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Abstract

The applicability of the in-situ pyrolysis of oil-rich coal is highly dependent on regional
geological conditions. In this study, six major geological factors and 19 key parameters
influencing the in-situ pyrolysis of oil-rich coal were systematically identified. An analytic
hierarchy process incorporating index classification and quantification was employed in
combination with the geological features of the Tiaohu mining area to establish a feasibility
evaluation index system suitable for in-situ development in the study region. Among
these factors, coal quality parameters (e.g., coal type, moisture content, volatile matter, ash
yield), coal seam occurrence characteristics (e.g., seam thickness, burial depth, interburden
frequency), and hydrogeological conditions (e.g., relative water inflow) primarily govern
pyrolysis process stability. Surrounding rock properties (e.g., roof/floor lithology) and
structural features (e.g., fault proximity) directly impact pyrolysis furnace sealing integrity,
while environmental geological factors (e.g., hazardous element content in coal) determine
environmental risk control effectiveness. Based on actual geological data from the Tiaohu
mining area, the comprehensive weight of each index was determined. After calculation,
the southwestern, central, and southeastern subregions of the mining area were identified
as favorable zones for pyrolysis development. A constraint condition analysis was then
conducted, accompanied by a one-vote veto index system, in which the thresholds were
defined for coal seam thickness (>1.5 m), burial depth (>500 m), thickness variation
coefficient (<15%), fault proximity (>200 m), tar yield (>7%), high-pressure permeability
(>10 mD), and high-pressure porosity (>15%). Following the exclusion of unqualified
boreholes, three target zones for pyrolysis furnace deployment were ultimately selected.

Keywords: geological condition; analytic hierarchy process; favorable area optimization;
pyrolysis furnace site selection

1. Introduction

As a widely recognized special coal resource, the development of oil-rich coal is mainly
divided into two categories: ground pyrolysis and underground in-situ pyrolysis. The
underground in-situ pyrolysis of oil-rich coal transfers heat to the coal seam by heating
methods such as electric heating, heat injection well, microwave or radio frequency, so that
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the organic matter in the coal can be cracked in situ under the action of heat, and the solid
state is transformed into oil and gas resources (liquid and gaseous), which is conducive to
promoting the diversified development and utilization of coal [1,2].

The successful implementation of the in-situ pyrolysis of oil-rich coal is highly depen-
dent on the fine understanding and scientific evaluation of the geological conditions of
the target coal reservoir. The physical properties, chemical properties, geological structure,
in-situ stress field and geothermal field of coal seam and surrounding rock constitute the
core geological background of thermal-fluid-solid-chemical multi-field coupling, which
directly determines the pyrolysis efficiency, oil and gas migration output efficiency, engi-
neering feasibility and environmental impact [3-5]. Therefore, it is necessary to evaluate
the geological conditions of the in-situ pyrolysis of oil-rich coal.

The most important thing in the geological evaluation of the in-situ pyrolysis devel-
opment of oil-rich coal is the selection of evaluation indicators and evaluation methods.
Although there are few geological evaluation studies on the development of oil-rich coal
resources, from the perspective of resource attributes, oil-rich coal is a special kind of coal
resource. Its comprehensive evaluation still belongs to the category of coal resource evalua-
tion [1]. Therefore, comprehensive evaluation methods such as analytic hierarchy process
(AHP), fuzzy mathematics and tabular classification are also applicable to the geological
evaluation of the in-situ pyrolysis of oil-rich coal [6-11]. Li Huabing introduced the analytic
hierarchy process for the first time in the evaluation of the development potential of oil-rich
coal resources in the Shenfu mining area. He took the four factors of resource occurrence,
coal seam occurrence, development technology and social and environmental benefits as
the main indicators, and subdivided them into 10 evaluation parameters to establish an
evaluation system for the development potential of oil-rich coal resources, but did not
refine and quantify the evaluation indicators of development geological conditions [12].
In the geological evaluation of development, not only should the quality of coal and the
occurrence state of the coal seam be considered, but also the sealing and hydrogeologi-
cal conditions of the strata in in-situ mining [13,14]. The sealing of the stratum mainly
considers the stability of surrounding rock conditions and tectonic activities. The coal
seam of the roof and floor, with thick dense limestone, bauxite rock and mudstone, is far
away from the fault, which is conducive to the improvement of in-situ pyrolysis sealing.
Hydrogeological conditions are the key control factors of in-situ pyrolysis engineering.
The water resistance of roof and floor and the occurrence characteristics of groundwater
directly affect the operation stability of in-situ pyrolysis technology [15,16]. In addition, the
environmental geological risks of in-situ pyrolysis engineering should also be considered,
especially the release of harmful elements in coal during pyrolysis [17].

The Santanghu basin in Xinjiang, China has abundant coal resources. Jurassic strata
represent the principal coal-bearing series, with a cumulative area approaching 3 x 10 km?.
Oil-rich coal seams are primarily located in the upper Baodaowan formation (J;b?), the
Sangonghe formation (J;s), and the lower Xishanyao formation (Jox1). With a tar yield of
approximately 13.67%, these coals are generally classified as high-oil types, providing a
substantial basis for in-situ pyrolysis development [18]. Currently, coal mining and coalbed
methane testing in this area are predominantly limited to shallow depths. The absence of a
clear evaluation method and undefined favorable zones has hindered the development of
medium- and deep-layer resources. Accordingly, this study focused on the Tiaohu mining
area within the Santanghu basin, constructed a dedicated evaluation index system, selected
a suitable evaluation methodology, and identified favorable areas for the in-situ pyrolysis
of oil-rich coal, with the objective of promoting the diversified development and utilization
of coal resources in the study area.
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2. General Geology

The tectonic units of the Santanghu basin are distinctly divided (Figure 1a) and com-
prise three first-order tectonic belts: the northern thrust belt, central depression belt, and
southwest thrust belt [19]. As the core area of the basin, the central sag zone exhibits thick
sedimentary sequences, well-preserved strata, and abundant coal, oil, and gas resources,
thus serving as a key zone for resource exploration. Six major mining areas are distributed
within the central depression belt, where the topography typically exhibits elevated mar-
gins and a lower central region [19]. Tiaohu mining area is situated in the northwestern
portion of the Tiaohu sag (Figure 1a). The structural pattern in the southwest of the area is
relatively simple, whereas the northeast displays more complex structures. The western
zone is dominated by an east-dipping monoclinic structure, whereas the eastern zone
features a south-dipping monoclinic structure. The regional fault DF26 cuts across the
northwest, forming the W2 syncline to the west of the fault and the M3 anticline to the
south (Figure 1b).
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Figure 1. Geological survey map of the study area. (a) The Santanghu basin tectonic unit, (b) the
study area geographical location, and (c) the study area strata.

In the Tiaohu mining area, the coal-bearing strata include the upper and lower sections
of the Xishanyao formation from the Middle Jurassic and the upper and lower sections of
the Baodaowan formation from the Lower Jurassic system (Figure 1c). Among these, the
lower section of the Xishanyao formation is the principal coal-bearing unit, characterized
by extensive development across the area and a stable stratigraphic horizon. This section
contains a large number of coal seams with substantial thickness, rendering it the main
coal seam occurrence zone in the study area. The coal seam thickness and stability vary
significantly among the upper Xishanyao formation and the upper and lower Baodaowan
formations. The upper Xishanyao formation exhibits an unstable horizon with low coal
content [20,21]. A total of 41 coal seams were identified in the study area (Figure 1c). This
study focuses on the No. 9 coal seam within the upper portion of the lower member of the
Xishanyao formation. The seam is regionally developed across the study area, with local
absence in the northwest. Investigation incorporated 56 boreholes, with locations detailed
in Figure 2. Seam thickness ranges from 0.44 m to 18.86 m, averaging 8.95 m. The sequence
structure of coal seams is mostly simple, and there are no dirt band or 1-2 thin interlayers.
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There are 3—4 layers of dirt band in the local abnormal area. The composition of dirt band
is mainly carbonaceous mudstone and fine-grained siltstone.
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Figure 2. Drilling location in the Tiaohu mining area.

