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Abstract

Tar-rich coal (with a tar yield > 7%), as a special coal-based oil and gas resource, is of great
significance for ensuring national energy security and promoting the clean conversion of
coal. The selection of suitable geological sites represents a core challenge for the safe and
efficient application of its in situ pyrolysis technology. Focusing on the tar-rich coal seams
in the Santanghu Basin, this study constructed a comprehensive geological evaluation
system for site selection by integrating numerical simulation, data mining, and laboratory
experiments. The Analytic Hierarchy Process (AHP) and a fuzzy comprehensive evaluation
method were employed to achieve a quantitative assessment and identify favorable areas
within the study region. The results indicate that resource scale, coal seam conditions, and
the properties of the roof and floor strata are the key controlling factors. One optimally
comprehensive Class I favorable area (Tiao IV block) was successfully identified. This block
exhibits a large resource scale, favorable coal seam conditions, a high tar yield, excellent
geological sealing, and superior engineering compatibility, making it the recommended
priority target for pilot testing. The evaluation system developed in this study can provide
a theoretical basis and technical reference for the geological site selection of in situ pyrolysis
of tar-rich coal in similar mining areas and advance its industrialization.

Keywords: in situ pyrolysis of coal; tar-rich coal; prospective area; evaluation of geological
conditions; Sangtanghu basin

1. Introduction

China is the world’s largest carbon emitter and energy importer. In 2024, its external
dependence on crude oil and natural gas reached 71.9% and 43.6%, respectively. Driven by
the dual imperatives of achieving the “Dual Carbon” goals (namely, carbon peak and carbon
neutrality) and ensuring national energy security, in situ coal pyrolysis, as a new type
of unconventional development technology for artificial oil and gas reservoirs, provides
new ideas for the low-carbon development of fossil energy and the increase in oil and
gas production in China. The technical concept of in situ coal pyrolysis was initially
proposed by Shell USA, and in 2004, it obtained the authorization of a U.S. invention
patent titled “In Situ Thermal Processing of Coal for Producing Hydrocarbon Liquids and
Gases” [1]. Between 2004 and 2014, the University of Utah conducted a research project on
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Underground Coal Thermal Treatment (UCTT), funded by the U.S. Department of Energy,
with the project number DENT(0005015. During this project, three sets of experimental
apparatuses for coal pyrolysis were developed. Experiments were performed on coal
samples of varying sizes, with the largest block measuring 15 cm in length. Additionally,
numerical simulations were employed to investigate heat and mass transfer mechanisms
within full-scale coal seams. ZHANG et al. [2] emphasized that fundamental research
should focus on the pyrolysis of lump coal under in situ stress constraints and master the
evolution of pore-fracture structures and the characteristics of heat and mass transfer of
lump coal under authentic geological conditions. KELLY et al. [3] pointed out that the
greenhouse gas emissions from in situ coal pyrolysis fall within the range of those from in
situ oil shale conversion, and its net energy return ratio lies within the range of oil sands
(approximately 2.8) and oil shale (ranging from 0.48 to 2.60). They further identified key
parameters governing the technical and economic feasibility of the process, including oil
and gas yields, heating temperature, the number of heating wells, and the moisture content
of the coal seam [4].

Tar-rich coal is a special type of coal resource characterized by a tar yield (Tar, d)
ranging between 7% and 12%. Coal with a tar yield exceeding 12% is classified as high-tar
coal [5]. This resource possesses a composite nature of coal, oil, and gas attributes, making
it a significant unconventional energy resource [6]. In recent years, China has achieved
a groundbreaking advancement in this field, marked by the successful extraction of in
situ coal tar from the pilot test of in situ pyrolysis of tar-rich coal in Northern Shaanxi.
This milestone signifies a critical transition of the technology from theoretical research to
practical application. The eastern basins of Xinjiang in China host substantial tar-rich coal
resources, with proven reserves exceeding 550 billion tons. Notably, the Santanghu Basin
is exceptionally rich in tar-rich coal, exhibiting significant potential for in situ pyrolysis
development of mid-deep tar-rich coal resources. This basin is characterized by simple
geological structures and high coal tar yields, making it highly promising for in situ
pyrolysis to produce coal tar. The in situ pyrolysis technology of tar-rich coal provides a
new path for alleviating the shortage of oil and gas resources in China. However, the large-
scale application of this technology still faces many challenges, among which geological
site selection is a key link. The geological conditions in different regions are complex
and diverse, exerting a significant influence on heat transfer, hydrocarbon generation and
migration, as well as the stability of the subsurface system during the in situ pyrolysis
process. Inappropriate geological site selection may lead to problems such as low heating
efficiency, low oil and gas production, and increased engineering safety risk. Macroscopic
geological processes govern the characteristics of coal reservoir pore structures, thereby
influencing the efficiency of in situ pyrolysis of tar-rich coal [7,8]. Therefore, establishing a
scientific and reasonable geological site selection indicator system for in situ pyrolysis of
tar-rich coal is of great significance for identifying favorable areas and ensuring the safe
and efficient implementation of this technology.

Currently, research on geological site selection for in situ pyrolysis of tar-rich coal
remains relatively underdeveloped, and a comprehensive evaluation indicator system
has yet to be established. In particular, studies focusing on the optimization of favorable
target areas in potential regions such as the Santanghu Basin are nearly absent. From the
perspective of resource attributes, tar-rich coal fundamentally falls within the category
of coal resources [9]. Consequently, its evaluation methodology can be integrated into
the conventional coal resource assessment system. To achieve a more geologically realis-
tic grading and evaluation of reservoirs, scholars domestically and internationally have
developed various evaluation methods [10-15]. These methods have evolved from early
qualitative analyses to quantitative evaluations based on data mining technologies. The
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factors considered have become increasingly comprehensive, and the evaluation results
have tended to be more accurate and refined. In reservoir evaluation, data mining methods
have gained extensive application. The grey correlation method transforms the evaluation
process into a systematic mathematical calculation, enabling quantitative evaluation of
reservoirs. However, its analysis of reservoir genesis and controlling factors is sometimes
insufficient, which may lead to deviations in the evaluation conclusions. The Analytic
Hierarchy Process (AHP) decomposes complex problems into multiple components using
relatively simple mathematical tools [16,17], analyzes the relationships between various
factors, and determines their relative weights. It is suitable for structuring and hierarchizing
intricate evaluation systems. Furthermore, commonly employed methodologies include
artificial neural networks [18,19], cluster analysis [20,21], and fuzzy mathematics [22-24].
Among them, the fuzzy mathematics method can effectively handle the uncertainty and
fuzziness in hydrocarbon-bearing potential evaluation and improve the objectivity of the
evaluation results. The aforementioned methods have collectively driven the transforma-
tion of reservoir evaluation from traditional qualitative analysis toward a quantitative and
systematic direction. Compared with traditional qualitative analysis and planar overlay
map technology, these methods exhibit distinct advantages in terms of scientific rigor
and accuracy.

This study takes the tar-rich coal of the Badaowan Formation in the Santanghu Basin,
Xinjiang, as the research subject. By comprehensively considering its resource enrichment
characteristics and development feasibility, a geological site selection indicator system is
constructed, which includes 8 first-level indicators (resource scale, coal seam conditions,
coal petrology and quality, process performance, structural conditions, hydrogeological
conditions, roof and floor conditions, and surface conditions) and 16 s-level indicators. By
integrating numerical simulation with core experimental data, the quantitative grading
thresholds of key parameters have been established. Based on this foundation, a fuzzy
mathematics method is introduced to establish an evaluation model for the geological site
selection of in situ tar-rich coal pyrolysis. This model is applied to optimize favorable
target areas for in situ development of tar-rich coal in the PetroChina mining areas of the
Santanghu Basin, Xinjiang, aiming to provide a scientific basis for the selection of target
areas for in situ pyrolysis of tar-rich coal and support its safe and efficient development.

2. Geological Background
2.1. Regional Geological Setting

The Santanghu Basin is an elongated and irregular intermountain basin, trending
NW-SE. It is adjacent to the Junggar Basin to the west and faces the Turpan-Hami Basin
across mountains to the south [25]. The basin is surrounded by mountains, bounded by
the Maiquen Wula Mountain to the north and the Suhait Mountain to the south [26]. It
extends approximately 500 km from Jiangkuduke in the west to Xiamaya Township in
the east, with a width ranging from 40 to 70 km, covering a total area of approximately
23,000 km?. The Santanghu Basin exhibits a structural framework characterized by N-S
zoning and E-W blocking. The first-order tectonic units can be categorized into a thrust-
uplift belt in the north, a central depression belt, and a thrust-nappe belt in the south. The
central depression belt of the basin can be subdivided into nine secondary tectonic units,
comprising five sags—Hanshuiquan, Tiaohu, Malang, Naomaohu, and Suluke—and four
uplifts—Shitoumei, Xixiagou, Fangfangliang, and Weibei—as shown in Figure 1.
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Figure 1. Simplified map of the structural framework and composite stratigraphic column of the
Jurassic System in the Santanghu Basin.

