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Abstract. Against the backdrop of surging global energy demand, oil shale, as 
a plentiful unconventional energy resource, has emerged as a research hotspot 
for in-situ exploitation. Oil shale pyrolysis involves temperature, seepage, and 
stress field coupling, leading to surface deformation and fracture propagation 
that affect mining efficiency. Thermal-hydraulic-mechanical coupling simu
la  tion can effectively reveal multi-physical field interaction mechanisms in 
reservoirs and offer theoretical support for optimizing mining processes. This 
paper reviews its application in in-situ oil shale mining, summarizes coupling 
theories and mathematical models, and analyzes its value in heat injection 
mining, effective pyrolysis zone prediction, and ground surface deformation 
analysis. It also summarizes key applications and prospects for future 
directions, and provides theoretical and technical references for optimizing 
in-situ oil shale mining, thereby laying a foundation for subsequent thermal-
hydraulic-mechanical-chemical research.

Keywords: oil shale, in-situ oil shale mining, thermal-hydraulic-mechanical 
(THM) coupling, thermal-hydraulic-mechanical (THM) coupling simulation, 
in-situ heat injection mining.

1. Introduction

Currently, global energy demand continues to grow, while traditional petroleum 
resources are increasingly depleted due to long-term extraction. This supply–
demand contradiction is accelerating the strategic transition in the energy 
sector, making the development of unconventional energy a key pathway 
to address the challenge. Among these, oil shale has attracted widespread 
attention owing to its significant advantages of extensive distribution and 
abundant reserves [1, 2]. As shown in Figure 1, the global proven reserves 
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of oil shale can reach as high as 400 billion tons, demonstrating significant 
potential for industrial development and application [3]. Therefore, oil shale 
is regarded as one of the important alternative energy sources to conventional 
resources [4, 5]. In-situ mining technology promotes the pyrolysis of kerogen 
in oil shale to generate oil and gas through underground heating. Due to its 
advantages of reduced environmental impact and high resource utilization 
efficiency, it has become the main technical approach for the industrial 
development of oil shale [6, 7]. Oil shale pyrolysis is the process where kerogen 
decomposes into shale oil, gas, and water at high temperatures. This process 
triggers a series of physicochemical reactions such as water volatilization, 
kerogen thermal decomposition, and rock fracture, promoting the formation 
of pores and fractures and significantly enhancing permeability [8, 9]. These 
microscale pores and fractures serve as both channels for the migration of 
pyrolysis products and spaces for internal heat exchange, directly determining 
rock permeability and representing a crucial link for the efficient realization 
of in-situ conversion [10].

However, in-situ oil shale mining is a complicated, coupled process in
volv ing heat conduction, fluid seepage, rock deformation, and chemical 
reactions [11]. The high temperatures induced by heat injection not only drive 
the pyrolysis of organic matter but also lead to complex dynamic interactions 
among the reservoir temperature field, seepage field, and stress field. These 
interactions directly affect pyrolysis efficiency, the formation of fracture 
networks, and even formation stability [12]. Traditional single-physics field 
models or uncoupled models with simple superposition fail to effectively 
address rock thermal deformation, mechanical property evolution, pyrolysis 
product generation, seepage-induced pore pressure changes, and their fracture-

Fig. 1. Distribution map of proven oil shale reserves worldwide.
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driving effects, all of which result from temperature variations. Nor can they 
account for the reverse impact of stress field redistribution on pore structure 
and seepage–thermal conduction paths. This limits the reliability of process 
parameter optimization and safety assessment in in-situ oil shale exploitation.

Thermal-hydraulic-mechanical (THM) coupling simulation integrates 
tempe rature fields, rock deformation, and fluid seepage to reveal multi-
physi cal field coupling behaviors during in-situ oil shale exploitation [13]. 
Notably, while pyrolysis is inherently a chemical process and current research 
has extended to thermal-hydraulic-mechanical-chemical (THMC) coupling 
simulation, this paper focuses on THM coupling simulation. It captures the core 
mechanisms governing pyrolysis: heat transfer, fluid migration, fracture 
pro   pagation, and rock deformation. In practice, chemical processes such as 
kerogen conversion kinetics are often simplified as heat and fluid source 
terms, integrated into THM models to indirectly capture their effects. By con  - 
centrating on this central mechanism, the paper reviews the theoretical and 
application progress of THM simulation, discussing its value in heat injection 
mining, effective pyrolysis zone and fracture prediction, and ground surface 
deformation analysis. This work supports the optimization of oil shale 
extraction parameters and risk prevention, while laying a physical foundation 
and establishing a model framework for subsequent comprehensive studies on 
THMC multi-field coupling.