3. Evaluation Method

3.1. Construction of Evaluation Index System

Based on the core elements of the coal pyrolysis reaction process, including stability,

furnace closure, and environmental risk control, a geological suitability evaluation index

system for in-situ pyrolysis was established. By integrating previous research findings

with geological exploration data from the study area, 6 categories and 19 subcategories of

evaluation indicators were systematically extracted from geological conditions relevant

to in-situ pyrolysis. Because there are few experiments related to the in-situ pyrolysis of

oil-rich coal, the gasifier equipment for underground coal gasification after comprehensive

analysis is, in principle, similar to the pyrolysis furnace in the in-situ pyrolysis experiment.

In terms of coal quality conditions and coal seam occurrence conditions, the evaluation

index of gasifier site selection for underground coal gasification is referred. The geological

parameters to be evaluated were further classified into four grades: Class I (excellent),

Class II (good), Class III (medium), and Class IV (poor). This classification system provides

a quantitative basis for a comprehensive evaluation, with the specific results presented in

Table 1 [12,13,22-25].
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Table 1. Table of evaluation index system for in-situ pyrolysis geological selection site selection in the

study area.
Serial F.ilzst . Secondary Classification Classification Evaluation Level

Number  Classification I(Excellent)  II(Good)  III (Medium) IV (Poor)
1 Types of coal Ull HM cY SM OM ™M PM WY M
2 Coal rock and coal Moisture content (%) U12 0-15 15-35 35-55 >55
3 quality conditions Ash content (%) U13 0-10 10-20 20-50 >50
4 Ul Volatile producibility (%) Ul4 >37 37-20 10-20 <10
5 Sulfur content (%) U15 0-1.00 1.01-3.00 3.01-4 >4
6 Coal seam thickness (m) U21 5 5-15 2-5 >15; <2
7 Coal Dip angle of coal seam (°) U22 35 12-35 35-70 <12;>70
8 oalseam Burial depth of coal seam (m) U23 500-1000 100-500 >1000 <100
9 OCcu;F?nce Gangue coefficient (%) U24 <20 20-30 30-60 >60
10 conU12t1on Gangue layers U25 0 1 2 >2

Variation coefficient of coal
> — |
1 Thickness (%) U26 295 85-95 75-85 75
12 Rock condition Roof lithologic U31 SHY NY SZNY FSY XSy 7Sy (CSYy Ly
13 U3 Lithology of floor U32 SHY NY SZNY FSY XSY ZSY (CSY LY
14 Closureézndmon Distance from fault (km) U41 <0.5 0.5-1 1-15 >15
Hydrographic
15 condition Relative water inflow (m3/t) U51 <3 3-10 10-15 >15
U5

16 Envi 1 Fluorine (ug/g) U61 <100 100-200 200-400 >400
17 “Vlrocfl‘.n.‘e“ta Arsenic (ug/g) U62 <4 4-25 25-80 >80
18 C°“U16“°“ Chlorine (1g/g) U63 <0.05 0.05-0.150  0.150-0.300 >0.300
19 Phosphorus (nug/g) U64 <0.010 0.010-0.050 0.050-0.100 >0.100

Annotation: HM (brown coal); CY (lean coal); SM (gas coal); FM (fat coal); PM (meager coal); WY (anthracite); J]M
(coking coal); SHY (limestone); NY (mudstone); SZNY (sandy mudstone); FSY (siltstone); XSY (fine sandstone);
ZSY (medium sandstone); CSY (coarse sandstone); LY (conglomerate).

3.2. Determination of Index Weight

Based on the AHP, the weight of each geological index is determined. The procedure
for implementing AHP was as follows. (1) A hierarchical model was established based on
an evaluation index system. (2) According to the principle of importance ranking, the scale
of each indicator level was defined, and an evaluation matrix was constructed. (3) The
matrix was then utilized to compute the weights of each index. (4) A consistency check
was performed to validate the authenticity of the results [13,22,24]. The calculation process
of the weight of each geological index is as follows below.

An AHP-based weight calculation was performed. According to the evaluation system
for the preferred in-situ pyrolysis area, a comparison judgment matrix was constructed. If
an element A in layer A was related to factors By, By,. . ., By in the next layer, a judgment
matrix as shown in Table 2 can be established.

Table 2. Establish a judgment matrix table.

Ay By B, . B,
By b1 bio bin
B> boy boy bon
Bn bnl bn2 brm

In the judgment matrix, bj; denotes the ratio of the influence of the factors B; and B; on
Ay. The values were assigned using a nine-point scale method. The meanings are presented
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in Table 3, where scale 1 indicates that B; and B; exert the equal influence on A(), and scale
9 signifies that Bi has an absolutely stronger influence than Bi.

bij:%k(i/jrkzlrlu-rn) @
ik

Table 3. Scale bij meaning table.

b; Implication
1 B; factor and B; factor are equally important.
3 B; factor and B; factor are slightly important.
5 B; factor and Bj factor are obviously important.
7 B; factor and B; factor are strongly important.
9 B; factor and B; factor are extremely important.
2,4,6,8 Between the above two adjacent elements

If all elements of the judgment matrix satisfy the conditions specified in Formula (1),
the matrix can be considered completely consistent. Based on factors such as coal quality,
seam occurrence, surrounding rock, structural features, hydrology, and environmental
conditions, the judgment matrix was constructed, as shown in Table 4.

Table 4. Judgment matrix A-B table.

Index U1 U2 U3 U4 U5 Ueé
U1l 1 0.5 1 1 0.5 1
U2 2 1 2 2 1 2
U3 1 0.5 1 1 0.5 1
U4 1 0.5 1 1 0.5 1
U5 2 1 2 2 1 2
U6 1 0.5 1 1 0.5 1

In this study, weighted calculations were conducted for the judgment matrix, accompa-
nied by a consistency check. Specifically, the maximum eigenvalue Amax of the comparison
matrix and corresponding eigenvector W were first calculated. Based on these results and
utilizing two key indicators, consistency index and relative consistency ratio, a consistency
test was performed to assess the rationality and reliability of the matrix. If the matrix passes
the test, the normalized eigenvector W can be accepted as the weight vector. Otherwise, the
matrix should be revised accordingly. One method of determining the weight coefficient
involves multiplying the elements in each row of the matrix, as follows:

o = Hjn:1 bj;

The product opens an n-th power, as follows:

uj = /0

This is normalized, i.e., converted into a feature vector, as follows:

uj

W= ——
Ty

In addition to numerical calculations, consistency checking is a critical component of
the analytic process. Subjective cognition and judgment frequently influence the formation
of a judgment matrix, resulting in significant uncertainty and a high probability of produc-
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ing inaccurate evaluation outcomes. To ensure the scientific validity and accuracy of the
overall analysis and minimize the matrix inconsistency caused by subjective error, strict
consistency testing is essential. Therefore, the maximum eigenvalue of the decision matrix
was adopted as a diagnostic measure.

(BW);
Wi

1
Amax = - 2

The consistency index is calculated as follows:

_ Amax—n

CI p—

The random consistency ratio is calculated as follows:

e

R= —
¢ RI

(2)

RI represents the average random consistency index, which corresponds to order n of
the judgment matrix. The relationship is presented in Table 5.