2.2. Stratigraphic Characteristics

The stratigraphy in the Santanghu Basin is relatively well-developed, with the Car-
boniferous System, Permian System, Triassic System, Jurassic System, Cretaceous System,
and Cenozoic Erathem exposed in ascending order from bottom to top [27]. The coal-
bearing strata in the Santanghu Basin comprise the Xishanyao Formation of the Middle
Jurassic Series and the Badaowan Formation of the Lower Jurassic Series. Among them, the
Xishanyao Formation contains 1 to 22 coal seams, while the Badaowan Formation contains
1 to 12 coal seams [28]. The coal seams in the Xishanyao Formation are characterized
by the prevalence of multiple thin seams and individual thick seams, with a cumulative
thickness ranging from 14 to 38.5 m. The coal seams of the Badaowan Formation are
primarily distributed in the northern and eastern parts of the study area. These seams are
characterized by the predominance of multiple thin layers and individual, extremely thick
layers, with single-layer thicknesses ranging from 1 to 31 m and cumulative thicknesses
varying between 4 and 34 m. The No. 1 coal seam serves as the primary mineable seam,
characterized by a simple structure. It is classified as an extremely thick coal seam, with
an average thickness exceeding 20 m and a maximum recorded thickness of 31 m. The
tar yield of coal samples from the primary seam of the Badaowan Formation ranges from
2.12% to 23.70%, with an average value of 11.48%, indicating that the coal is generally
classified as tar-rich coal [29]. In terms of potential hazards, in situ underground pyrolysis
technology significantly differs from traditional surface mining. It establishes injection and
production channels through drilling, eliminating the need for large-scale excavation or un-
derground personnel operations. This fundamentally avoids common underground safety
risks associated with traditional mining, such as rockbursts and coal and gas outbursts.

3. Methods
3.1. Laboratory Experiments

Systematic tests of vitrinite reflectance, proximate analysis, tar yield, and caking index
were conducted on coal rock samples from 4 cored wells in the Badawan Formation of the
Santanghu Basin, Xinjiang. All experiments were carried out in strict compliance with the
National Standards of the People’s Republic of China (GB/T).

3.1.1. Vitrinite Reflectance of Coal

Vitrinite reflectance measurements were conducted in accordance with the Chinese
National Standard GB/T 6948-2008 [30]. Utilizing a coupled polarizing microscope and
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photometer system, this instrument is made in Germany and its model is MSP200 (Figure 2),
under an oil immersion objective lens (A = 546 nm), no fewer than 50 random measurements
were tested on vitrinite particles in the pulverized coal polished section. The average value
of the reflectance was taken as the basis for coal rank evaluation to reflect the degree of
coalification and thermal evolution history [31].

Figure 2. Vitrinite reflectance testing device.

3.1.2. Proximate Analysis of Coal

The proximate analysis of the coal samples was conducted in accordance with the
Chinese National Standard GB/T 212-2008 [32]. The moisture content (by mass loss after
drying at 105-110 °C), ash conducted (by mass of residue after combustion at 815 °C),
volatile matter (by mass loss after pyrolysis in the absence of air at 900 °C), and fixed carbon
(calculated by the difference method) of coal samples were determined sequentially. This
provides a quantitative characterization of the industrial composition and combustion-
related properties of the coal [33].

3.1.3. Tar Yield of Coal

The tar yield was determined by a low-temperature pyrolysis test conducted in accor-
dance with the Chinese National Standard GB/T 480-2000 [34]. The experimental equipment
is a Gekin dry distillation furnace, model GJ-6, and it is produced in China (Figure 3). The
procedure involved heating a coal sample sealed within an aluminum retort to a final temper-
ature of 510 °C following a specific temperature program. The tar vapors generated during
thermal decomposition were condensed and collected, and the tar yield was calculated as the
mass percentage of the collected tar relative to the dry basis coal sample. This metric serves as
a key indicator for evaluating the oil and gas potential of tar-rich coal [35].

Figure 3. Gejin low-temperature dry distillation furnace.
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3.1.4. Caking Index of Coal

The caking index (G index) was determined in accordance with the Chinese National
Standard GB/T 5447-2014 [36]. The experimental setup is a bonding index tester, model
NJ-2, and the place of origin is China. This method involves heating a mixture of the coal
sample and a specific anthracite in a specified ratio to form a coke lump, which is then
subjected to a drum strength test. The G value is calculated based on the mass of the
residue retained on the sieve after the test, serving as a key metric for evaluating the caking
capacity and coking property of the coal [37].

3.2. Numerical Modeling of In Situ Pyrolysis for Tar-Rich Coal

Currently, software commonly used for simulating pyrolysis includes CMG Stars
(2020 Version) based on the finite difference algorithm and ANSYS Fluent (2020 R1 Version)
based on the finite volume algorithm [38]. In this study, COMSOL Multiphysics (6.2 Ver-
sion) based on the finite element algorithm was applied to conduct numerical simulation
research on in situ pyrolysis of tar-rich coal [39,40]. To establish a thermo-hydro-mechanical
multiphysics coupling model for the in situ pyrolysis of tar-rich coal, the following funda-
mental assumptions were adopted in this study. () Component and Phase Assumptions.
Pyrolysis yields semi-coke, coal gas, moisture, and tar. Coal and semi-coke are treated as
solid phases; coal gas and tar are modeled as ideal gases. 2 Porous Medium Structure
and Component Transformation. The initial moist coal unit comprises moisture, inert coal
ash, and a non-porous dry coal matrix, with pores saturated by liquid water. Liquid water
evaporates above boiling point; dry coal pyrolyzes into semi-coke at pyrolysis temperature.
Post-pyrolysis, only semi-coke and ash remain. 3) Thermal Equilibrium Assumption. In-
stantaneous thermal equilibrium is assumed between fluids and solids, ensuring uniform
temperature across phases at any location. (® Flow Simplification Assumption. Fluid
flow is treated as single-phase; gravitational and buoyancy effects on gases are neglected.
(® Mechanical and Porosity Change Assumptions. Thermal expansion and cracking are
ignored; chemical reactions are considered the primary driver of porosity changes. Coal
permeability is assumed isotropic. These assumptions enable a tractable yet physically
representative framework for simulating coupled THM processes during in situ pyrolysis.

3.2.1. Mass Conservation Equation

The transport of tar and coal gas within the coal seam is governed by a combination of
convective flow and diffusion. Accordingly, the mass balance equation for the gas phase is
expressed as [41,42]

A(¢Cy) Cyk o
5 —V-(V—gVPg)—V~(D1gVC‘g) =S 1p 1)

where t is the time (s), @ is the porosity of the coal, k is the permeability (m?), jig is the
dynamic viscosity of the gas (Pa's), and Pj is the gas pressure (Pa). C'y is the molar
concentration of the i-th component at time t (mol/m?), Dl is the effective diffusion
coefficient of the i-th component (m?/s), S; is the stoichiometric coefficient for the i-th
component, and rp, is the pyrolysis reaction rate (s~ 1).

During the pyrolysis process, the molar concentrations of coal and semi-coke vary
dynamically. The mass conservation equation for the solid phase is expressed as

{ % = _(1 —¢o — ¢a)scoal7’p @)

aC
% = (1 - QDO - Qba)scharrp
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where &y and @, are the volume fractions of moisture and coal ash in the moist coal,
respectively (%); Ceoal and Cgpnyr are the molar concentrations of coal and semi-coke at
time ¢, respectively (mol/m?); S, and Sg,,, are the stoichiometric coefficients of coal
and semi-coke in the pyrolysis reaction equation, respectively; x,, and x,g4, are the mass
fractions of moisture and coal ash, respectively (%). pw and p.qa are the densities of water
and moist coal, respectively (kg/m?).

3.2.2. Energy Conservation Equation

The energy conservation equation, considering heat conduction, heat convection, and
the enthalpy change in pyrolysis reactions, is given by [42,43]
9[(1—¢)CovsT +¢CqrgT]  Cgrgk

- VP, VT — V- [[(1—¢)As + pAg|VT] = AH -1, (4)
ot Hg

where T is the temperature (K); Cs and Cg are the comprehensive molar concentrations of
the solid and gas phases, respectively (mol/m?); s and 1y, represent the comprehensive
molar heat capacities of the solid and gas phases, respectively (J/mol-K); As and A are the
thermal conductivities of the solid and gas phases, respectively (W/m-K); and AH is the
enthalpy change in the pyrolysis reaction (kJ/mol).

3.2.3. Governing Equations for Deformation

The governing equation for deformation, which incorporates both thermal stress and
effective stress, is formulated as follows [44]:

Gui,jj + — OéTKT,i — uch + f,j =0 (5)

1— 20"
where G is the shear modulus of the coal (GPa); v is Poisson’s ratio; at is the thermal
expansion coefficient of the coal (1/K); K is the bulk modulus; « is the Biot coefficient; and
f i represents the component of the body force vector.

