the main reservoir [3]|. Zhang Xinmin et al.
research on a workability evaluation of coalbed methane, and
found that in the same coal-bearing basin, the geological factors of
controlling gas show different functions in different layers, which
lead to a variety of unconventional gas accumulation types are
coexistence, thus the authors put forward the idea of an “accu-
mulation type combination forecast method” [4]. Liang Bing et al.
systematic research into the lithology of the coal series stratum,
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accumulation mechanism, reservoir characteristics and mining
method of the three types of gases, and the possibility of co-mining
of the three gas is analyzed [5]. Using a sequence stratigraphic
framework, fluid energy systems, and the rock mechanics proper-
ties as a research foundation, Qin Yong et al. proposed the concept
that the co-mining compatibility of a superimposed gas bearing
system [6].

However, selection evaluation as the theoretical basis and pre-
requisite for the exploration and development of unconventional
coal-derived gas is particular importance. At present, research into
the co-mining of “the three gases” has been limited to simple
contrast of three types of gases reservoirs, comprehensive and
quantitative evaluation have been rare. The purpose of this paper is
to set up a selection evaluation system, this system is called selec-
tion evaluation on co-mining of “the three gas” in coal series stra-
tum, it will provide an important theoretical basis for exploration
and development of unconventional natural gases in coal series.

2. Geological features and accumulation model of “the three
gasﬂ

2.1. Geological features

Based on the strong characteristic of rock cyclicity in coal series
stratum, the hydrocarbon source rock in a coal seam is changeable
in the sequence, interbedding on the space. For coal series stratum
with rich organic matter, under the joint action of physics and
chemistry, the coal seam, carbon and dark mud shale seam will
produce large amounts of hydrocarbons. There are three important
unconventional natural gas in coal series stratum, which we call
“the three gas” for short, the three gas contain the coalbed methane
that self-generation and self-preservation in coal seam, the shale
gas that self-generation and self-preservation in carbonaceous
mudstone and dark mudstone seam, and if the tight sandstone as a
type of coal seam roof and with coal and mudstone interbedding
deposition, CBM by short vertical migration into sandstone, tight
sandstone gas is produced [2]. These unconventional gases along
with the coal geological body have the characteristics that is huge
reserves and a widely distributed, thus, the concept of “homologous
symbiosis, coexistence in a basin” has arisen at a historic moment.

2.2. Accumulation model

The accumulation conditions of “the three gas” is different with
ordinary coalbed methane, shale gas, and tight sandstone gas. It is a
system rather than a single individual. Therefore, in coal series
stratum, establishing an accumulation model of CBM, coal shale,
and tight sandstone gas is very important for subsequent research
on the selection evaluation and exploration and development of*
the three gas”.

In recent years, domestic and foreign experts through studies on
coal series stratum, have found that the characteristics of vertical
interbedding distribution and strong cyclicity in coal seam, shale
seam and tight sandstone seam, so unique accumulation model in
the coal series stratum is formed. Because of the methane diffusion
and migration in a coal seam is vertical, thus, this article only con-
siders a situation in which shale seam is above the coal seam and the
tight sandstone seam as coal seam roof; a simplified accumulation
model of “the three gas” was established, as shown in Fig. 1.

3. Evaluation theory and method
3.1. The fuzzy mathematics theory

In 1965, the American scientist Zadeh created a new branch of
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Fig. 1. Accumulation model of “the three gas”.

mathematics, and it is called as the fuzzy set theory. In real life, only
rely on classical mathematics to deal with objective problems may
produce certain limitations. But, if the fuzzy thinking is applied in
these problem, they can be solved. The core contents include the
fuzzy concept, fuzzy set, membership function, and weight. How-
ever, because fuzzy mathematics is a basic subject, we do not
describe too much in this paper.