Table 5. Average random consistency index table.

n 1 2 3 4 5 6 7 8 9
RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46

In general, when CR = 0.1, the model is considered to have inadequate consistency
and should be revised accordingly.

Following the calculation, the weights assigned to coal quality, seam occurrence,
surrounding rock, sealing, hydrological, and environmental conditions were 0.1252, 0.2496,
0.1252, 0.1252, 0.2496, and 0.1252, respectively. The detailed results for both first- and
second-level index weights are presented in Table 6.

Table 6. In-situ pyrolysis geological index weight table.

Detailed Evaluation

i Type Weight

Serial Number yp g Weight
1 Ul1 0.3048
2 U12 0.1327
3 U1 0.1252 U13 0.2310
4 Ul4 0.2653
5 U15 0.0663
6 21 0.2886
7 U2 0.1297
8 U23 0.1911
9 U2 0.2496 U24 0.1317
10 U25 0.1479
11 U26 0.1110
12 U3l 0.6667
13 U3 0.1252 Us2 0.3333
14 U4 0.1252 U41 1

15 U5 0.2496 Ub1 1
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Table 6. Cont.
- Weich Detailed Evaluation
ial e eight
Serial Number Yp g Weight
16 U6l 0.3333
17 Ue62 0.3333
18 ué 0.1252 U63 0.1667
19 U64 0.1667

3.3. Mathematical Evaluation Method of Geological Selection

The comprehensive index method, the fuzzy comprehensive evaluation method, the
list classification method, and the grey clustering method represent the most classical math-
ematical approaches used in quantitative analysis [26]. The core advantage of the fuzzy
comprehensive evaluation model is that it can effectively deal with such complex informa-
tion that combines qualitative and quantitative factors and which has unclear boundaries.
The model can systematically integrate multiple key evaluation indicators, transform the
measured data into a fuzzy relationship by constructing a membership function, and use
a reasonable weight system (such as the AHP method) for comprehensive quantitative
evaluation. Finally, a comprehensive evaluation value representing the favorable degree is
obtained, which intuitively reflects the advantages and disadvantages of the evaluation
unit [27-29]. Therefore, we choose the fuzzy comprehensive evaluation model. The model
was implemented based on fuzzy mathematics. The evaluation level was determined
based on the weight of each criterion. Membership functions are typically categorized
into two theoretical paradigms: linear and nonlinear. Membership determination relies on
binary comparison sorting, reasoning methods, intuitionistic approaches, and fuzzy statis-
tical analysis [30] (Table 7). In this study, the trapezoidal membership function was applied
because of its effective balance between computational simplicity and result accuracy for
calculating membership degrees.

Table 7. Common membership function table of the fuzzy mathematics comprehensive evaluation
method.

Index Types Excellent Medium Poor
1 x <y 0 X<y 0 x<up
. _ —i < _
cost-oriented A(x) = 32 m<x<up Ax) = ¢ 27" < XS Ax) = ;371:122 Uy < x < uz
x>y iy W2 <X < U3 1 X > uz
X > us
0 x <u 0 x <u /1 x <
Types.between oy < =y < &‘,:lfl u <x<u
cost-oriented and A(x) = { "¢ = Ax) = { m3-u = B , ,
T u—x <yl u—x <yl Ax) = 0 uw<x<u
benefit-oriented T, 2 T 2 —u ,
x> ug 0 X > ug o W <x <l
1 X > us
0 x < xou x <y 1 x < uy
o or _ ) x—w —L oy <x<u _ ) m—x
benefit-oriented Alx) =S 5o U2 <x<us A(x) ={ ot 1 S U2 A = w1 <x<ip
1 x> u o, W2 <x<uj 0 x> up
0 X > us

4. Evaluation of Favorable Area of Target Coal Seam in the Study Area
4.1. Quantification of Regional Geological Indicators

According to the quantitative requirements for the selected area, it is necessary to
systematically compile geological index data for each borehole and quantify qualitative
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indicators. The following presents the quantitative process of drilling data analysis for the
No. 9 coal seam in the Tiaohu mining area in detail.

4.1.1. Coal Quality Conditions

The coal rock and coal quality indices of each borehole in the No. 9 coal seam of
the Tiaohu mining area are presented in Schedule S1. By integrating these data with
the borehole distribution across the study area, the regional characteristics of coal rock
formations and coal-forming conditions were systematically analyzed.

(1) Coaltype

The in-situ pyrolysis suitability of coal types increased in the following order: coking
coal, anthracite, lean coal, fat coal, gas coal, lean coal, long-flame coal, and lignite. The
No. 9 coal seam in the study area primarily comprised long-flame coal (41CY) and locally
contained non-caking coal (31BN), with minimal variation in coal seam quality.

(2) Moisture content

The average water content in each development unit of the No. 9 coal seam ranged
from 2.77% to 6.74%, with a mean value of 4.75%. According to the contour map of water
content for the No. 9 coal seam (Figure 3), the moisture levels were generally higher in
the northeastern and north-central regions of the study area and lower in the northwest.
Overall, the water content exhibited a slight increasing trend from west to east, although
the range of variation remained limited.

/6

- / e SN /

isoline fault syncline Mining Collectable Zero
rights boundary boundary
boundary

moisture content %
I
24 29 34 39 44 49 54 59 64 69

Figure 3. Contour map of water content of No. 9 coal seam in the study area.

(3) Ashyield

The average ash yield of the coal seam ranged from 1.79% to 37.27%, with a mean
value of 11.62%. Based on the contour map of ash yield for the No. 9 coal seam (Figure 4),
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the spatial distribution pattern was as follows. The ash yield was relatively high in the
northwest, northeast, and southeast corners of the study area, whereas lower levels were
observed in the southwest and northeast. Overall, the ash yield increased from north to
south with relatively stable regional variations.

1:50,000
01234 5Kkm

L ————

/6/ / e = /

isoline  fault syncline Mining Collectable Zero
rights boundary boundary
boundary

ash content %

L T
2 5 7 9 11 13 15 17 20 22 27 38

Figure 4. Raw coal ash contour map of the No. 9 coal seam in the study area.

(4) Volatile yield

The average volatile yield of the No. 9 coal seam in the study area ranged from 29.28%
to 53.12%, with a mean value of 39.57%. As shown in the contour map of volatile yield
(Figure 5), the spatial distribution was higher in the northern and southeastern parts of the
study area and lower in the west. Overall, the volatile yield exhibited an increasing trend
from east to west with a relatively wide variation range.

(5) Sulfur content

The average sulfur content of the No. 9 coal seam in the study area ranged from 0.1%
to 1.1%, with a mean value of 0.27%. Overall, the variation was relatively small. According
to the contour map of sulfur content (Figure 6), sulfur levels were higher in the central and
western regions and lower in the southwest, central, and southeast. Overall, the sulfur
content exhibited an increasing trend from east to west with a relatively large overall range.
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Figure 5. Volatile matter (Vdaf) contour map of the No. 9 coal seam in the study area.

1:50,000
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rights boundary  boundary

boundary

Sulfur content %
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Figure 6. Isoline of total sulfur (St-d) of raw coal in the No. 9 coal seam in the study area.

4.1.2. Coal Seam Occurrence Conditions
The No. 9 coal seam in the study area contained a minor amount of gangue, with a
simple to medium structure (0—4 gangue layers), and was classified as a relatively stable
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medium-to-thick seam type. The seam thickness ranged from 0 to 18.46 m, with an average
of 8.74 m. The mineable seam thickness ranged from 0.84 to 18.46 m, averaging 8.59 m. The
No. 9 coal seam, as part of the Xishanyao formation, is a recoverable thick coal seam across
the entire area and is characterized by thin-middle-thick lateral variation (Schedule S2).