2. Theory and model of thermal-hydraulic-mechanical coupling 
simulation

As a crucial method for investigating the interactions among multi-physics 
fields during the in-situ mining of oil shale, THM coupling simulation has its 
theoretical basis and model construction directly determining the accuracy 
and reliability of the simulation.

 2.1. Theoretical origin of THM coupling simulation

Fluid-solid coupling serves as the foundation of THM coupling. The earliest 
research on fluid-solid coupling originated with Terzaghi, who proposed the 
effective stress principle and one-dimensional consolidation theory, thereby 
laying the groundwork for subsequent studies. However, the initial theory was 
limited by its assumptions and had restricted capability in solving practical 
problems [14]. Subsequently, in 1955–1956, Biot [15, 16] built upon this 
work and established a more comprehensive three-dimensional consolidation 
model for isotropic porous media under isothermal conditions, later extending 
the consolidation theory to anisotropic porous media and dynamic analysis. 
Rice and Cleary [17] introduced the easily determinable Skempton constant, 
deriving an alternative expression of Biot’s theory. In 1984, Zienkiewicz 
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and Shiomi [18] further advanced the development of fluid-solid coupling 
theory by accounting for geometric and material nonlinearities, proposing a 
generalized form of Biot’s theory.

It is noteworthy that in the fluid-solid coupling theory, the temperature 
field remains constant. However, during the actual development of oil and 
gas reservoirs – especially for low-permeability reservoirs such as oil shale – 
the reservoir temperature undergoes significant changes during the dynamic 
mining process. Temperature variation not only directly affects the mechanical 
properties of rocks but also influences the fluid seepage process through 
changes in fluid physical property parameters. Meanwhile, rock deformation 
leads to alterations in pore structure, which in turn affects fluid seepage [13]. 
These factors interact with each other, forming a complex coupling effect 
among THM fields, as illustrated in Figure 2.

Therefore, traditional fluid-solid coupling models can no longer accurately 
simulate the real conditions of reservoirs. It is necessary to thoroughly consider 
the coupling effects among temperature variation, rock deformation, and 
fluid seepage, which has led the THM coupling theory to gradually become a 
research focus in the field of oil and gas reservoir development.

In early studies, Bear and Corapcioglu [19] investigated the variations in 
in-situ stress, temperature, and rock permeability within geothermal regions 
during geothermal resource extraction. Lewis et al. [20] accounted for the 
influence of temperature changes on fluid density, phase transitions, and rock 
thermal expansion, and analyzed how rock deformation alters fluid flow paths 
through changes in porosity and permeability. Additionally, they noted that 
variations in fluid pressure during seepage exert a feedback effect on the rock 
skeleton. Jing et al. [21] conducted research on fluid flow, solid deformation, 

Fig. 2. Thermal-hydraulic-mechanical coupling diagram.
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and heat transfer in hard rock structures but did not systematically consider  
the full coupling effect among temperature, seepage, and deformation. In 1997, 
Gutierrez and Makurat [22] developed a THM coupling model to investigate 
the fluid-solid coupling process during water injection into pressurized 
fractures; however, limited by technical constraints, the relationship between 
the temperature field and rock deformation was not considered. Starting from 
the interrelationships among rock mass seepage, stress, and temperature, Chai 
[23] established a coupling mechanism for THM processes.

With the deepening of research, scholars have progressively applied the 
THM coupling theory to the in-situ mining of oil shale. In 2008, Kang [24] 
was the first to integrate the theories of rock mechanics, heat transfer, and 
seepage mechanics, establishing a THM coupling mathematical model for the 
in-situ heat injection mining of oil shale. This model provided a crucial basis 
for the application of THM coupling simulation in oil shale-related studies. 
Zhao [25] further developed a THM coupling model for the underground co-
gasification and thermal mining of oil shale and coal, analyzing the dynamic 
distribution laws of the temperature field, seepage field, and stress field 
during the gasification process of oil shale reservoirs. Wang [26] pioneered 
the establishment of an anisotropic THM coupling mathematical model for oil 
shale. Utilizing parameters related to heat transfer, seepage, mechanics, and 
deformation obtained from laboratory experiments, he analyzed the variation 
laws of reservoir pore pressure, temperature, stress, deformation, permeability, 
and production during the in-situ pyrolysis of oil shale. Jin et al. [27] developed 
a THM-coupled model that incorporates the temperature dependence of key 
properties of oil shale and the transverse isotropy resulting from its bedding 
structure. This model integrates multi-stage pyrolysis kinetics of kerogen, 
fluid flow in porous media, and heat transfer processes, providing theoretical 
guidance and parameter optimization strategies for the field application of in-
situ oil shale conversion.