3.2. Analytic hierarchy process theory

In the early 1970s, the American researcher T. L. Saaty [7] pro-
posed the analytic hierarchy process theory. The basic principle of
AHP is to use logical relationship division hierarchy level of eval-
uation object, and then to build structure model. This evaluation
method is able to decompose the complex logical structure in
valuate objects into a number of unit elements, and belong to the
same hierarchy elements can be carried out calculation, compari-
son and judgment. Therefore, the analytic hierarchy process theory
embody clear, streamline and the principle of combining qualita-
tive and quantitative. This evaluation process is divided into the
establishment of a hierarchy structure model, the establishment of
judgment matrix, weight calculation and consistency check.

3.2.1. Establishment of hierarchical structure model

By establishing a simple hierarchy structure model, some
problems are made clearer and more organized. As evaluation ob-
ject in the this paper, evaluation index of “The three gas” is rela-
tively complex, thus set up the corresponding hierarchy structure
model, which is more conducive to the solution of the problem.

3.2.2. Establishment of judgment matrix

According to evaluation criterion, Judgment matrix is that
evaluation elements in the same layer pairwise compared. To
reduce the effects of artificial factors, Saaty proposed 1—9 scaling
method [7], as shown in Table 1.

Under the precondition of certain rules, and according to the
importance of the difference when comparing two elements,
judgment matrix A is established.

1 app ... an
a 1 ... a
A= 21 2n (1)
an] anz arm

3.2.3. The weight calculation

Usually, the calculation of the weight is mainly characterization
of using the eigenvector and eigenvalue Apnax by Matlab software.
Finally, we need further verification regarding whether the result of
the weight value is standard.
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Table 1

1-9 scaling method.
Scale Meaning
1 Indicates that element i and element j have the same importance
3 Indicates that, comparing element i with element j, one is slightly more important than the other
5 Indicates that, comparing element i with element j, one is obviously more important than the other
7 Indicates that, comparing element i with element j, one is strongly more important than the other
9 Indicates that, comparing element i with element j, one is extremely more important than the other
24,68 Indicates the importance of the two elements between the scale values

3.2.4. Judgment matrix consistency check

For the weight value whether exists in a reasonable range, we
need to conduct a further consistency check. T.L. Saaty proposed a
method that index C.I divided by a random consistency index R.IL
that this two index is under the same order, which can arrive at a
ratio of C.R. to check the matrix consistency.

_ Jmax—n
CL == (2)

where Anax is the largest eigenvector, and n is the order of judg-
ment matrixes.

Cl
CR =7 (3)

Consistency index R.I. can be queried in a consistency index
table, as shown in Table 2.

If the value of CR. is less than 0.1, the result is deemed accept-
able, and when the value is greater than 0.1, it is necessary to
readjust the matrix elements and assign a value correction calcu-
lation again to achieve greater consistency.

3.3. A multilevel evaluation method based on fuzzy mathematics
theory

3.3.1. A multi-level fuzzy evaluation

For multi-level evaluation, a single level evaluation is usually
seen as a core: first, a subset of the single-level evaluation is
created, and finally, each subset is used as the new node of a multi-
level evaluation [8]. Therefore, the judgment matrix of single
element of multi-level evaluation is shown as follows.

B, A ®Ry
B A, ®R
R=171 =700 = il (4)

And then the secondary fuzzy comprehensive evaluation is set
as follows:

A ®R,

B—AoR-Ax | 28R

=[by by bz ... bg]
An®Ry
Similarly, we can set up a multi-stage evaluation model. Because
the weight coefficients of various levels and operator models are
different, so a multi-level fuzzy comprehensive evaluation is not a

single-level stack.

For selection evaluation on co-mining of “the three gas” in coal
series stratum, which is a complex system in which multiple levels
and multiple factors are connected and influenced each other. If
only a simple evaluation model is applied, it will be difficult to
grasp the influence of various factors on the evaluation result,
leading to inaccurate evaluation results. Thus, there is a great sig-
nificance to establish a multi-level fuzzy evaluation model.