4.1.3. Surrounding Rock Conditions

The roof strata of the No. 9 coal seam in the study area primarily consists of fine
sandstone and siltstone, with localized occurrences of mudstone, medium sandstone,
coarse sandstone, and carbonaceous mudstone. The floor is predominantly composed
of siltstone and mudstone with interbedded layers of coarse sandstone, fine sandstone,
medium sandstone, and carbonaceous mudstone. The gangue layer consists mainly of
mudstone, carbonaceous mudstone, siltstone, and high-carbon mudstone. Interbedded
siltstones and high-carbon mudstones were observed in some locations (Schedule S3).

4.1.4. Closed Condition

The distance from each borehole to the fault in the No. 9 coal seam ranged from 0.36
to 11.22 km, with an average of 4.74 km (Schedule S4).

4.1.5. Hydrogeological Conditions

As a core indicator in the comprehensive evaluation of hydrogeological conditions,
water inflow prediction is essential to ensure mine safety. This section focuses on calculating
the water inflow for the No. 9 coal seam within the study area. By systematically integrating
the water inflow prediction models for each sub-mining area, a tailored prediction system
was constructed to assess the water inflow under pyrolysis furnace conditions. Numerical
simulation, large-well, and analogy methods have been commonly employed to estimate
mine water inflow. The experimental results indicate that the numerical simulation and
analog methods exhibited a higher spatial correlation, whereas the large-well method
tended to produce systematic positive deviations [31]. Based on the geological context of
the study area, and to enhance the prediction accuracy and support the pyrolysis furnace
design, the analogy method was selected for water inflow estimation. The calculation

_ Q;SF
- SiF

formula is as follows:

where Q (m3/t) represents the pyrolysis furnace, Q; represents the measured water inflow
of each sub-mining area in the Dajing mining area, S represents the maximum water level
drop depth (m) at the location of the pyrolysis furnace, F denotes the area of the pyrolysis
furnace (km?), S; denotes the maximum water level drop depth (m) of each sub-mining
area in Tiaohu, and F; refers to the area of each sub-mining area in the study area (km?).

The relative water inflow of the main coal seam (the No. 9 coal seam) for each borehole
in the study area ranged from 0 to 0.33 m®/t, with the average value of 0.15 m3/t, as
detailed in Schedule S5.

4.1.6. Environmental Geological Conditions

The 25 trace elements in coal have been internationally recognized as environmentally
significant. Based on their environmental impact, these elements can be classified into
four categories. Class I elements (As, Cd, Cr, Hg, and Se) pose serious ecological hazards.
Class IIA elements (B, Cl, F, Mn, Mo, Ni, and Pb), particularly B, Mn, and Mo, exhibit
strong leaching and migration potentials. In addition to their mobility, Cl and F accelerate
the corrosion of atmospheric acidification engineering materials. Class IIB elements (Be,
Cu, P, Th, U, V, and Zn) are associated with combined pollution effects; among them, U
and Th present radioactive risks, while Be has carcinogenic properties. Class III elements
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(such as Ba, Co, Sb, S5n, and T1) mainly include Ba and T1, which adversely affect biological
health. Therefore, prior to in-situ pyrolysis, it is essential to analyze the concentration
characteristics of hazardous elements in coal.

The fluorine content (F,q) of the raw coal in the No. 9 coal seam ranged from 13
to 94 ug/g, with an average of 44 pg/g. It was classified as ultra-low-to-high fluorine
coal (SLF-HF) but predominantly ultra-low-to-low fluorine coal (SLF-LF). The arsenic
content (As 4) ranged from 0 to 5 ug/g, averaging 0.69 ug/g, and was categorized as low
arsenic coal (LAC). The phosphorus content ranged from 0.001% to 0.12%, with a mean
of 0.0056%, and belonged to ultra-low phosphorus coal (P-1 to P-2). The chlorine content
(Cly) ranged from 0.01% to 0.165%, with an average of 0.031%, classifying the coal as ultra-
low-to-medium chlorine coal (CL-1-CL-3). Overall, the No. 9 coal seam was dominated by
ultra-low-to-low chlorine coal (CL-1-CL-2) (Schedule S6).

Surrounding rock diffusion and seepage migration can be observed when the py-
rolysis products are dissolved and transported by groundwater [32-34]. The migration
of gaseous pollutants through fractures presents a threat to groundwater, forming two
primary migration pathways for pollutants during combustion. Owing to the complexity
of multi-field coupled transport mechanisms, this study aimed to establish a quantitative
estimation model for the initial dissolution—diffusion-seepage process. The key influencing
factors included the size of the pyrolysis furnace, coal seam thickness, surrounding rock
permeability, and groundwater dynamics. In this study, the water inflow from the pyrolysis
furnace was utilized to characterize hydraulic conditions, whereas other influencing factors
were not considered. Parameters such as roof and floor lithology, coal seam thickness, and
maximum water consumption have been analyzed in previous studies and are not further
discussed in this paper.

4.2. Determination of Membership Degree and Weight of Geological Evaluation Index

Based on the differences in the mechanism of action of the main coal seam geological
indicators and research objectives, the trapezoidal function distribution curve was cate-
gorized into three types: cost, intermediate, and benefit. Evaluation levels were divided
into three categories: favorable area, more favorable area, and unfavorable area. Each
index type corresponded to three membership functions (Table 7). The cost type and
benefit type membership functions each included three hierarchical parameters, whereas
the intermediate membership function included five parameter settings [3].

Based on the classification criteria listed in Table 1, the membership degrees of geolog-
ical indicators were determined using the classification criteria for borehole water inflow,
with the specific results shown in Table 8. After establishing the threshold parameter system,
the membership function was applied to calculate the three-dimensional membership space
of favorable, general, and unfavorable areas. The index judgment matrix R = {rijjm x 3
was then constructed. The subjective weight of each geological index was obtained using
an AHP. This approach enables the systematic processing of multi-dimensional indicators
and supports the scientific decision-making process.

The membership degrees of the six geological indicators in the study area were
evaluated according to the drilling data, grading definitions, and relative weights of each
geological index. The calculation types of membership degrees for the six indicators were
specified in the evaluation process. For coal quality conditions, coal quality data from each
borehole in the No. 9 coal seam were used. Based on the suitability of coal types for in-situ
pyrolysis, lignite and long flame coal were assigned a score of 1; gas coal as 2; non-caking
coal, weak caking coal, and fat coal as 3; lean coal as 4; anthracite as 5; and coking coal
as 6. Using the cost type membership calculation method, the membership degrees for
each borehole were assigned according to favorable, more favorable, and unfavorable coal
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types for in-situ pyrolysis. Simultaneously, the membership degrees of coal seam moisture,
ash, volatile matter, and sulfur were calculated using cost type, cost type, benefit type, and
cost type functions, respectively, each indicating the favorability for in-situ pyrolysis. The
intermediate membership function method was applied to assess the membership degrees
of the No. 9 coal seam’s thickness, dip angle, and buried depth, which were categorized
as favorable, more favorable, and unfavorable. For the gangue content, gangue layer
count, and variation coefficient, the cost type method was used to compute the degree of
unsuitability for in-situ pyrolysis. The lithology of the surrounding rock was quantitatively
assigned values to evaluate suitability. Specifically, coarse sandstone was scored as 1,
medium sandstone as 2, fine sandstone as 3, siltstone as 4, carbonaceous mudstone as 5,
and mudstone as 6. A lower value indicates better lithological suitability. The lithological
values for each borehole roof were generally between 2 and 6, and the floor lithology
ranged between 3 and 6 on average. Based on the surrounding rock conditions, benefit type
functions were used to calculate the membership degrees of the roof and floor lithology of
the No. 9 coal seam, categorized as favorable, more favorable, and unfavorable. Regarding
the fault proximity, where a closer distance implied poorer pyrolysis sealing performance,
the benefit type functions were also used to determine the membership degrees. Similarly,
by combining the benefit membership functions with the relative water inflow data of the
No. 9 coal seam, the membership degrees for in-situ pyrolysis suitability were calculated.
Finally, the membership degrees of fluorine, arsenic, chlorine, and phosphorus content in
the No. 9 coal seam were computed using the cost type functions and were also classified
as favorable, more favorable, and unfavorable for in-situ pyrolysis.