3.2.4. Physical Property Models of Coal
1.  Porosity and Permeability

The release of moisture and volatiles during pyrolysis creates additional pore space.
The pore system continuously evolves through nucleation, expansion, and interconnection,
leading to significant alterations in the coal’s microstructure. Consequently, both the
porosity and permeability of coal are markedly enhanced during the pyrolysis process. The
porosity can be calculated using the following formula [43,45]:

0= 91— g0 — )1 — =) 10 ©
coal0
where @y and @ are the initial porosity and current porosity of coal, respectively (%); @ is
the inherent porosity of semi-coke (%); x,sh is the mass fraction of ash in coal (%); pcoal is the
apparent density of coal (kg/m3); and Ccoaig and Ceoy are the initial molar concentration
and current molar concentration of coal, respectively (mol/m?).
The permeability of coal is calculated using a semi-empirical formula [45]:

2oy %

k = ko explkmu(3— %
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where kj is the initial permeability of the coal (mD) and ky,, is a multiplication factor,
which is typically assigned a value between 4 and 10.

2. Thermophysical Parameters

The thermophysical parameters of coal are crucial for heat transfer simulation, and
their accuracy directly affects the reliability of the simulation results. This study reviewed
and analyzed the relevant achievements published by predecessors, and established the
variation laws of thermophysical parameters of coal and mudstone with temperature. The
empirical formulas are as follows [46]:

As/ Ao = 0.3422¢7 51 + 0.1806
Ys/vs0 = 2.696 — 1+6(T—2(}1SZ§8)/36A1994 (8)

s/ = 1.2645¢ i35 — 0.1542

Aem/ Asmo = 0.3335¢769785 + 0.7180

Ysm/ Ysmo = 0.4652 + 1 +e(T—2(2;b6.gf52()§)/93,7767 )
T

Kem / Bgmo = —6.9803e%821928 + 7.3418

where Cs and Cy) represent the specific heat capacity of coal at temperature T and room
temperature, respectively (J/(kg-K)); Csm and Cgpg are the specific heat capacity of mud-
stone at temperature T and room temperature, respectively (J/(kg-K)); As and Agp represent
the thermal conductivities of the coal at temperature T and at ambient temperature, respec-
tively (W/(m-K)); Asc and Agqg are the thermal conductivity of mudstone at temperature
T and room temperature, respectively, in W/(m-°C); as and ay signify the coefficient of
thermal expansion of coal at temperature T and room temperature, respectively in 1/°C;
&sm and agy are the coefficient of thermal expansion of mudstone at temperature T and
room temperature, respectively, in 1/°C; and T is the test temperature (°C).

3.3. Geological Target Selection Evaluation
3.3.1. Evaluative Parameter Analysis

In situ coal pyrolysis refers to the establishment of heat injection and product extraction
channels in underground coal seams, enabling coal to undergo in situ pyrolysis reactions.
This process generates liquid hydrocarbons (tar and water) and gaseous hydrocarbons
(primarily composed of CH4 and Hy), while retaining the carbon elements in coal in the
form of semi-coke underground. Through the mechanism of “hydrogen extraction and
carbon retention” (with carbon retained as semi-coke and CQO,), the clean conversion of
coal resources is achieved (Figure 4). Geological site selection is a critical link in the in
situ pyrolysis of tar-rich coal. Specifically, the evaluation parameters for the geological site
selection of in situ coal pyrolysis are mainly proposed in terms of two dimensions: resource
abundance and technical feasibility.

1. Resource Scale

Coal reserves determine the operation time and production scale of in situ pyrolysis of
tar-rich coal, which in turn affects economic benefits. The accuracy of resource evaluation
is associated with the degree of exploration: the higher the degree of exploration and the
more detailed the well data and 3D seismic data, the more favorable it is for site selection.
Based on a literature review, it is considered that the coal resource scale should be greater
than 100 million tons (calculated based on a favorable area of 10 square kilometers). As
shown in Table 1, the coal resources of the Badaowan Formation in the Santanghu Basin
are significantly higher than the 100 million-ton standard, providing a very good resource
basis for tar-rich coal.
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Figure 4. In situ pyrolysis of oil-rich coal: schematic diagram.

Table 1. Coal Resource Volume of the Badaowan Formation in the Santanghu Basin.

. Area Thickness  Dip Angle Density Resource
Basin Block Type (km?) (m) ©) (g/cm®) (x10° 1)
Steep Slope Zone with 109 8.5 55 1.35 12.51
Hanshuiquan Moderate Oil 161 9.6 35 1.34 20.71
Gentle Slope Zone with 243 6.8 11 1.35 22.31
Moderate Oil 527 10.2 12 1.34 72.03
Gentle Slope Zone with
Santanghu Handong Moderate Oil 321 13.2 14 1.35 57.20
basin
. 71 21.2 8 1.31 19.72
Forward StIfI‘;C?(r;II Zonewith  5q 18.6 10 135 64.78
& 363 18.3 10 1.32 87.69
Tiaohu Negative Structural Zone
with High Oil 66 12.3 6 1.36 11.04
Gentle Incline Zone with
Moderate Oil 192 11.5 15 1.35 29.81
Total area 2311 Total resource volume 397.80

2. Coal Seam Conditions
1 Burial Depth of Coal Seams

Coal seam depth exhibits a positive correlation with engineering implementation
difficulty, and its reasonable range is crucial for the safe and efficient implementation of
the in situ pyrolysis technology of tar-rich coal. Regarding the lower limit of the burial
depth of tar-rich coal seams, if the burial depth is too shallow, the overlying strata tend to
collapse under stress and form a fracture zone, which may directly connect to the ground
surface and cause leakage of pyrolysis products. Meanwhile, to avoid spatial conflicts with
shallow coal mining (the depth of conventional coal mining is mostly less than 500 m) and
prevent damage to the pyrolysis zone by shallow groundwater, the burial depth of coal
seams should be controlled >800 m.

Currently, there is no unified standard for the upper limit of the burial depth of tar-
rich coal seams. However, directly restricted by the technical parameters of downhole
electric heaters, the burial depth in practical engineering needs to be <2000 m. As shown
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in Figure 5, the high-power, high-temperature electric heater is developed by PetroChina
Baoji Petroleum Steel Pipe Co., Ltd. in October 2023. The total length of the electric heater
is 2500 m (with an effective heating section length of 500 m), which can achieve a heating
temperature of 650 °C at a total power of 1000 kW (with a linear power of 2 kW). It features
high temperature and high pressure resistance, and has a safe operation life of more than
5 years. These technical parameters determine that the upper limit of coal seam burial
depth should not exceed 2000 m; otherwise, it will be difficult to meet the requirements of
efficient heating and engineering safety.

Figure 5. Schematic Diagram of the Heating Cable.

(2)  Thickness of Coal Seams

At present, no quantitative conclusions exist on the influence of coal seam thickness on
the in situ pyrolysis of tar-rich coal; however, the negative impacts caused by insufficient
thickness have been clearly verified. When the coal seam is relatively thin, it not only limits
the coal-controlling volume (resulting in a shortened production cycle) but also intensifies
the ineffective heat loss to the roof and floor strata due to the short heat conduction path.
Thus, defining a minimum coal seam thickness standard is necessary.

This study analyzed the minimum coal seam thickness limit via numerical simulation.
A 2D model (50 m x 50 m) was established using COMSOL Multiphysics, with a heat
source placed in the middle of the coal seam for heating (parameters in Table 2). As
shown in Figure 6, the coal seam was assumed homogeneous, with uniform heat source
temperature diffusion. After heating, if the coal seam boundary temperature exceeded the
effective pyrolysis temperature of tar-rich coal (300 °C), excess heat would dissipate to the
roof/floor, causing energy waste. Therefore, the core criterion was “coal seam thickness
must cover the 300 °C effective pyrolysis range” (to maximize thermal utilization and
minimize heat loss). Based on simulation parameters for the electric heater’s maximum
5-year service life, results showed that after 5 years of operation, the coal seam thickness
corresponding to the 300 °C pyrolysis temperature line was 5 m (Figure 7). Accordingly,
to ensure full coverage of the coal seam’s effective pyrolysis area throughout the heating
cycle, the minimum coal seam thickness for tar-rich coal in situ pyrolysis is recommended
tobe >5 m.
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Table 2. Numerical Simulation Parameters of 2D Model.

Physical Parameter Value Data Source

Coal Density /kg/ m3 1400 [47]

Thermal Conductivity of Coal/W /(m-K) 0.3 [48]

Specific Heat Capacity of Coal /] (kg-K) 1200 [48]

Mudstone Density/kg/ m3 2500 [49]

Thermal Conductivity of Mudstone/W /(m-K) 15 [48]

Specific Heat Capacity of Mudstone/J (kg-K) 900 [48]
Specific Heat Capacity of Fluid /] (kg-K) 1039 NIST Chemistry WebBook
Gas Density/kg/m? 1.25 NIST Chemistry WebBook
Thermal Conductivity of Gas/W/(m-K) 0.024 NIST Chemistry WebBook
Gas Viscosity /Pa-s 1.60 x 107° NIST Chemistry WebBook

Coal seam roof

Coal seam Heating Range

of Single Well

Coal seam floor

Figure 6. 2D Model Side View.
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Figure 7. Under Different Coal Seam Thicknesses: Heating Boundary Temperature Variation
with Time.