4. Selection evaluation index system on co-mining of “the
three gas”

4.1. Main control factors of selection evaluation of “the three gas”

Through an analysis of the main control factors of the three
types of gases [9—21], various factors of the three types of gases are
integrated into three aspects, including the gas-generation poten-
tial, the reservoir property and the preservation conditions. Some
of these factors are connected with each other, we only chose those
main factors that can achieve our purpose and have a direct and
decisive role in the selection evaluation of “the three gas”. Based on
this principle, for this article, we selected the main control factors
for selection evaluation on co-mining of “the three gas” as follows:

(1) For the CBM unit, ten main factors were selected: coal seam
thickness, coal metamorphic degree, gas content, porosity of
the coal seam, permeability of the coal seam, coal reservoir
pressure, buried depth, roof lithology, tectonic condition, and
hydrological geology.

(2) For the shale gas unit, nine main factors were selected: shale
thickness, Total Organic Carbon (TOC), thermal maturity (Rg),
organic matter type, porosity, permeability, brittle mineral
content, caprock conditions, and tectonic conditions.

(3) For the tight sandstone gas unit, seven main factors were
selected: the type of contact with the hydrocarbon source
rock, thickness of the below hydrocarbon source rock,
effective thickness, permeability, porosity, caprock condi-
tions, and tectonic conditions.

According to the selection of indexes, selection evaluation index
model on co-mining of “the three gas” was established.

4.2. Selection evaluation index model on co-mining of “the three

”

gas

According to the main control factors of the CBM, shale gas and

Table 2

Random consistency index value.
n 1 2 3 4 5 6 7 9 10 11 12 13 14 15
RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49 1.52 1.54 1.56 1.58 1.59
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tight sandstone gas, and finally, selection evaluation index model
on co-mining of “the three gas” with a four-layer structure is
established, as shown in Fig. 2.

In the process of this evaluation, CBM, shale gas, and tight
sandstone gas as three rule layers were considered, which is also
known as first-level indexes. And then each rule layers is divided
into gas potential, reservoir property, and preservation conditions
as index layers, which is also known as second-level indexes, and
finally, the second-level index layers is divided into several sub-
index layers, which we called the third-level indexes. All rule
layers (first-level indexes), index layers (second-level indexes), and
sub-index layers (third-level indexes) serve the same purpose layer
that is the selection evaluation index system on co-mining of “the
three gas”.

4.3. Selection evaluation index system on co-mining of “the three
gas”

4.3.1. Calculate the importance coefficient

In accordance with the established index model, and based on
existing research results, the same level factors of the second-level
and third-level indexes are pairwise compared in accordance with
the rule layers, and weight values are calculated. The factors of rule
layers are pairwise compared in accordance with the purpose layer,
and the weight values of the rule layers relative to the purpose layer
is calculated. Finally, the weight values of the entire evaluation
index system is determined, the specific calculation process shown
in Table 3.

4.3.2. Consistency check of judgment matrix

The maximum characteristic root Anax is put into formulae (2)
and (3), and the consistency of the matrix is checked. By the
calculation, the random consistency ratios results are 0, 0.05, 0.05,
0.02, 0.02, 0.01, 0.04, 0, 0.05, 0.01, 0.02, 0, and 0. Because they are all
less than 0.1, so all values have a better consistency, which indicate

447

5. Selection evaluation system on co-mining of “the three
gasi'

5.1. Establishment of membership function and membership degree

Based on the structure theory of a fuzzy mathematics mem-
bership function, and membership degree of each evaluation index
in the evaluation system is determined. The process for establishing
the membership functions need to follow two principles [22]:

(1) The quantitative principle: The quantitative index refers to
those indexes that can use specific a numerical to express.
For example, the thickness of the hydrocarbon source rocks,
TOC, Ry, and so on. The membership degree of these indexes
is determined by using linear fit in two segments method.
This article selects the trapezoid distribution function to
establish the membership function.