Table 8. The classification definition value of each geological index and the summary of related

weights.
. Defined Val f Gradin
Serial Number Eval}latmg Type clined Value of Grading Weight
Indicator u u up u”’ us3

1 Ul1l Cost oriented 2 4 5 0.3048
2 U12 Cost oriented 15 35 55 0.1327
3 U13 Cost oriented 10 20 50 0.2310
4 U14 Benefit oriented 10 20 37 0.2653
5 U15 Cost oriented 1 3 4 0.0663
6 U21 . 2 5 15 20 25 0.2886
7 U22 Types betweer.l cos.t oriented 12 25 35 45 70 0.1297
8 U23 and benefit oriented 100 500 600 1000 2000  0.1911
9 U24 Cost oriented 0.2 0.3 0.6 0.1317
10 U25 Cost oriented 1 3 4 0.1479
11 U26 Cost oriented 0.15 0.25 0.35 0.1110
12 U31 Benefit oriented 1 2 4 0.6667
13 U32 Benefit oriented 1 2 4 0.3333
14 U41 Benefit oriented 2 4 7 1
15 Us1 Cost oriented 3 10 15 1
16 U6l Cost oriented 100 200 400 0.3333
17 Ue62 Cost oriented 4 25 48 0.3333
18 U63 Cost oriented 0.04 0.15 0.3 0.1667
19 U64 Cost oriented 0.01 0.05 0.1 0.1667

Based on the analysis of the six geological condition types, the evaluation process
involved multiplying the weight matrix W by the index judgment matrix R using matrix
operations to obtain the evaluation result matrix B. Matrix B consists of m rows and
3 columns, where m represents the number of blocks, and each block corresponds to
three evaluation grade values: bjj, bjp, and bjs. The evaluation results of each block were
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analyzed. According to the principle of maximum membership degree, the grade with
the highest value was selected as the final evaluation result for the block. The specific
evaluation results are presented in Schedule S7.

4.3. Comprehensive Evaluation

Based on a comprehensive evaluation using multi-level fuzzy mathematics, the coal
seam drilling units were divided into four levels according to their membership degree:
favorable area (greater than 0.7), more favorable area (0.6 to 0.7), more unfavorable area
(0.5 to 0.6), and unfavorable area (less than 0.5).

The total area of the study region was approximately 563.73 km?, of which the evalua-
tion area of the No. 9 coal seam was approximately 326.28 km?.

The favorable zones for in-situ pyrolysis were primarily concentrated in blocks 1-1,
1-2, 1-3, and 1-4 of the mining area, corresponding to the red areas in Figure 7 In these
blocks, the membership values exceeded 0.70. The geological conditions, including coal
quality (U1), coal seam occurrence (U2), surrounding rock (U3), sealing (U4), hydrological
(U5), and environmental factors (U6), were relatively favorable. The membership degrees
for these areas ranged between 0.70 and 0.88.

K 1:50,000
B
Tavorahle more unfavorable |east boundary coalseam partitien w km
arca faverable zone favored of mining boundary number

arca arca area

Figure 7. Favorable zoning of in-situ pyrolysis of the No. 9 coal seam.

The more favorable areas were mainly located in blocks 2-1, 2-2, and 2-3 of the mining
area, as shown in the yellow region in Figure 7. In general, U1, U2, U4, U5, and U6 were
favorable, whereas U3 was moderate. The membership values in these areas fell between
0.60 and 0.70.

The generally favorable areas were primarily distributed in blocks 3-1, 3-2, 3-3, 4-3,
and 4-5 of the mining area, corresponding to the blue zone in Figure 6. In these areas, U1,
U4, U5, and U6 were favorable, whereas U2 and U3 were moderate. The membership
values for these regions ranged between 0.50 and 0.60.

The unfavorable areas were located in blocks 4-1, 4-2, 4-3, 4-4, and 4-5 of the mining
area, which are marked in green in Figure 6. Although U1, U4, and U6 were relatively
good, U2, U3, and U5 were generally less favorable. The membership values in these zones
were all below 0.5.
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5. Geological Evaluation of In-Situ Pyrolysis Furnace Target Area in a
Favorable Area

5.1. Geological Evaluation of Target Area Optimization of Pyrolysis Furnace

The geological selection for in-situ pyrolysis involved the systematic integration and
quantification of geological conditions in the study area, utilizing mathematical evaluation
methods to optimize the sub-blocks arranged for pyrolysis furnace deployment and identify
suitable units for implementation. Based on the evaluation results of coal seam develop-
ment potential, the coal seams were divided into four development grades: favorable area,
relatively favorable area, relatively unfavorable area, and unfavorable area. The layout of
the pyrolysis furnace adhered to the principles of hierarchical management and control.
The favorable area should serve as the core deployment zone, representing the preferred
development region. The more favorable area should act as a supplementary layout for
alternative development, while the relatively unfavorable and unfavorable areas should
be strictly excluded owing to geological constraints. However, because a comprehensive
evaluation may mask certain critical unfavorable conditions, not all favorable or more
favorable zones are necessarily suitable for pyrolysis furnace deployment. Therefore, it is es-
sential to further screen key geological indicators based on the evaluation of favorable areas.
Relying on six geological evaluation indices, including coal quality, coal seam occurrence,
surrounding rock, sealing, hydrological, and environmental geological conditions, along
with pyrolysis performance indicators, including tar yield, high-pressure permeability, and
high-pressure porosity, a more refined assessment was conducted.

5.2. Selection of One-Vote Veto Index

According to the comprehensive evaluation of geological conditions for each borehole
and experimental results of in-situ pyrolysis physical properties, the poor geological con-
ditions were mainly reflected in coal seam occurrence conditions (U2), surrounding rock
engineering characteristics (U3), and hydrogeological characteristics (U5).

The in-situ pyrolysis physical parameters that reflected poor suitability included coal
tar yield, high-pressure permeability, and high-pressure porosity. The weak links of the coal
seam occurrence condition (U2) were primarily concentrated in coal-measure parameters,
such as coal thickness (U21), coal thickness variation coefficient (U26), dip angle (U22), and
burial depth (U23). The sub-category geological indicators with poor surrounding rock
conditions (U3) were mainly represented by sub-category indicators, such as roof lithology
(U31) and floor lithology (U32). In the category of hydrogeological conditions (U5), poor
suitability was mainly associated with relative water inflow (U52).

Given the small variation in coal seam dip angle and gentle structural distribution in
the study area, the influence of dip angle on the target optimization was minimal. Therefore,
it was not used as a one-vote veto index. The coal seam structure in the study area was
simple, with 0—4 layers of gangue, a relatively stable medium-thick to thick seam structure,
and was fully recoverable. As a result, the coal seam structure was excluded from the
one-vote veto index. The one-vote veto index was primarily selected based on coal tar
yield, high-pressure permeability, high-pressure porosity, coal thickness, burial depth, coal
thickness variation coefficient, and proximity to large normal faults.