(3) Dip Angle of Coal Seams

Theoretically, under the condition that other factors remain the same, an increase in the
dip angle of the coal seam will lead to a corresponding rise in the resultant force acting on
pyrolysis products along the wellbore direction, which is beneficial for enhancing tar yield.
However, research on the tar output under different coal seam dip angles via numerical
simulation has yielded slightly different results. A 2D numerical model (Figure 8) was
established using COMSOL software (6.2 version), with a length of 500 m and a width of
40 m. For this model, the horizontal well had a diameter of 0.1 m and a length of 500 m;
additionally, the heating temperature was set as a constant value of 650 °C, the simulation
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duration was 6 years, the burial depth of the coal seam was 1000 m, the pore pressure
was set to 10 MPa, and the bottom-hole flowing pressure was defined as 1 MPa. The
horizontal wellbore is approximated as a channel with high permeability. Assuming the
flow behavior follows Darcy’s Law, the permeability of the wellbore is set to 500,000 times
that of the coal seam, and the porosity of the wellbore is set to 0.99. Other relevant numerical
simulation parameters are shown in Table 3. The numerical simulation results of this study
(Figures 9 and 10) show that when the coal seam dip angle exceeds 20°, the growth rate of
tar yield exhibits a significant attenuation trend; meanwhile, an increase in the dip angle
also leads to a rise in the construction difficulty of directional drilling, which increases
the complexity and cost of project implementation. Comprehensively considering tar
production efficiency and engineering feasibility, it is recommended that the coal seam dip
angle for the in situ pyrolysis of tar-rich coal should be controlled within 30°.

500m

Wellbore 0.Im 4

Figure 8. Front View of the 2D Tar-Rich Coal In Situ Pyrolysis Model.

Table 3. Numerical Simulation Parameters.

Physical Parameter Value Data Source
Coal Seam Permeability /m? 1.00 x 10~15 [50]
Coal Seam Porosity 0.05 [51]
Wellbore Permeability / m?2 5.00 x 10710
Wellbore Porosity 0.99
Universal Gas Constant J/mol/K 8.314 [52]
Pre-exponential Factor of Pyrolysis Reaction/s ! 6.91 [52]
Activation Energy of Pyrolysis Reaction/kJ/mol 72.35 [52]
Initial Coal Concentration/mol/m3 9407.3 [52]
Initial Temperature of Coal Seam/K 300 [40]
High-Temperature Nitrogen Temperature/K 923 [40]
Time=1095d  Concentration(mol/m?) Time=1095d  Concentration(mol/m?)

A 6.69x107 300] A 6.79x10°
x10° x10°

vo 150 vo

(a)10° Dip Angle (b)20° Dip Angle

Time=1095d  Concentration(mol/m?) Time=1095d Concentration(mol/m?)

A 6.83x10° 3s0f A 6.88x10°
x10° x10°

° 20| 0

(c)30° Dip Angle ’ (d)40° Dip Angle ’
Figure 9. Tar Concentration Field Distribution of In Situ Pyrolysis of Tar-rich coal at Different Dip
Angles (with higher positions connected to production wells and lower positions connected to heat
injection wells).
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Figure 10. Tar Yield Variation in In Situ Pyrolysis of Tar-rich coal at Different Dip Angles (with
pressure difference = 1 kPa).

3. Coal Quality
1) Coal Rank

From the perspective of the molecular structural characteristics of coal (Figure 11),
during the in situ pyrolysis of tar-rich coal, the formation of oil, gas, and semi-coke
tar-rich coal lies in the cleavage of unstable chemical bonds (including bridge bonds
between aromatic clusters, aliphatic side chains, small aliphatic molecular phases, and
aromatic heteroatoms) and the formation of free radical fragments. During this process, the
degree of coal metamorphism has a significant impact on the molecular structure: for coal
types with high metamorphism degrees (such as bituminous coal and anthracite), their
molecular structure is dominated by tightly connected aromatic rings, and the proportion
of easily cleavable small-molecule compounds (e.g., aliphatic side chains) is low. This
makes it difficult for them to generate a large amount of oil and gas through chemical bond
cleavage during pyrolysis, which is not conducive to oil and gas production from in situ
pyrolysis [53].

Medium-Grade Perfect Hexagonal Crystal Structure
Metamorphism
(Medium-Rank Coal)

oH o, Graphite
v % J
H

CH: 0
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. & High-Volatil
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Low-Grade Metamorphism
(Low-Rank Coal)

CHOH

—CH O ‘ {\/H/ Y
COOH
O‘ . ;\ / ~ Anthracite
Lignite Low-Volatile \/I NS

Bituminous Coal

Figure 11. Schematic Diagram of the Influence of Coal Metamorphism Degree on Coal Structure.

(2)  Moisture Content

A certain amount of moisture exists naturally in raw coal. Since moisture evaporation
is an endothermic reaction, it consumes a large amount of thermal energy. If the moisture
content of coal is excessively high, it will directly lead to a decrease in heating efficiency
and difficulty in reaching the ideal pyrolysis temperature, which in turn impairs the oil and
gas production efficiency of in situ pyrolysis. According to China National Coal Industry
Standard “MT/T 850-2000 Classification of Total Moisture in Coal” (Table 4), the in situ
pyrolysis of tar-rich coal should prioritize the use of low-moisture coal types, i.e., the total
moisture content must be controlled below 12%. This measure aims to reduce ineffective
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heat loss and ensure the thermal efficiency of the carbonization process as well as the
product conversion rate.

Table 4. Classification of Total Moisture in Coal.

Item Level Name Classification Range/Mt,%
1 Specially low moisture coal <6.0
2 Low moisture coal >6.0~8.0
3 Medium moisture coal >8.0~12.0
4 Medium high moisture coal >12.0~20.0
5 High moisture coal >20.0~40.0
6 Specially high moisture coal >40.0

4.  Process Properties of Coal
1) Tar yield

According to the definition in “Handbook of Industrial Requirements for Mineral
Resources” (2014 Revised Edition), coal with a tar yield greater than 7% is classified as
tar-rich coal, and coal with a tar yield greater than 12% as high-tar coal. Tar yield is the core
indicator for measuring the development value of in situ pyrolysis of tar-rich coal. Only
when the tar yield of coal is >7% does it possess the basic properties of tar-rich coal and
the material basis for in situ pyrolysis development.

(2) Caking Index

The caking property of coal poses a key technical challenge faced in the in situ pyrolysis
of tar-rich coal, particularly in the processes of horizontal drilling and artificial fracturing.
This challenge is mainly reflected in terms of four aspects:(DAfter the coal seam is heated, the
plastic mass generated by coal melting tends to flow into fissures and boreholes under the
action of gravity. When it cools and solidifies, it directly blocks the channels. If the plastic mass
has poor gas permeability, its expansion process will further exacerbate channel blockage,
impeding the continuous injection of heat-carrying medium and the extraction of products.
@The liquid-phase plastic mass solidifies under the action of surface tension, forming a
continuous “honeycomb-like” semi-coke layer on the coal seam surface. Although this layer
contains abundant macropores internally, its poor pore connectivity significantly reduces the
permeability of the semi-coke layer, making it difficult for pyrolytic volatiles to escape.(®
Excessive caking property leads to an increased proportion of heavy components in pyrolytic
tar, which not only raises the difficulty of extraction but also tends to cause secondary blockage
of channels after the condensation of these heavy components.(®The thermal conductivity of
the “honeycomb-like” semi-coke layer is significantly reduced, which impedes the transfer of
heat to the interior of the coal seam. This results in a reduction in the effective heating area,
directly increasing process energy consumption.

According to the China National Coal Industry Standard “MT/T 596-2008 Classifica-
tion of Coal Caking Index” (Table 5), the in situ pyrolysis of tar-rich coal should prioritize
the use of non-caking coal, i.e., coal with a caking index (G) < 5, to avoid the aforemen-
tioned technical risks.

Table 5. Grading Table of Caking Index for Bituminous Coal.