Amid in-depth research on in-situ oil shale conversion mechanisms and  
a growing understanding of multi-field coupling effects during extraction,  
the THM coupling theory has expanded toward two key directions: one  
focuses on developing a fully coupled THMC model, which integrates 
chemical react ion kinetics (e.g., kerogen pyrolysis) into the physical field 
coupling system to accurately simulate the interactions among heat transfer, 
product generation, and rock mass deformation [28, 29]; the other centers on 
developing a refined model considering anisotropy, which couples thermal 
damage theory with an isotropic constitutive relations to characterize the 
evolution of permeability and mechanical properties induced by directional 
fracture development [30, 31]. These advancements have propelled simu
lations from traditional three-field physical coupling to a new stage of full 
physical-chemical coupling and dynamic characterization of reservoir pro p  - 
erties, providing more precise theoretical support for optimizing in-situ mining 
processes.
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2.2. Construction of the mathematical model of THM coupling 
simulation

The mathematical model of THM coupling forms the core of numerical 
simulation and can be broadly categorized into non-complete coupled and 
complete coupled approaches [32]. Non-complete coupled models introduce 
temperature-related functions based on fluid-solid coupling frameworks but 
fail to account for the dynamic coupling effects among temperature variations, 
rock deformation, and fluid flow. For instance, Wang et al. [33] developed 
a non-complete coupled mathematical model that comprises the following 
three types of equations: seepage equations, rock deformation equations, and 
thermal strain equations.

Seepage equation:

 (1)

where ∇ is the Hamilton operator, K is the absolute permeability of oil and 
gas reservoirs (mD), D is elevation (m), Kr is the relative permeability of oil 
and gas reservoirs (mD), μ is fluid viscosity (mPa · s), γ is the weight rate, ρ 
is density (g/cm3), p is fluid pressure (MPa), ϕ is porosity, vs is the absolute 
velocity of solid particles (cm/s), S is fluid saturation, t is time (s), and q is the 
source or sink of material change per unit volume (cm3/s).

Rock deformation:

(2)
	

(3)

(4)

where σ'ij,i is the effective stress tensor (MPa), σh
ij,i is thermal stress (MPa),  

δij is the Kronecker function, εij is the strain tensor, u is displacement (m),  
Dep is an elastic-plastic matrix, gj = [ 0 0 g ], where g is the acceleration of 
gravity (m/s2), So and Sw are oil saturation and water saturation, respectively, 
ρo and  ρw are the density of oil and water, respectively (g/cm3), and ρs is rock 
skeleton density (g/cm3). 

Thermal strain equation: 

(5)

where {R}e is the equivalent nodal force due to external forces, [B]T is  
the element strain matrix, [D] is the constitutive matrix for the unit, [εO] is  
the unit thermal strain, [K]e is the element stiffness matrix, and {δ}e is  
the virtual displacement of the node.
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In contrast, complete coupled models comprehensively account for 
the coupling effects among temperature variation, rock deformation, and 
fluid seepage, making them more consistent with the actual conditions of 
temperature-varying oil and gas reservoirs. The fully coupled mathematical 
model constructed by Li et al. [34] comprises three components: seepage 
equations, temperature field equations, and rock deformation equations. 
Within the seepage equations, the influences of temperature and pressure on 
fluid density, viscosity, and rock permeability are comprehensively considered,  
the temperature field equations incorporate the effect of solid deformation 
on heat energy conservation, and the rock deformation equations take into 
account the roles of fluid pore pressure and thermal stress. This model system 
can describe the physical phenomena in the oil shale mining process more 
accurately and provide a more reliable basis for numerical simulations.

Seepage equation:

(6)

where ρf  is fluid density (g/cm3), μf is fluid viscosity (mPa · s), ca is the average 
coefficient of thermal expansion, ck is the average volume compression 
coefficient, εk is volume strain, z is depth (m), and T is the absolute temperature 
change value at a certain point in the rock mass (K).
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The mathematical model for THM coupling simulation is a complex 
interdisciplinary system involving multiple fields such as thermodynamics, 
fluid mechanics, solid mechanics, and chemical reactions. By coupling these 
physical processes, the physical and chemical behavior of oil shale during the 
in-situ mining process can be simulated and predicted more accurately.

3. Application of thermal-hydraulic-mechanical coupling simulation 
of oil shale

THM coupling simulation holds broad application prospects in oil shale 
development, with its specific applications in areas such as in-situ heat injection 
mining, effective pyrolysis zone prediction, and ground surface deformation 
analysis significantly advancing the understanding and optimization of in-situ 
mining processes.