(1) Coal tar yield

Coal with a tar yield over 7% is generally classified as oil-rich coal. Before initiating
in-situ pyrolysis, it is essential to ensure that the target coal seam meets this threshold. A
large number of pyrolysis simulation experiments demonstrated that aliphatic side chains
and weak chemical bonds in coal began to break between 400 and 500 °C, resulting in
peak tar yields ranging from 1.93% to 3.67%. When the temperature exceeded 500 °C,
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the tar underwent secondary cracking into gas, and the tar yield decreased significantly
by approximately 31.8% at 600 °C. Therefore, the in-situ pyrolysis temperature could be
controlled between 400 and 500 °C to optimize both energy consumption and economic
return [35-38]. Accordingly, tar yield below 7% was selected as the one-vote veto index.

(2) Permeability

According to the in-situ pyrolysis simulation experiments and overburden pore perme-
ability tests (Schedule S8), increasing the pyrolysis temperature (for example, up to 600 °C)
initially improved the permeability, reaching 537.6 mD. However, under high pressure
(2200 psi), the permeability drops sharply to 55.2 mD, representing an 89.7% decrease,
indicating that the high-temperature coal exhibited low mechanical strength and increased
stress sensitivity. The experimental results showed that a permeability of at least 10 mD
was required to ensure the effective migration of pyrolysis products under high pressure.
For instance, the permeability of ST400 coal was 25.6 mD at 2200 psi. The low permeability
(less than 10 mD) makes it difficult to inject heat carriers, such as steam or gas, uneven heat
transfer, and reduced reaction efficiency. Therefore, the permeability less than 10 mD was
selected as the one-vote rejection index.

(3) Porosity

In the pyrolysis simulation and overburden porosity—permeability experiments, the
volatile matter in the coal began to decompose and form new pores at 400-500 °C, resulting
in porosity levels of approximately 18.8% (as in TH400 coal). However, when the tempera-
ture reached 600 °C, the semi-coke began to condense and densify, causing the porosity to
increase to 26.4%, while the permeability dropped significantly. Hence, the pore formation
and structural stability should be balanced. Under high pressure, the in-situ porosity must
exceed 15% to ensure sufficient reservoir space. When the porosity fell below 15%, the
storage capacity became inadequate, leading to poor enrichment of pyrolysis products and
limited resource recovery. Therefore, a porosity below 15% was selected as the one-vote
veto index (Schedule S8).

(4) Coal thickness

Thin coal seams with a thickness of less than 1.5 m experienced rapid heat loss and
uneven temperature distribution. For example, the thermal efficiency of a coal seam with a
thickness of 0.8 m can decrease by 40 percent, which could lead to an insufficient pyrolysis
reaction [37]. In contrast, thick coal seams greater than or equal to 1.5 m can form stable
pressure gradients, facilitate the uniform diffusion of heat carriers, and help prevent local
overpressure or low-pressure zones [38]. Therefore, coal seams with a thickness less than
1.5 m were selected as a one-vote veto index.

(5) Buried depth

When the buried depth is greater than or equal to 500 m, the natural geothermal
gradient (typically approximately 3 °C/100 m) can provide a basic heat source in the range
of 45 °C to 60 °C, reducing the external heating energy consumption [39]. In deep coal
seams, the in-situ pressure exceeded 10 MPa, which required matching with high perme-
ability (greater than or equal to 10 mD) to ensure mass transfer and suppress premature
gas release. This behavior aligned with the experimental observations of permeability
reduction under high pressure. Therefore, a buried depth less than 500 m was selected as a
one-vote veto index.

(6) Coefficient of variation of coal thickness

When the coefficient of variation exceeded 15%, the thickness of the coal seam fluctu-
ated significantly, and the local variation potentially reached 30%. This resulted in uneven
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thermal fields, causing overheating in thin zones (leading to tar cracking) and underheating
in thick zones (causing incomplete reactions). Uniform coal seams with a variation coeffi-
cient less than or equal to 15% were more suitable for designing consistent well layouts
and optimizing heating and recovery strategies [40]. Therefore, a coefficient of variation of
coal thickness greater than 15% was selected as a one-vote veto index.

(7) Distance from large normal fault

The in-situ stress conditions near major faults can be complex, and injection during
pyrolysis may activate fault slip. For instance, microseismic risk increases by a factor of five
when the distance to the fault is less than 150 m, which may lead to gas leakage or formation
instability [37]. Additionally, faults may act as conduits for low-temperature water, which
has been measured at approximately 25 °C at a depth of 500 m, thereby disrupting the
thermal balance and reducing the pyrolysis efficiency. Consequently, a distance from large
normal faults less than 200 m was selected as a veto index.

Combined with the above analysis, this study adopted coal tar yield, high-pressure
permeability, high-pressure porosity, coal thickness (U21), buried depth (U23), coal thick-
ness variation coefficient (U26), and distance from fault (U41) as one-vote veto indicators
(Table 9).

Table 9. Indicators of one-vote rejection threshold table.

Scope of Scope of Recom-  The Scope

Type Index Literature Rec-  mendations in Excluded in

ommendations This Article This Paper
. . Coal tar yield (%) >7% [39] >7 <7%
Pyrolysis physical Permeability (mD) >10 >10 <10
conditions Porosity (%) >15 >15 <15
Coal seam thickness (m) 0.8 [40] >1.5[38] <15

Geological or 21.5[38]

condition Depth of embedment (m) >500 [38] >500 <500
Variation coefficient of coal thickness (%) <15 [37] >15 >15
Distance from large normal fault (m) >150 [37] >200 <200

5.3. Pyrolysis Furnace Target Optimization

The coal thickness, coefficient of variation in the coal thickness, and buried depth
of each borehole in the No. 9 coal seam within the study area are presented in Schedule
S2. The distance from the fault to each borehole is listed in Schedule S4, and the distance
from the roof aquifer is shown in Schedule S5. According to the one-vote veto criteria, all
boreholes with coal seams exhibiting any of the following conditions were excluded: buried
depth (U23) less than 500 m, coal thickness (U21) less than 1.5 m, coal thickness variation
coefficient (U26) exceeding 15%, distance from fault (U41) less than 200 m, average tar yield
below 7%, high-pressure permeability less than 10 mD, or high-pressure porosity below
15% in favorable and more favorable areas.

Based on the fuzzy mathematics comprehensive evaluation results and the application
of the one-vote veto screening method, the final pyrolysis furnace target areas identified in
the No. 9 coal seam of the study area were Blocks 1, 2, and 3 (Figure 8).
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Figure 8. Optimization results of the No. 9 coal seam pyrolysis furnace.