(2) The qualitative principle: The qualitative index refers to
those indexes that cannot use a numerical to express. For
example, the roof lithology, tectonic conditions, and so on.
For these indexes, we adopt the hierarchical and qualitative
method. Based on these two principles, the membership
functions of each index are as follows.

1) Coal seam thickness(M) D111, measured in meters (m).

1, M>8
Dy =4 02M —0.6,4<M<8 (5)
02, M<4

2) Coal metamorphic degree D112, whose membership degree is
shown in Table 5.
3) Gas content (V) D113, measured in m>/t.

all weight allocation are rational. 1, Vv>20
Through index selection, model establishment, and importance Dy13 = ¢ 0.0625V — 0.25,4<V <20 (6)
coefficient calculation, the importance coefficient of each index is 0, V<4
determined, and then the total weight values is obtained. Eventu-
ally, the selection evaluation index system on co-mining of “the
three gas” is also obtained, as shown in Table 4. 4) Porosity (K) D121, expressed in percentage (%).
|Selection evaluation index modelAl
CBM B, | Shale gas B, | | Tight sandstone gas B, |
Gas—generation| | Reservoir Reservation Gas—generation| [ Reservoir || Reservation | [Gas—generation Reservoir Reservation
potential property conditions potential property Conditions potential property conditions
CII 12 Cij lCZI 22 (:ll.i Clll C 2 C.U
Coal Coal Gas Poros | Perme | Coal | Buried | Roof | Tecto | Hydrol | Shale | T R Organic | Poro | Perme | Brittle | Caprock | Tectonic Type of Thickness | Effective | Poro | Perme | Caprock | Tectonic
seam | metamor | content | =ity | -ability | Reser | depth | litholo | —nic | -ogical | thick | O mattert | =sity | —ability | mineral | Condition | condition | contact with of thickness | —sity | —ability | Condition | condition
thickness | —phic —voir —gy | condit | geology | —ness | C -ype content the the lower
degree Pres —ion Hydrocarbon | hydrocarbon
—sure source rock | source rock
Dm Dn: Dn\ D):: D\:‘ Dl:\ D;\\ D)\: Dm D)u D:n D:\: D:l\ D:u D::\ D, 23 D, D:U D. Dm D\x: Dl:\ D, D\:\ Dm D\\:

Fig. 2. Selection evaluation index model on co-mining of “the three gas”.
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Table 3

Evaluation index importance coefficient table.

Q. Liu et al. / Petroleum 4 (2018) 444—451

Evaluation index and matrix

Feature vectors

Maximum characteristic root Amax

Random consistency ratio C.R.

6) Coal reservoir pressure (P) D13, measured in MPa.