Item Level Name Caking Index/%
1 Non-caking Coal <5
2 Slightly Caking Coal >5~20
3 Weakly Caking coal >20~50
4 Medium Caking Coal >50~80
5 Strongly Caking Coal >80
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5.  Tectonic Conditions

) Fracture Structures

The nature, displacement, and spatial distribution characteristics of faults have a
significant impact on the drilling engineering design and the preservation of pyrolysis
products during the in situ pyrolysis of tar-rich coal. On the one hand, they increase
the complexity of well trajectory design; on the other hand, they may serve as leakage
pathways for pyrolytic oil and gas, leading to product loss. Therefore, for the site selection
of in situ pyrolysis of tar-rich coal, it is necessary to prioritize avoiding complex structural
areas with developed faults and select areas with relatively simple geological structures.
Specifically, the target coal seam should not contain faults with a fracture distance greater
than half of the average thickness of the coal seam, and the distance from the faults
should be between 50 and 150 m. This study more conservatively chose to maintain a safe
distance of more than 200 m. This ensures that no connection is established with faults and
their associated fracture zones during the mining process, guaranteeing the sealing of the
pyrolysis system [54].

(2)  Fold Structures

As shown in Figure 12, geological structures such as coal seam splitting and fold
structures directly damage the continuity and integrity of coal seams. Such structures
not only interfere with the layout design of production modules for the in situ pyrolysis
of tar-rich coal, resulting in increased difficulty in engineering arrangement, but also
significantly increase the complexity of trajectory control during directional drilling. This is
not conducive to the accurate implementation of drilling operations and exerts an adverse
impact on the efficient implementation of in situ pyrolysis technology [55].

Seam sp\‘mpmmg
= “Barren” interburden /\

—

Sudden changes in dip can
complicate directional drilling.

(b)

Fault offsets can impact
module installation.

—

(¢) (d)
/ Fault

- Coal seam Mudstone Sandstone

Figure 12. Impacts of Geological Structures on Coal Seam Continuity. (a) Splitting: division of a
single seam into multiple layers separated by non-coal-bearing strata. (b) Folding: original peat
layers deformed to high angles or even overturned. (c) Washouts (floor roll): local erosion of the coal
seam by paleo-river action. (d) Faulting: displacement of the seam by hundreds of meters, depending
on fault throw.

6. Coal Seam Partings

Partings are important adverse factors affecting the in situ pyrolysis effect of tar-
rich coal. Their existence not only directly reduces the available amount of effective coal
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resources and lowers resource utilization efficiency, but also weakens the heat transfer
efficiency inside the coal seam due to differences in thermophysical properties between
partings and the coal seam, resulting in uneven heat distribution. Meanwhile, partings
physically block the migration paths of pyrolysis products, hindering the smooth produc-
tion of pyrolysis products such as oil and gas, and exerting multiple adverse impacts on
the economy and efficiency of in situ pyrolysis.

7.  Hydrogeological Conditions

1) Groundwater Hydrological Environment

Groundwater is a key hydrological factor requiring focused attention during the in
situ pyrolysis of tar-rich coal, and its presence poses potential impacts on both engineering
effectiveness and environmental safety. On the one hand, if groundwater infiltrates into
the pyrolysis zone, it will consume a large amount of thermal energy due to water’s
high heat capacity characteristic. This significantly reduces heating efficiency, directly
affecting the adequacy of pyrolysis reactions. On the other hand, pollutants generated by
in situ pyrolysis may permeate or migrate with groundwater, causing contamination of the
groundwater environment. To avoid the aforementioned issues, the site selection for the
in situ pyrolysis of tar-rich coal should prioritize areas with poor groundwater recharge-
runoff-discharge conditions. This ensures that the pyrolysis zone is in a relatively closed
groundwater circulation environment, reducing interference from external groundwater
recharge and safeguarding engineering efficiency and environmental safety.

(2)  Aquifer Distribution

The ideal condition for the in situ pyrolysis zone of tar-rich coal is the absence of
aquifer development. If aquifers exist in the area, an aquiclude of a certain thickness must
develop between the aquifers and the target coal seam. This aquiclude can effectively block
the hydraulic connection between aquifers and the coal seam, prevent the upper and lower
aquifers from connecting through fractures and other channels, and avoid groundwater
seeping into the coal seam to interfere with the pyrolysis process, thus ensuring that heating
efficiency is not affected by water bodies.

8. Roof and Floor Conditions of Coal Seams

The permeability of the roof and floor lithology is the core factor determining ge-
ological tightness, and the permeability characteristics are mainly determined by the
surrounding rock type. Impermeable mudstone is the ideal lithology for the roof and floor
of tar-rich coal in situ pyrolysis, while porous and permeable sandstone will damage the
tightness of the pyrolysis zone, which is not conducive to the stable progress of the in situ
pyrolysis process. Therefore, in the site selection of tar-rich coal in situ pyrolysis, the roof
and floor should preferably select compact rock formations with low permeability and
high mechanical strength. In practical engineering, compact lithologies such as mudstone
or argillaceous siltstone are preferred, which can effectively ensure the tightness of the
pyrolysis system.

After being heated, the roof and floor rock layers are prone to thermal damage, which
leads to increased permeability and poses a potential threat to the tightness of the pyrolysis
zone. Therefore, it is necessary to define a reasonable range for the thickness of the coal seam
roof and floor. This study adopted the numerical simulation method to conduct roof and
floor thickness analysis. Specifically, a 2D numerical model was established using COMSOL
software, with a length of 50 m and a width of 50 m. As shown in Figure 13, it is assumed that
the roof and floor rocks are mudstone, and the heat source was placed at the contact boundary
between the coal seam and the roof or floor. The model parameters are listed in Table 2. After
a period of heating, the areas of the coal seam roof/floor adjacent to the coal seam will suffer
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from thermal damage and develop fractures. If the thickness of the coal seam roof/floor is less
than the height of the potential high-temperature thermal damage zone, channels connecting
the coal seam to the outside will form. These channels will cause pyrolysis products and
harmful gases to escape into other rock formations, thereby exerting adverse effects on the
economic efficiency and environmental performance of the in situ pyrolysis of tar-rich coal.
Therefore, only when the thickness of the coal seam roof/floor is greater than the height of the
high-temperature thermal damage zone can the tightness of the pyrolysis zone be effectively
ensured, and the loss of pyrolysis products be prevented.

Roof: High-Temperature Unaffected Zone

Roof: High-Temperature Potential Damage Zone

Coal Seam

Floor: High-Temperature Potential Damage Zone

Floor: “High-Temperature Unaffected Zone

Figure 13. Two-Dimensional Numerical Model (Side View).

From the thermal damage law of different lithologies with temperature changes
(Figure 14 and Table 6), it can be seen that 400 °C is the threshold temperature at which
rock thermal damage significantly intensifies. Based on this, the screening condition for the
thickness of the coal seam roof/floor is determined as “the thickness of the roof/floor is greater
than the corresponding height of the high-temperature damage zone at 400 °C” (Figure 15). It
is verified via numerical simulation: with the mudstone roof as the research object, under the
heating condition of 650 °C for a duration of 5 years, the development height of the potential
high-temperature thermal damage zone corresponding to 400 °C is 10 m. Therefore, during
site selection for the in situ pyrolysis of tar-rich coal, the thickness of the roof or the floor
should be greater than 10 m, and it is necessary to ensure that no aquifers develop in the roof
and floor areas, so as to safeguard the long-term tightness of the pyrolysis zone.
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Figure 14. Graph of the Law of Rock Damage Degree Variation with Temperature. Red circle indicates
the sudden temperature of thermal damage to rocks.
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Table 6. Table of Temperature Range of Abrupt Increase Without Rock Thermal Damage.

Temperature Range of Abrupt Thermal

Litholo
8Y Damage Increase
Medium-grained sandstone 400 °C~600 °C
Fine-grained sandstone 400 °C~600 °C
Argillaceous siltstone 400 °C~1000 °C
Limestone 600 °C~800 °C
40
—&— Temperature at the Boundary of High-temperature Potential Damage : 100°C
35 Temperature at the Boundary of High-temperature Potential Damage : 300°C
Temperature at the Boundary of High-temperature Potential Damage : 400°C
30 |

Damage zone /m
— N N
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Height of High-Temperature Potential Thermal
=
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Time/year
Figure 15. Graph of Thermal Damage Zone Height Variation with Time Under Different Temperatures.

9.  Surface Conditions

From the perspective of multiple dimensions, including ground construction feasibility,
safety and environmental protection management, and industrial supporting integration,
the surface conditions for the in situ pyrolysis of tar-rich coal need to focus on the following
7 aspects: O Topographic conditions: Flat to slightly undulating terrain is preferred, as it
can reduce the difficulty of ground engineering construction and facilitate construction
layout; @ Traffic accessibility: Unobstructed traffic must be ensured to meet the needs of
equipment and material transportation as well as personnel access; (3) Electricity supply
guarantee: Convenient power supply conditions should be available to provide stable
energy support for construction and subsequent operation; (4) Safety protection distance:
The distance from residential concentration areas and nature reserves should be >1.6 km to
avoid safety accident risks and environmental pollution; (5) Coal mine boundary isolation:
To prevent interference from mining activities, the distance from abandoned coal mines
should be >1.6 km, and the distance from active coal mines should be >3.2 km; (¢ Policy
and environmental protection compatibility: Priority should be given to areas where local
policies are supportive and environmental protection requirements are compatible, so as to
reduce resistance to project implementation; (7) Industrial integration conditions: Areas
with convenient access to clean energy such as wind, solar, and electric power are preferred,
and proximity to industrial facilities such as coal chemical plants is advantageous, which is
conducive to realizing resource recycling and industrial synergy.