6. Conclusions

The main controlling geological factors of the in-situ pyrolysis of oil-rich coal were
analyzed and refined, and geological indices across six categories and nineteen subcate-
gories were established. Based on the AHP and a comprehensive evaluation using fuzzy
mathematics, the weights of geological indices were determined. Combined with the
geological characteristics of the Tiaohu mining area, a feasibility evaluation index system
for in-situ pyrolysis of oil-rich coal was developed. The geological indices in the study
area were quantified, and their corresponding comprehensive weights were calculated.
Three favorable areas for in-situ pyrolysis of oil-rich coal in the Tiaohu mining area of the
Santanghu basin were identified. According to the evaluation results of the 19 geological in-
dicators across six categories, combined with the physical characteristics of coal in the study
area, a one-vote veto index system was established. The system included the thresholds for
a coal seam thickness greater than or equal to 1.5 m, a buried depth greater than or equal
to 500 m, a thickness variation coefficient less than or equal to 15%, a distance from the
fault greater than or equal to 200 m, a tar yield greater than or equal to 7%, a high-pressure
permeability greater than or equal to 10 mD, and a high-pressure porosity greater than or
equal to 15%. Based on this system, three target areas were selected for pyrolysis.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/en18154034/s1, Schedule S1. Data table of coal rock and coal quality
in each borehole of No.9 coal seam in the study area. Schedule S2. The coal seam parameter table
of each borehole in No.9 coal seam in the study area. Schedule S3. The lithology table of roof and
floor of No.9 coal seam in the study area. Schedule S4. The distance table of No.9 coal seam from
fault in the study area. Schedule S5. The relative water inflow table of No.9 coal seam in the study
area. Schedule S6. Table of harmful elements content of raw coal in No.9 coal seam in the study
area. Schedule S7. The favorable situation membership degree of the second-level geological index of
underground pyrolysis of No.9 coal seam in the study area. Schedule S8. The results of the test of the
pressure hole permeability test.

Author Contributions: The conceptualization and methodology were conducted by G.J., S.F. and
X.G.; the investigation and analysis were conducted by S.E,, X.L., W.W.,, T.Z. and C.L.; writing was
conducted by G.J. and X.G.; review and editing by X.L. and W.W. All authors have read and agreed
to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/en18154034/s1
https://www.mdpi.com/article/10.3390/en18154034/s1

Energies 2025, 18, 4034 20 of 21

References

1.  Wang, S.; Shi, Q.; Wang, S.; Shen, Y.; Sun, Q.; Cai, Y. Resource property and exploitation concepts with green and low-carbon of
tar-rich coal as coal-based oil and gas. J. China Coal Soc. 2021, 46, 1365-1377.

2. Wang, S.; Wang, H.; Ren, S.; Dong, S.; Zheng, D.; Tan, K.; Hou, E.; Wang, S.; Qu, Y,; Jiao, X. Potential Analysis and Technical
Conception of Exploitation and Utilization of Tar-Rich Coal in Western China. Strateg. Study CAE 2022, 24, 49-57. [CrossRef]

3. Zhu, Y, Li, C; Cao, H; Wu, L,; Yang, F; Fu, S.; Zhou, ]. Effects of spatial distribution of tar-rich coal and oil shale and primary
factors on product characteristics during microwave co-pyrolysis. Fuel 2025, 385, 134085. [CrossRef]

4. Wang, K.; Guo, L.; Zhai, X; Deng, J.; Li, Y. Hydrogen abstraction reaction mechanism of oil-rich coal spontaneous combustion.
Fuel 2024, 367, 131538. [CrossRef]

5. Chen, M,; Du, Y,; Wang, C.; Hou, Y; Yuan, T.; Chang, L.; Deng, L.; Che, D. Study on thermo-fluid-chemical coupling simulation
and characteristic fields evolution during in-situ pyrolysis of tar-rich coal. Int. . Heat Fluid Flow 2025, 116, 109903. [CrossRef]

6.  Zhang, J. Study on Optimizing Layout of Resource Development Based on Fuzzy Analytic Hierarchy Process. Shandong Land
Resour. 2022, 38, 61-66.

7. Li, M.; Wang, H.; Wang, D.; Shao, Z.; He, S. Risk assessment of gas explosion in coal mines based on fuzzy AHP and bayesian
network. Process Saf. Environ. Prot. 2020, 135, 207-218. [CrossRef]

8.  Paraskevis, N.; Roumpos, C.; Stathopoulos, N.; Aikaterini, A. Spatial analysis and evaluation of a coal deposit by coupling AHP
& GIS techniques. Int. J. Min. Sci. Technol. 2019, 29, 943-953. [CrossRef]

9. Ning, S.; Cao, D.; Zhu, S.; Qiao, J.; Wei, Y.; Deng, X.; Zhang, J.; Li, C. Discussion on comprehensive evaluation technical method of
coal resources. China Min. Mag. 2019, 28, 73-79.

10. Du, J.; Shen, Y,; Li, Y.; Wang, ]J. Comprehensive evaluation of coal resource development and utilization based on integrated
AHP/entropy weight method: Taking Luning Coal Industry Group as an example. China Min. Mag. 2020, 29, 32-37.

11.  Chun, Y;; Zhang, J.; Han, Y. Green development level assessment and obstacle analysis of China’s coal-resource-based regions.
Heliyon 2023, 9, €22495. [CrossRef]

12. Li, H,; Yao, Z; Li, N.; Gao, J.; Xie, Q.; Wang, Q. Occurrence characteristics and resource potential evaluation of tar-rich coal for
No.5-2 coal seam in Shenfu Mining Area. Coal Geol. Explor. 2021, 49, 26-32+41.

13.  Wu, M;; Qin, Y; Li, G.; Shen, ].; Song, X.; Zhu, S.; Han, L. Research progress on influencing factors and evaluation methods of
underground coal gasification. Coal Sci. Technol. 2022, 50, 259-269.

14. Wang, J.; Yang, S.; Wei, W.; Zhang, ].; Song, Z. Drawing mechanisms for top coal in longwall top coal caving (LTCC): A review of
two decades of literature. Int. J. Coal Sci. Technol. 2021, 8, 1171-1196. [CrossRef]

15. Fang, G, Liu, Y,; Liang, X.; Huang, H. Hydrogeological characteristics and mechanism of a water-rich coal seam in the Jurassic
coalfield, northern Shaanxi Province, China. Arab. J. Geosci. 2020, 13, 1088. [CrossRef]

16. Smith, E.K.; Barakat, S.M.; Akande, O.; Ogbaga, C.C.; Okoye, P.U.; Okolie, ]J.A. Subsurface combustion and gasification for
hydrogen production: Reaction mechanism, techno-economic and lifecycle assessment. Chem. Eng. J. 2024, 480, 14809. [CrossRef]

17. Xu, S.; Zhang, P; Cheng, G.; Wu, H. In-situ pyrolysis of tar-rich coal: Effects on geological environments and geological guarantee
technology. Coal Geol. Explor. 2024, 52, 73-84.

18.  Shi, Q.; Geng, X.; Wang, S.; Cai, Y.; Zhao, H.; Ji, R.; Xing, L.; Miao, X. Tar yield prediction of tar-rich coal based on geophysical
logging data: Comparison between semi-supervised and supervised learning. Comput. Geosci. 2025, 196, 105848. [CrossRef]

19. Yu, M.; Gao, G,; Liu, M.; Liang, H.; Kang, J.; Xu, X.; Zhao, X. Sedimentary environment shift and organic matter enrichment
mechanism in response to volcanic ash influence: A case study of the Permian Lucaogou Formation, Santanghu Basin, NW China.
J. Palaeogeogr. 2024, 13, 793-822. [CrossRef]

20. Zhi, D.;Li,],; Yang, E; Chen, X.; Wu, C.; Wang, B.; Zhang, H.; Hu, ].; Jin, J. Whole petroleum system in Jurassic coal measures of

Funding: This research was funded by the “Natural science foundation of xinjiang uygur autonomous
region” project (grant no. 2024D01C16); the “Xinjiang Uygur Autonomous Region key research and
development project” (grant no. 2023B03013); and the “Major Science and Technology Special Project
of Xinjiang Uygur Autonomous Region” (grant no. 2022A03014).

Data Availability Statement: Data can be found in the manuscripts and supporting materials.