A~B A B4 B, B3 Wg 3.00 0
By 1 2 4 0.57
B, 12 1 2 0.29
B; 1/4 12 1 0.14
B1~Cy By Ciq Ci2 Ci3 Weq 3.05 0.05
Ci1 1 2 2 0.49
Ci2 1/2 1 2 0.31
Ci3 1/2 12 1 0.20
Ci11~Dny Ci Din D112 D113 Whbi1 3.05 0.05
Din 1 3 12 033
Ditz 13 1 1/4 0.14
D113 2 4 1 0.53
Ci2~D12 Ci2 D121 D122 D123 Whp12 3.02 0.02
D121 1 1 2 0.39
D122 1 1 3 0.44
D123 1/2 1/3 1 0.17
Ci3~D13 Ci3 D131 D132 D133 Di3g Whbi3 4.05 0.02
D131 2 2 4 0.43
D132 1/2 1 2 3 0.29
Di33 12 12 1 2 0.18
Disa 1/4 13 12 1 0.10
BZ"‘CZ Bz C21 C22 C23 Wcz 3.01 0.01
Co1 1 1/2 2 0.30
Coo 2 1 3 0.54
Co3 12 1/3 1 0.16
C21~D2y Ca1 D211 D212 D213 D214 Wh31 4.12 0.04
D211 1 2 2 2 0.39
D212 1/2 1 2 2 0.28
Dois 12 12 1 12 0.13
Dora 12 12 2 1 020
C22~Da Ca2 D221 D222 D223 Wp22 3.00 0
D221 1 1 1/2 0.25
D222 1 1 1/2 0.25
Do3 2 2 1 0.50
Ca3~Das Co3 Da31 D232 Wh23 2 0
Do31 1 1/2 0.33
D332 2 1 0.67
B3~C3 B3 C3q Cso Cs3 Wes 3.01 0.01
Cs1 1 1/2 2 0.30
Csp 2 1 3 0.54
Cas 12 13 1 0.16
C31~D34 Csq D31q D312 Whp34 2 0
D311 1 1 0.50
D312 1 1 0.50
C352~D3 (&) D321 D32 BEPE} Wh32 3.00 0
D321 1 1/2 1/2 0.2
D322 2 1 1 0.4
D3o3 2 1 1 0.4
C33~D33 Cs3 D33 D33z Whp33 2 0
Dasi 1 12 033
D333 2 1 0.67
1, K>15 1, P>1
0.04K +04, 10<K<15 Dip3=4¢2P-1, 06<P<1 (9)
Diz1 =4 0.05K+0.3, 6<K<10 (7) 02, P<06
0.2K -0.6,3<K<6
0, K<3
7) Buried depth (H) Dq31, measured as 100 m.
5) Permeability (v) D12, measured in pm?>. 0.2, H>15
D ~J 1.534-0.0891H, 6 <H < 15 (10)
1 v>5 131 = 025H-0.5,2<H<6
] ’1 - 0, H<2
D122 79" 79 0.1<v<5 (8)
0, v<0.1 8) Roof lithology D132, whose membership degree is shown in

Table 6.
I class is very conducive to coalbed methane preservation.
The main ingredient of its coal seam roof is mudstone. In
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Table 4
Selection evaluation index system on co-mining of “the three gas”.
First-level indexes Weight Second-level indexes Weight Third-level indexes Weight
The selection evaluation CBM By 0.57 Gas-generation potential C;; 0.49 Coal seam thickness D111 0.33
index system on Coal metamorphic degree D;1, 0.14
co-mining of Gas content Dy13 0.53
“the three gas” Reservoir property Cy; 0.31 Porosity D121 0.39
Permeability D152 0.44
Coal reservoir pressure D33 0.17
Preservation condition Cq3 0.20 Buried depth D34 0.43
Roof lithology D13, 0.29
Tectonic condition Dq33 0.18
Hydrological geology D134 0.10
Shale gas B, 0.29 Gas-generation potential C;; 0.30 Shale thickness Dy1q 0.39
TOC D212 0.28
Ro D13 0.13
Organic matter type D314 0.20
Reservoir property Ca; 0.54 Porosity D221 0.25
Permeability Dyo2 0.25
Brittle mineral content Doj3 0.50
Preservation condition Cy3 0.16 Caprock condition D3 0.33
Tectonic condition Dy3; 0.67
Tight sandstone gas B3 0.14 Gas-generation potential C3; 0.30 Type of contact with the hydrocarbon source rock D3;;  0.50
Thickness of the below hydrocarbon source rock D3q, 0.50
Reservoir property Csa 0.54 Effective thickness D33 0.2
Porosity D332 04
Permeability D323 0.4
Preservation condition C33 0.16 Caprock condition D334 0.33
Tectonic condition Ds3; 0.67
Table 5
Coal rank membership degree.
Coal rank Lignite Jet coal Gas coal Fat coal Coking coal Lean coal Meagre coal Anthracite coal
D112 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1
Table 6 Table 10
Roof lithologic membership degree. Hydrocarbon source rock contact type membership degree.
Roof lithology I Il 11 v Contact type Class A Class B Class C Class D
D132 1 0.75 05 0.25 Ds1 1 0.6 0.4 0.2
Table 7 existent, and the average permeability is 1-10 x 10~> pm2 III
Structural condition membership degree. class is not conducive to coalbed methane preservation. The
Structural conditions ~ ClassA  ClassB  ClassC  ClassD  Class E main ingredients of its coal seam roof is sandstone. And
Dims 1 08 06 04 02 fra.c.ture. development lS_ 3very good, and the average perme-
ability is 10—-50 x 107> pm2 IV class is extremely non-
conducive to coalbed methane preservation. The main in-
Table 8 gredients of its coal seam roof are sandstone, coarse sand,
Hydrogeological geology membership degree. and gravBel sazmdstone, and permeability is higher than
Hydrological geol ClassA  ClassB  ClassC  ClassD  ClassE 20 > 1077 pm*.
ydrologica geology ass ass ass ass ass 9) Structural conditions Dq33, whose membership degree is
Dis4 1 08 06 04 0.2 shown in Table 7.