3.3.2. Determination of the Classification Rating

To objectively determine the most rational number of classification grades for the geo-
logical target selection evaluation of in situ pyrolysis of tar-rich coal, this study employed
the Elbow Method for analysis. This method calculates the Sum of Squared Errors (SSE)
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corresponding to different preset numbers of clusters (K values) and plots the curve of SSE
against K values.

SSE = ; (vi — 9:) (10)

where y; is the true actual observed value; and #; denotes the fitted value.

The elbow point of the SSE curve was distinctly identified at K = 3 (Figure 16). Before
this point, the SSE decreased sharply; beyond it, the decline rate slowed significantly. This
indicates that dividing the evaluation system into three grades (Grade I, Grade II, and
Grade III) ensures a balance between classification discriminability and model complexity
avoidance, thereby providing a clear and rational hierarchical framework for subsequent
geological target selection.

500 A
400

m 300
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200+

100+

2 4 6 8 10 12 14
Figure 16. Elbow Method Plot. The red circle indicates the mutation position of the SSE value.

3.3.3. Establishment of a Geological Evaluation System

It is evident that the in situ pyrolysis of tar-rich coal is influenced by a wide variety of
geological factors, with an even greater number of secondary parameters, which poses sig-
nificant challenges to the systematic analysis of site selection criteria. Therefore, conducting
reasonable comprehensive statistical analysis and scientific hierarchical quantification of
these geological indicators is not only the foundational work but also the core content of
evaluating favorable areas for the in situ pyrolysis of tar-rich coal.

Based on the two core elements of geological conditions and mining conditions,
this study constructs an indicator system for site selection of in situ pyrolysis of tar-
rich coal, comprising eight first-level indicators—resource scale, coal seam conditions,
coal petrology and quality, process performance, structural conditions, hydrogeological
conditions, roof and floor conditions, and surface conditions—along with a total of 16 s-
level indicators. Using the clustering optimization results derived from the Elbow method,
the classification evaluation grades for geological target selection of in situ pyrolysis of
tar-rich coal in the study area (Table 7) are further divided into Class I (Excellent), Class II
(Moderate), and Class III (Poor). This framework not only provides a comprehensive and
systematic analytical basis for subsequent target evaluation but also establishes a data and
methodological foundation for standardizing the evaluation process.
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Table 7. Site selection evaluation and classification for in-situ pyrolysis of oil-rich coal.

Weight
. . Second Level . :
Cat
ategory First Level Indicators Indicators Comprehensive Weight
I (Excellent) II (Moderate) III (Poor)
Resource Scale Coal resources (x10% t)
U1 u11 210 1~10 <1
B““alggfth () 800~1200 1200~1500 1500~2000
Coal thickness (m)
U2 >10 7~10 5~7
- Dip angle (°)
Coal seam Conditions <20 20~30 >30
U2 U23
Geological . ) Few partings, single Relatively few partipgs,
Conditions Parting layer properties U24 None parting thickness < 0.2 m 0.2 m < single parting
thickness < 0.3 m
Coal seam stability L . L A
u2s Good Continuity Fair Continuity Poor Continuity
Coal rank Long-flame coal, gas coal, Lignite, coking coal Lean coal, poor coal,
. U3l fat coal anthracite
Coal Quality
u3 Moisture content (%)
U2 <6 6~8 8~12
1 0
Tar yield (%) >12 10~12 7~10
. U41
Process Properties
U4 Caking index (%)
Ua2 <5 5~20 20~50
Tectonic Conditions Distance to fault (m) ~1000 300~1000 200~300
U5 U51
Hydrologic Condition Groundwa(tje':'circulatlon Poor Recharge-Runoff- Fair Recharge-Runoff- B/Il{oderfafE]eDRe;harge—
[8[3 concitions Discharge Conditions Discharge Conditions unot-Eascharge
Uel Conditions
Lithology . . . X
U7l Mudstone, siltstone Fine sandstone Middle-fine sandstone
Mini Roof & Floor Properties
5 u7 Thickn
Conditions ickness (m) >30 20~30 10~20
u72
Distance to Mines,
Residences, and Protected 510 5-10 325
Areas (m)
N U8l
Surface Conditions
us Terrain Conditions and Favorable: Flat terrain, lﬁgﬂféfﬁf: tGeer?et\z Unfavorable: Significantly
Infrastructure Availability (Water, well-developed utilities, § terraimn, rolling terrain, poorly
. moderately available . o
Power, Chemical Supply) excellent tilitios, fai available utilities, poor
us2 industrial integration. wres, tair industrial integration.

industrial integration.

3.3.4. Determination of Evaluation Parameter Weights

Based on the established hierarchical evaluation system, the Analytic Hierarchy Pro-
cess (AHP) was employed to calculate the weights of control factors at various levels,
enabling their quantitative prioritization. The relative importance of each evaluation factor
concerning the upper-level objective was assessed quantitatively using an expert scoring
method. Pairwise comparisons were conducted (Table 8), and the ratio values were used to
construct a judgment matrix (Table 9).

Table 8. AHP Importance Rating Scale.

Scale Meaning
1 Equal importance
3 Moderate importance
5 Strong importance
7 Very strong importance
9 Extreme importance

Intermediate values
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Table 9. The expert scoring results of the first-level indicators.
Indicator Resource Coal Seam Structure Roof & Floor Coal Process Moisture Surface
Scale Conditions  Conditions Properties Quality Properties Content Conditions
Resource Scale 1 2 2 3 3 3 4 5
Coal Seam Conditions 1/2 1 2 2 3 3 3 4
Structure Conditions 1/2 1/2 1 2 2 3 3 4
Roof & Floor Properties 1/3 1/2 1/2 1 2 2 3 3
Coal quality 1/3 1/3 1/2 1/2 1 2 2 3
Process Properties 1/3 1/3 1/3 1/2 1/2 1 2 2
Hydrologic condition 1/4 1/3 1/3 1/3 1/2 1/2 1 2
Surface Conditions 1/5 1/4 1/4 1/3 1/3 1/2 / 1

Subsequently, the eigenvector and eigenvalue of the judgment matrix were computed.
The eigenvector represents the weight coefficients, while the eigenvalue was used to check
the consistency of the results. The weight vector was calculated using the Root Method
(nth root method): first, the product of the eight elements in each row of the judgment
matrix was calculated; then, the 8th root of each product was taken to obtain Xi; finally,
normalization was performed by dividing each Xi value by the sum of all eight Xi values,
yielding the final weight vector.

This study invited a total of 20 experts from institutions including the School of Energy
Sciences at China University of Geosciences (Beijing), China University of Mining and
Technology, Xinjiang University, Northeast Petroleum University, the National Energy
Administration, and PetroChina to participate in the weighting evaluation. The experts’
professional backgrounds cover fields such as geology, reservoir engineering, and general
engineering, with research directions including coal underground gasification, oil and gas
field development, unconventional oil and gas exploration, and new energy. During the
opinion collection process, a combination of on-site meetings and questionnaire surveys
was used to invite experts to evaluate the importance of various geological indicators.

The weight coefficients for both the primary and secondary indicator layers in the
geological target selection evaluation for in situ pyrolysis of tar-rich coal were calculated
using the Analytic Hierarchy Process (AHP). The consistency index (CI) was 0.0377, and
the consistency ratio (CR) was 0.0268. Since CR < 0.10, the judgment matrix satisfied the
consistency check, indicating acceptable reliability of the weighting results. The compre-
hensive weight of each secondary factor was obtained by multiplying its weight within the
secondary layer by the weight of its corresponding primary indicator (Table 10).

Table 10. Weight Coefficients for Geological Evaluation Indicators.

First Level . Second Level . Comprehensive

Category Indicators Weight Indicators Weight Weight
Ul 0.269 U1l 1 0.269
U21 0.244 0.050
U22 0.386 0.078
) U2 0.203 U23 0.079 0.016
ge"é‘?fmal U24 0.119 0.024
ondrtions U25 0.172 0.035
U3l 0.641 0.058
us 0.050 U32 0359 0.032
U4l 0.552 0.038
U4 0.068 U42 0.448 0.031
U5 0.161 Us1 1 0.161
. U6 0.053 U6l 1 0.053

Mining

Conditions U71 0.584 0.069
u7 0.118 u72 0.414 0.049
Us 0.038 Usl1 0.702 0.027

us2 0.298 0.011
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The results demonstrate that the order of primary controlling factors affecting the
geological target selection for in situ pyrolysis of tar-rich coal, ranked by their weight
coefficients from high to low, is as follows: Resource Scale > Coal Seam Conditions > Struc-
tural Conditions > Roof & Floor Properties > Lithotype and Coal quality > Processability >
Hydrologic condition > Surface Conditions.