Acknowledgments: We are very grateful to all of the editors and reviewers who have helped us to
improve and publish this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

Taibei Sag in Tuha Basin, NW China. Pet. Explor. Dev. 2024, 51, 519-534. [CrossRef]


https://doi.org/10.15302/J-SSCAE-2022.03.006
https://doi.org/10.1016/j.fuel.2024.134085
https://doi.org/10.1016/j.fuel.2024.131538
https://doi.org/10.1016/j.ijheatfluidflow.2025.109903
https://doi.org/10.1016/j.psep.2020.01.003
https://doi.org/10.1016/j.ijmst.2019.04.002
https://doi.org/10.1016/j.heliyon.2023.e22495
https://doi.org/10.1007/s40789-021-00453-1
https://doi.org/10.1007/s12517-020-06056-5
https://doi.org/10.1016/j.cej.2023.148095
https://doi.org/10.1016/j.cageo.2024.105848
https://doi.org/10.1016/j.jop.2024.07.003
https://doi.org/10.1016/S1876-3804(24)60485-4

Energies 2025, 18, 4034 21 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhang, L.W,; Yan, D.T.; Yang, S.G.; Li, B.Q.; Fu, H.].; Wang, G.; Yang, X.R.; Zhang, B.; Liang, W.L.; Zhang, ].F. Evolution of the
Middle Jurassic paleoclimate: Sedimentary evidence from coal-bearing strata in the Santanghu Basin, NW China. . Asian Earth
Sci. 2023, 242, 105495.

Yi, C; Xu, H,; Tang, D.; Chen, Y.; Zhao, T. Geological Evaluation for Underground Coal Gasification and Favorable Area
Optimization in Eastern Junggar Basin. Sci. Technol. Eng. 2020, 20, 3845-3851.

Chen, X.; Zhao, S.; Liu, Z.; Chen, G. Research on evaluation technology system of mid-deep underground coal gasification based
on researchers from China. Heliyon 2024, 10, e33248. [CrossRef]

Jiang, X.; Wu, C. A review: Geological feasibility and technological applicability of underground coal gasification. Coal Geol.
Explor. 2022, 50, 1-12.

Feng, L.; Zhou, S.; Xu, X.; Qin, B. Importance evaluation for influencing factors of underground coal gasification through ex-situ
experiment and analytic hierarchy process. Energy 2022, 261, 125116. [CrossRef]

Li, J.; Zhao, T,; Yang, Q.; Du, S.; Xu, L. A review of quantitative structure-activity relationship: The development and current
status of data sets, molecular descriptors and mathematical models. Chemom. Intell. Lab. Syst. 2025, 256, 105278. [CrossRef]
Zhu, Z.; Wu, Y,; Han, J. A prediction method of coal burst based on analytic hierarchy process and fuzzy comprehensive
evaluation. Front. Earth Sci. 2022, 9, 834958. [CrossRef]

Liu, X,; Liu, H.; Wan, Z.; Pei, H.; Fan, H. The comprehensive evaluation of coordinated coal-water development based on analytic
hierarchy process fuzzy. Earth Sci. Inform. 2021, 14, 311-320. [CrossRef]

Wu, D;; Yang, Z.; Wang, N.; Li, C.; Yang, Y. An integrated multi-criteria decision making model and AHP weighting uncertainty
analysis for sustainability assessment of coal-fired power units. Sustainability 2018, 10, 1700. [CrossRef]

Zhang, P; Ye, Q.; Yu, Y. Research on farmers’ satisfaction with ecological restoration performance in coal mining areas based on
fuzzy comprehensive evaluation. Glob. Ecol. Conserv. 2021, 32, €01934. [CrossRef]

Han, J.; Fang, H.; Yu, Y.; Xu, X.; Wang, C.; Liu, M.; Liu, D. Main problems and countermeasures of underground coal gasification
industrial and technological development. Oil Forum. 2020, 39, 50-59.

Xu, H.; Chen, Y,; Xin, E; Dong, Z.; Yin, Z.; Chen, S.; Wang, Q. Challenges faced by underground coal gasification and technical
countermeasures. Coal Sci. Technol. 2022, 50, 265-274.

Xu, F; Hou, W,; Xiong, X; Xu, B.; Wu, P.; Wang, H.; Feng, K.; Yun, J.; Li, S.; Zhang, L.; et al. The status and development strategy
of coalbed methane industry in China. Pet. Explor. Dev. 2023, 50, 669. [CrossRef]

Lozynskyi, V. Multi-criteria assessment of coal seams suitability for co-gasification using the preference selection index. Heliyon
2025, 11, e43368. [CrossRef]

Killops, S.D.; Mills, N.; Johansen, P.E. Pyrolytic assessment of oil generation and expulsion from a suite of vitrinite-rich New
Zealand coals. Org. Geochem. 2008, 39, 1113-1118. [CrossRef]

Shi, Q.; Zhao, X.; Wang, S.; Zhao, H.; Ji, R; Li, C.; Kou, B.; Zhao, ]. Differences in pyrolysis behavior and volatiles of tar-rich coal
with various origins. Fuel Process. Technol. 2025, 268, 108181. [CrossRef]

Yang, D.; Koukouzas, N.; Green, M.; Sheng, Y. Recent development on underground coal gasification and subsequent CO, storage.
J. Energy Inst. 2016, 89, 469-484. [CrossRef]

Nie¢, M.; Sermet, E.; Checko, J.; Checki, J. Evaluation of coal resources for underground gasification in Poland. Selection of
possible UCG sites. Fuel 2017, 208, 193-202. [CrossRef]

Wang, S.; Shi, Q.; Sun, Q.; Cui, S.; Kou, B.; Qiao, J.; Geng, J.; Zhang, L.; Tian, H.; Jiang, P; et al. Strategic value and scientific
exploration of in-situ pyrolysis of tar-rich coals. Coal Geol. Explor. 2024, 52, 1-13.

Liu, S.; Chang, Z.; Liu, J. Key technologies and prospect for in-situ gasification mining of deep coal resources. J. Min. Sci. Technol.
2021, 6, 261-270.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.heliyon.2024.e33248
https://doi.org/10.1016/j.energy.2022.125116
https://doi.org/10.1016/j.chemolab.2024.105278
https://doi.org/10.3389/feart.2021.834958
https://doi.org/10.1007/s12145-020-00523-z
https://doi.org/10.3390/su10061700
https://doi.org/10.1016/j.gecco.2021.e01934
https://doi.org/10.1016/S1876-3804(23)60427-6
https://doi.org/10.1016/j.heliyon.2025.e43368
https://doi.org/10.1016/j.orggeochem.2008.01.017
https://doi.org/10.1016/j.fuproc.2025.108181
https://doi.org/10.1016/j.joei.2015.05.004
https://doi.org/10.1016/j.fuel.2017.06.087

	Introduction 
	General Geology 
	Evaluation Method 
	Construction of Evaluation Index System 
	Determination of Index Weight 
	Mathematical Evaluation Method of Geological Selection 

	Evaluation of Favorable Area of Target Coal Seam in the Study Area 
	Quantification of Regional Geological Indicators 
	Coal Quality Conditions 
	Coal Seam Occurrence Conditions 
	Surrounding Rock Conditions 
	Closed Condition 
	Hydrogeological Conditions 
	Environmental Geological Conditions 

	Determination of Membership Degree and Weight of Geological Evaluation Index 
	Comprehensive Evaluation 

	Geological Evaluation of In-Situ Pyrolysis Furnace Target Area in a Favorable Area 
	Geological Evaluation of Target Area Optimization of Pyrolysis Furnace 
	Selection of One-Vote Veto Index 
	Pyrolysis Furnace Target Optimization 

	Conclusions 
	References