A class structure is relatively simple, and dip angle is less
than 15°, faults are less distribution within the area that exist

Table 9

addition, fracture development is non-existent, and the
average permeability is lower than 1 x 103 pm2 II class is
conducive to coalbed methane preservation. The main in-
gredients of its coal seam roof are powder sandstone and
sandy mudstone. And fracture development is partially

Organic matter type membership degree.

mainly as sealing fault. Class B structure is moderate, and dip
angle is 15—45°, there are certain amount of fault distribu-
tion within the area. For class C structure is a little more
complex, the dip angle is 45—60°, and faults develop within
the area. Class D structure is very complex, the dip angle is

Organic matter type

Type III kerogen

Typell; kerogen

Typell; kerogen Typel kerogen

D214

1 0.6

0.4 0.2
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greater than 60°, and there is a lot of fault development in
the area. Class E structure is extremely complex. In addition,
there is extreme fault development within the area, as well
as igneous rocks are widely distributed.

10) Hydrological geology D134, whose membership degree is
shown in Table 8.

For class A, the feature is simple and easy pressure drop.
For class B, the supply source is stable and the displacement
is larger. For class C, the aquifer distribution is influenced by
faults. For class D, the change of aquifer thickness is large. For
class E, the water content of aquifer changes greatly.
11) Shale thickness (M) Dy11:

M > 50

17
Dyyq = { 0.02M, 10<M <50 (11)
02, M<10

12) TOC (T) D212, expressed in percentage (%).

1, T>6
Dyi1 = 2r_1 os5<1<6 (12)
1 17
0, T<05

13) Ro (R) D13, expressed in percentage (%).

8 8
= R+—,0.5<R<4
D,,={35" 35 (13)

0.2, R<0.58{R>4

14) Organic matter type D214, whose membership degree is
shown in Table 9.
15) Porosity (K) D2p;, expressed in percentage (%).

1, K>8
0.1K+02,4<K<8

D21=1 03Kk —-06 2<k<4 (14)
0, K<1
16) Permeability (v) D432, measured in pm?.
1, v>0.1
D2y = @vfl, 0.01<v<0.1 (15)
9" 9
0, v<0.01

17) Brittle mineral content (C) D,»3, expressed in percentage (%).

1, C>40
Dyy3 = { 0.04C — 0.6, 20 < C <40 (16)
0.2, C<20

18) Caprock condition Dy34, as shown in (8) in this section.
19) Tectonic condition D335, as shown in (9) in this section.
20) Type of contact with the hydrocarbon source rock, D3y,
whose membership degree is shown in Table 10.
For class A, tight sandstone and the hydrocarbon source
rock are in close contact and the interbedding on the space.
For class B, the distance is smaller between the tight

sandstone and hydrocarbon source rock. For class C, the

distance is larger between the tight sandstone and hydro-

carbon source rock. For class D, the distance is maximum

between the tight sandstone and hydrocarbon source rock.
21) The thickness of below hydrocarbon source rock D312:

1, M>50
D313 = { 0.02M, 25<M <175 (17)
02, M<10

22) Effective thickness D33;:

1, M>175
D3y = ilvul 25<M <175 (18)
375 15’
02, M<25

23) Porosity (K) D3,2, expressed in percentage (%).