4. Results and Discussion
4.1. Division of Geological Assessment Units

This study adopts the following principles for block division:

First, tar-rich coal is widely developed in the study area, and its tar yield mostly reaches
over 7%. Thus, tar yield is not adopted as the division principle in the Sangtanghu Basin.

Second, clarify the designated areas for coal mining rights and exploration rights
to ensure the selected blocks are within the mining rights area of PetroChina, as shown
in Figure 17.
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Figure 17. Distribution Map of Mining Rights, Exploration Rights, and Oil-Gas Concessions in the
Santanghu Basin.

Third, fault zones are excluded, with the coal seam burial depth ranging from
800-1000 m and coal seam thickness greater than 10 m used as the criteria for defining
block boundaries.

As shown in Figure 18, the main coal seam of the Badaowan Formation is divided into
7 blocks. Based on the well-logging interpretation curves and core analysis data from nine
wells (H2, TC2, HD1, T1, T21, T2, T13, TYC1, and TYC2), a quantitative evaluation of the
geological assessment indicators for the aforementioned seven blocks was conducted by
integrating the fuzzy mathematics comprehensive evaluation method. The objective of this
analysis is to identify favorable target areas for the in situ pyrolysis of tar-rich coal.

4.2. Membership Function for Geological Index

Fuzzy comprehensive evaluation (FCE), grounded in fuzzy mathematics, is a method
for quantitatively evaluating objects subject to multiple constraints. It calculates the mem-
bership degree of each evaluation grade and ultimately determines the overall evaluation
grade for each object [56]. The membership degree is primarily determined by a mem-
bership function, which can be categorized into linear and nonlinear types. Common
membership function curves include trapezoidal, matrix, k-parabolic, Gamma (I'), normal,
and Cauchy types [57]. This study employs the trapezoidal membership function. Accord-
ing to the influence characteristics of each type of second-class geological index on the in
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situ pyrolysis of tar-rich coal in the study area, they are classified into three types, cost type,
intermediate type and benefit type, as shown in Figure 19.
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Figure 18. Coal Seam Thickness vs. Depth of the Badaowan Formation in the Santanghu Basin.
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Figure 19. Trapezoidal Membership Function Distribution in Fuzzy Mathematics.

This study employs three evaluation categories: favorable area, moderately favorable
area, and unfavorable area. Each type of indicator corresponds to three membership
functions, as detailed in Table 11.

Based on the membership function A(x) and fuzzy grade division values (denoted as
u1, up, and us, respectively), the membership degrees corresponding to the three grades
can be calculated separately. There are 16 secondary evaluation indicators in the study area,
and fuzzy grade division is adopted for value assignment.

Ten of these secondary indicators are numerical indicators, including coal resource
quantity, coal seam depth, coal seam thickness, coal seam dip angle, coal seam moisture
content, tar yield, caking index, distance to faults, roof and floor thickness, and distance to
coal mines, residential areas, and protected areas. These numerical indicators are assigned
values according to their original units.

The remaining six secondary indicators are descriptive indicators, namely gangue
layer, coal seam stability, coal rank and type, groundwater flow system, roof and floor
lithology, topographic conditions, and integration conditions of water-electricity supply and
chemical industry. These descriptive indicators are first quantified using a 100-point scale
before value assignment, and then converted into benefit-type or cost-type membership
functions based on their indicator properties [58].

Combined with the weight coefficient table of evaluation factors, a fuzzy hierarchi-
cal comprehensive system (Table 12) is established, with the controlling factors for the
geological site selection of in situ pyrolysis of tar-rich coal as the target layer.
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Table 11. Trapezoidal fuzzy function.
Function Type Favorable Moderate Unfavorable
0 x<up \Pul x < 1 x <y
Benefit-type Index A(x) =1{ 5 2 <x<us Alx) =< s xS Alx) =l m<x<u
1 x> u3 ey, M2 <X <us 0 x> up
0 X > us
1 x <y xgll x < 1 x <y
Cost-type Index Ax) = uuzz:zf] up <x <ty Ax) = { 271 <X < Ax) = uuzz:,f] up <x <up
0 X > up o, U2 <x <us x> up
0 X > us
0 x<u x,oul X< , 1 x <y
x—u’ ’ < u —uq i <x<u u/’;x u <x<u
Alx)={ 37 xS 22w <x<u N / <
Middle-type Index Ty x g, cx <y Ax) = l'g:,j;’ — A(x) = , M <x<u
' —uy > Ty W <x=u ::l:l” w < x<u
- u’;ijf, u < x<ug 31 x> s
0 X > u3
Table 12. Classification Criteria for Geological Indicators.
Serial Evaluation Type Graded Defined Value Note
Number Indicator Function w U s u’ us
X A larger resource volume is preferable, with an optimal
! vl Benefit-type 1 > 10 threshold of >1.0 x 10° tons
2 U21 Middle-type 800 1100 1400 1700 2000 A burial depth of >800 m to <2000 m is recommended
3 22 Benefit-type 5 6 7 8 10 The coal seam thickness should be greater than 5 m.
4 U23 Middle-type 0 10 15 20 30 A coal seam dip angle of less than 30° is recommended.
Scoring was based on the number of partings and the
5 U4 Cost-type 30 50 70 thickness of individual partings.
6 U25 Benefit-type 30 50 70 Scoring was based on the continuity of the coal seam.
7 U3l Cost-tvpe 30 50 70 Scoring was performed based on the types of coal: lignite,
yP bituminous coal, and anthracite.
8 u32 Cost-type 6 8 12 A lower moisture content is preferable.
9 U41 Benefit-type 7 10 12 A tar yield greater than 7% is required.
A lower caking index is preferable, with a value of
10 U42 Cost-type 5 20 50 <5 being optimal.
A minimum distance of 200 m from faults should
11 U51 Cost-type 200 300 1000 be maintained.
Scoring was based on the degree of confinement of the
12 el Cost-type 30 0 70 groundwater circulation system.
- Scoring was based on the lithology types: mudstone,
13 unl Benefit-type 30 50 70 siltstone, and fine sandstone.
14 u72 Benefit-type 10 20 30 A roof/floor thickness greater than 10 m is required.
A lower number of impacted mining rights in the
15 sl Cost-type 32 > 10 surrounding area is preferable for scoring.
Scoring was based on terrain flatness, distance from
16 us2 Benefit-type 30 50 80 chemical plants, and utility accessibility of water

and electricity.

4.3. Optimization Results of Favorable Target Areas

After the classification thresholds were determined, the membership degrees for
the three grades (i.e., favorable, moderate, and unfavorable) were calculated using the
corresponding membership functions, thereby constructing the indicator judgment matrix
R (Table 13). The weight matrix W was then multiplied by the judgment matrix R to obtain
the comprehensive evaluation result B(i.e., B = W x R). Finally, based on the principle
of maximum membership degree, the grade corresponding to the highest value in the
resulting vector B was assigned as the final evaluation level for each development unit.
The detailed results are presented in Table 14.
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Table 13. Indicator Judgment Matrix R for Geological Site Selection of In Situ Pyrolysis of Tar-rich coal.

U1 U2 U3 U4 U5 19 u7 U8
Block Type
U1l U21 U22 U23 U24 U25 U3l U32 U41 U42 U52 Usl u71 u72 Us1 us2
5 . Roof/Floor Thickness: Convenient power supply; lacks
Value 6.480 1600 30 14 None Good / 6.2 12~16 0 >3000 Sealing 70 13m/12m None integration capability (50).
Tiao I Favorable 0.296 0.333 1 0.8 1 0.5 1 0.9 1 1 1 1 1 0 1 0
Moderately 0.704 0.667 0 0.2 0 05 0 0.1 0 0 0 0 02 0 1
Favorable
Unfavorable 0 0 0 0 0 0 0 0 0 0 0 0 0.8 0 0
. Roof /Floor Thickness: Convenient power supply; lacks
Value 1.890 1500 10 14 None Good / 6.5 14~18 0 >1000 Sealing 70 13m/12m None inte-gration capability (50).
Tiao II Favorable 0 0.667 1 0.8 1 0.5 1 0.75 1 1 1 1 1 0 1 0
Moderately 0223 0.333 0 02 0 05 0 0.25 0 0 0 0 0 02 0 1
Favorable
Unfavorable 0.778 0 0 0 0 0 0 0 0 0 0 0 0 0.8 0 0
Value 4320 1250 20 11 None Better / 58  16~18 0 >1000  Sealing 0 Roof/Floor Thickness: - Convenient power supply; Jacks
3m/7m inte-gration capability (50).
Tiao III Favorable 0 0.5 1 0.2 1 1 1 1 1 1 1 1 0.5 0 1 0
Moderately 0.830 05 0 0.8 0 0 0 0 0 0 0 0 05 0 0 1
Favorable
Unfavorable 0.170 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Roof/Floor Thickness: Favorable integration: Coal
Value 7.690 1200 30 6 None Better 0.41 5.45 15.4 0 >2000 Sealing 90 20m/21 m ’ None chemical plant (S), Wind farm (E)
) (95).
Tiao IV Favorable 0.538 0.333 1 0 1 1 1 1 1 1 1 1 1 0 1 1
Moderately 0.462 0.667 0 0.6 0 0 0 0 0 0 1 0 0
Favorable
Unfavorable 0 0 0 0.4 0 0 0 0 0 0 0 0 0 0
_ . Poor power supply; no integration
Value 5.270 1700 15 10 None  Average / 7.3 14~16 0 >2000 Sealing / / None potential (20).
Han 1 Favorable 0.054 0 1 0 1 0 1 0.35 1 1 1 1 0.5 0 1 0
Moderately 0.946 1 0 1 0 1 0 0.65 0 0 0 0 05 1 0 0
Favorable
Unfavorable 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
5 . Roof /Floor Thickness: Poor power supply; no integration
Value 2.700 1750 25 8 None  Average / 7.1 14~16 0 >1000 Sealing 40 20m/30 m None potential (20).
Han III Favorable 0 0 1 0 1 0 1 0.45 1 1 1 1 0 0 1 0
Moderately 0.425 0.833 0 0.8 0 1 0 055 0 0 0 0 05 1 0 0
Favorable
Unfavorable 0.575 0.167 0 0.2 0 0 0 0 0 0 0 0 0.5 0 0 1