1, K>9
7

~ 17

0, K<35

D3pp = %K 35<K<9 (19)

24) Permeability (v) D323, measured in umz.

1, v>1

20 1
19" 19
0, v<0.05

D3y3 = 0.05<v<1 (20)

25) D331, as shown in (8) in this section.
26) D333, as shown in (9) in this section.

5.2. Evaluation set of selection evaluation

In the process of a multi-level fuzzy mathematics comprehen-
sive evaluation, according to the evaluation model, the final result
is calculated and should be a specific value. The higher the value is,
the greater the development potential of “the three gas” in the
study area, According to the industry standard hierarchy, the value
is divided into five levels in this paper, and we establish the eval-
uation set as V = {V1,V5,V3,V4,Vs}, as shown in Table 11.

5.3. Establishing of the selection evaluation system

According to the preceding narrative, the selection evaluation
index system on co-mining of “the three gas” is established, and the
membership degree and membership function are determined, and
the evaluation set is established. Finally, the selection evaluation
system on co-mining of “the three gas” is developed in combination
with the multi-level fuzzy mathematics comprehensive evaluation
theory.

The final evaluation results are expressed as B, the weight ma-
trix is expressed as A, and the membership function is expressed as
R. In addition, the weight matrix and the membership degree
matrix of the index layer are expressed as A,A, ...,An and Ry,Ry,
...,Rm, and the weight matrix and the membership degree matrix of
the sub-index layer are expressed as A11,A12, ...,Amn and Ri1,R12,
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Table 11
Evaluation grades classification.

Evaluation set Vi Vs

The most favorable area
Greater than 0.75

Evaluation grade

Evaluation value 0.75—-0.7

More favorable area

Vs Vg4 Vs
Favorable area Bad area Very bad area
0.7-0.6 0.6—0.5 Less than 0.5

....Rmn. Thus, selection evaluation system on co-mining of “the
three gas” can be expressed as follows:

I [A11®Ry1 | T
A® A ®Ry

=A1n ®Rqp J
Ay ®Ryq

A{®R
! OR. Ay ®Ry)

B—A®R—Ac | M2®R | _p5| A:®

An®Rpy

_A2n ®R2n i
A4
Am] ®le

An® Am2 ®Rm2

Amn ®Rmn

6. Conclusions

Through an analysis of the geological features and accumulation
model of three types of unconventional gases in coal series stratum,
and based on the theory of fuzzy mathematics, AHP, and a multi-
level fuzzy mathematics comprehensive evaluation theory, the
selection evaluation index system on co-mining of “the three gas”
was established. Finally, the selection evaluation system on co-
mining of “the three gas” was developed. Get the following
conclusion:

(1) A rich hydrocarbon source rock in coal series stratum pro-
duce three types of unconventional gas, and mainly contains
coalbed methane (CBM), shale gas, and tight sandstone gas.
Because the rock cyclicity is strong in coal series stratum, and
hydrocarbon source rock in a coal seam is the changeable in
the sequence, and interbedding on the space, and a simpli-
fied accumulation model of “the three gas” can be
established.

(2) Through an analysis of the key control factors of “the three
gas”, 26 main control factors were selected, and the selection
evaluation index model on co-mining of “the three gas” with
a four-layer structure was established; in addition, based on
the theory of fuzzy mathematics, AHP, and a multi-level
fuzzy mathematics comprehensive evaluation theory, the
selection evaluation index system on co-mining of “the three
gas” was achieved.

(3) According to the selection evaluation index system on co-
mining of “the three gas”, combination with the member-
ship degree, membership function and the evaluation set;

finally, the selection evaluation system on co-mining of “the
three gas” was developed.
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