Processes 2025, 13, 3575 26 of 31
Table 14. Comprehensive Evaluation Results of Geological Target Selection.

Block Favorable Moderate Unfavorable
Tiao I 0.693 0.268 0.039

Tiao II 0.625 0.126 0.249

Tiao III 0.598 0.307 0.095

Tiao IV 0.777 0.216 0.006

Hanl 0.529 0.460 0.011

Han III 0.483 0.305 0.212

4.3.1. Class I: Preferred Target Area

Block Tiao-IV demonstrates a significantly higher membership degree for the favorable
zone (0.693) compared to other blocks, exceeding its own membership degree for the
moderately favorable zone, while its membership degree for the unfavorable zone (0.04) is
lower than the regional average. Key parameters such as coal seam thickness, burial depth,
and oil content have been reliably confirmed through existing drilling data. The immediate
roof and floor of the coal seam consist of an approximately 20-m-thick stable mudstone
layer with excellent impermeability and mechanical stability, effectively reducing the risks
of water inrush and formation deformation during development.

The block contains substantial coal resources of 7.69 x 10 tonnes at a burial depth
of 1200 m, indicating favorable economic potential. A safe distance of over 2 km from
major faults ensures enhanced engineering safety. Furthermore, its proximity to existing
coal chemical plants and wind power facilities allows for the integration of clean wind
energy with the coal chemical industry, providing reliable energy supply and industrial
synergy for the pilot test. Therefore, Block Tiao-IV is recommended as the preferred pilot
test area. Furthermore, this study compares the Tiao IV Block with the in situ pyrolysis
block of tar-rich coal in northern Shaanxi, China [51]. The northern Shaanxi Block is the
first pilot test of underground in situ pyrolysis of tar-rich coal at home and abroad, and it
is the only successful case that can be used for reference. The comparison shows that, in
terms of coal composition and hydrocarbon generation potential, the coal in the Tiao IV
Block of the Santanghu Basin in Xinjiang has a higher volatile content and a more favorable
proportion of oil-generating parent materials such as vitrinite and exinite, and its tar yield
and TOC (Total Organic Carbon) are significantly higher than those of the northern Shaanxi
Block. Thus, it has more prominent in situ pyrolysis hydrocarbon generation potential for
tar-rich coal. In terms of process feasibility, due to the greater burial depth of the Tiao IV
Block, its porosity and permeability are slightly reduced, but this problem can be solved by
optimizing drilling technology and fracturing technology (Table 15).

In conclusion, the Tiao IV Block in the Santanghu Basin, Xinjiang, possesses excellent
potential for conducting pilot tests on in situ pyrolysis of tar-rich coal. This not only verifies
the development value of the block itself but also proves the scientific validity of the
geological target selection method and evaluation system proposed in this study, which can
provide a reliable technical reference for the selection of tar-rich coal development areas in
similar regions.

4.3.2. Class II: Alternative Target Areas

The membership degrees of the favorable area for Blocks Tiao-I, Tiao-1I, and Tiao-III
are all greater than 0.55. Among them, Block Tiao-II has a relatively higher membership
degree of the unfavorable area, mainly due to its relatively weak coal resource reserves,
which limits the potential for sustainable resource development.

Meanwhile, the immediate roof and floor of the coal seams in these blocks are com-
posed of tight sandstone or weakly water-bearing sandstone, where the irreducible water
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saturation in the rock layers is relatively high. This exerts a certain inhibitory effect on
pyrolysis efficiency. Considering the resource conditions and development feasibility com-
prehensively, these three blocks are designated as alternative areas for in situ pyrolysis of
tar-rich coal.

Table 15. Comparative Characteristics of Coal Seams in Block Tiao-IV and the Northern Shaanxi Pilot Site.

Block Xinjiang Uygul: Shaanxi Province
Autonomous Region
Badaowan Formation of Yanan Formation of
Target Coal Seam . .
Jurassic System Jurassic System
Ro (%) 0.41 0.58
. Volatile Matter (%) 48.66 37.56
Proximate Components Moisture (%) 5.37 8.04
of Coal

Ash (%) 5.46 4.46

Vitrinite (%) 64.4 54.9

Maceral of Coal Liptinite (%) 22.8 0.8
Inertinite (%) 12.8 42.2

Burial Depth of Coal Seam (m) 1000-1500 1000-1500

Thickness of Coal Seam (m) 31.8 31.8

Tar Yield (%) 15.4 15.4

TOC (%) 61.8 61.8

P ity (% 3.34 5.8

Physical Properties of Coal Seam orosity (%)

Permeability (mD) 0.05 4.21

4.3.3. Class III Areas Pending Verification

The membership degrees of the favorable area for Blocks Han-I and Han-III are at a
low level, with two key shortcomings.

First, the number of drilled exploration wells in these blocks is insufficient, resulting in
a lack of systematic geological data support. Basic parameters such as coal seam occurrence
characteristics and resource endowment have not been fully identified, which increases the
risk of development.

Second, these blocks are located in areas with weak energy infrastructure, and the
convenience of electricity supply is poor, making it difficult to meet the continuous and
stable high-power electricity demand during in situ pyrolysis development.

Based on the current conditions, these two blocks are temporarily designated as to-be-
verified areas for in situ pyrolysis. Further assessment of development potential can only be
conducted after supplementary drilling projects are implemented to improve geological data
and power supply conditions are optimized in conjunction with regional energy planning.

5. Conclusions

(1) This study systematically analyzed the main controlling factors for the geological site
selection of in situ pyrolysis of tar-rich coal. Taking “geological conditions—mining
conditions” as the core framework, an 8-unit evaluation system was constructed,
covering resource scale, coal seam conditions, coal petrology and quality, process
performance, structural conditions, hydrogeological conditions, roof-floor conditions,
and surface conditions, with 16 supporting evaluation parameters, thus forming a
hierarchical comprehensive evaluation system. Combined with numerical simulation
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and core experimental data, the quantitative division thresholds of each parameter
for Class I, Class II, and Class III sites were clarified. Finally, a practically guiding
evaluation standard system for the geological site selection of in situ pyrolysis of
tar-rich coal was established, providing a theoretical basis and technical support for
the optimization of regional development target areas.

(2) To ensure the objectivity and accuracy of evaluation results, this study adopted the
fuzzy comprehensive evaluation method as the core mathematical evaluation ap-
proach and used the combined weighting method to determine weights, thereby
calculating the subjective weights of first-level and second-level geological indica-
tors. For 10 numerical second-level indicators (e.g., coal seam thickness, dip angle,
and burial depth), values were directly assigned based on their original units; for
6 descriptive second-level indicators (e.g., coal seam stability, coal rank and type, and
roof-floor lithology), values were assigned after quantification via a 100-point scale.
Combined with the weight coefficient table of geological condition evaluation factors,
a multi-level fuzzy evaluation index system was built, realizing the quantification and
standardization of the evaluation process.

(3) By integrating the results of quantitative evaluation and qualitative classification, a
general process for optimizing favorable areas for in situ pyrolysis of tar-rich coal
was proposed, which enables priority ranking and comprehensive classification of
site selection results: Block Tiao-IV was recommended as the preferred field test area,
Blocks Tiao-I, Tiao-II, and Tiao-III as alternative areas, and Blocks Han-I and Han-III
as to-be-verified areas. Thus, a complete technical system for optimizing favorable
areas for in situ pyrolysis of tar-rich coal was formed, providing a referable technical
process for the selection of development target areas in similar coal mining areas.
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