3.1. Simulation and optimization of in-situ heat injection mining

In the in-situ thermal injection mining of oil shale, high-temperature steam is 
injected into the oil shale reservoir to heat and decompose the organic matter 
stored therein into oil and gas products. Meanwhile, the mineral skeleton 
of oil shale undergoes complex physicochemical changes, forming seepage 
channels conducive to product transportation. This process involves intricate 
THM coupling effects [35].

THM coupling simulation can reveal the interrelationships among steam 
migration, temperature propagation, and rock deformation. For instance, 
Kang [24] established a THM coupling mathematical model for in-situ steam 
injection development of oil shale, which represents a crucial breakthrough in 
the application of THM coupling simulation technology in the field of in-situ 
heat injection mining of oil shale.

Liu [36] further studied the evolution of the physical properties of oil 
shale and fluids under the action of temperature and pressure. Through THM 
coupling simulation, he analyzed the dynamic distribution laws of the tem
pe rature field, seepage field, and displacement field during the in-situ heat 
injection process of oil shale, providing a reference basis for the in-situ heat 
injection mining of oil shale.

Wang et al. [37] took the Fushun oil shale reservoir as the research object, 
set the injection temperature at 650 °C and the injection pressure at 3 MPa, 
and compared the efficiency of conduction heating and steam convection 
heating by THM coupling simulation. Under the same pyrolysis time, the 
effective pyrolysis area ratio of steam convection heating is 22.4 times that 
of conduction heating, and the oil production is 7259 times that of conduction 
heating, which fully proves that the efficiency of convection heating pyrolysis 
of oil shale is much higher than that of conduction heating. 
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To accurately simulate the in-situ pyrolysis process of oil shale, Wang et al. 
[38] established a coupled model considering transversely isotropic THM 
characteristics to simulate the in-situ pyrolysis process of superheated steam. 
Figure 3 shows the temperature distribution of in-situ steam injection pyrolysis 
of oil shale at different times. The temperature of the ore layer within the blue 
line is higher than 550 °C, and the temperature of the ore layer outside the black 
line is lower than 350 °C. It can be seen from the figure that the initial heat 
is transmitted along high-permeability fractures. Because the permeability of 
the parallel bedding is much higher than that of the vertical direction, and the 
high pressure of the wellbore promotes the migration of steam, an ellipsoidal 
high temperature zone is rapidly formed. At 500 days, the oil shale between 
the injection and production wells basically reaches the pyrolysis temperature. 
THM simulation can intuitively show the dynamic evolution law of reservoir 
temperature field with steam injection time, and provide key visual evidence 
for understanding the oil shale pyrolysis process.

In 2025, Chen et al. [30] pioneered the integration of a statistical damage 
variable into the THM coupling theory for three-dimensional fractured rock 
masses. They developed a coupled model that incorporates anisotropic 
thermal damage and a transverse isotropic constitutive law. Using COMSOL 
simulations of the in-situ conversion process under convective heating, their 
study revealed the intrinsic relationship between the anisotropy of pore 
structures and the physico-mechanical properties of oil shale during in-situ 
steam injection pyrolysis.

3.2. Prediction of effective pyrolysis zone and fracture propagation

The dynamic evolution of the effective pyrolysis zone and the law of fracture 
propagation are the core factors that determine the mining efficiency of oil 
shale. THM coupling simulation provides key technical support for improving 

Fig. 3. Temperature distribution of the reservoir at different times [38].
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reservoir utilization efficiency and optimizing mining conditions by accurately 
quantifying the influence of the temperature field on kerogen pyrolysis and the 
development mechanism of fractures under the coupling of the three fields.

THM coupling simulation can accurately predict the variation law of the 
effective pyrolysis zone of the reservoir and its pyrolysis effect, and this 
evolution has become a key indicator for evaluating mining efficiency in 
in-situ oil shale heat injection exploitation. The objective of in-situ oil shale 
exploitation is to fully pyrolyze its organic matter (kerogen). Consistent with 
existing findings, Wang et al. [39] and Saif et al. [40, 41] demonstrated that 
the complete pyrolysis temperature of oil shale kerogen is generally above 
400 °C. Only when the temperature threshold is reached can kerogen undergo 
sufficient pyrolysis, generating recoverable oil and gas products. Thus, 
to define the temperature range enabling sufficient kerogen pyrolysis and 
meeting exploitation needs, 400 °C is designated as the effective pyrolysis 
temperature, and the zone with temperatures above 400 °C is defined as the 
effective pyrolysis zone. 

Tang et al. [42] revealed the multi-physical field variation law of the 
reservoir during in-situ heat injection mining of oil shale using THM coupling 
simulation and conducted an in-depth analysis of the variation law of the 
effective pyrolysis zone of the Fushun oil shale reservoir with heat injection 
time, which provided an important theoretical reference for the in-situ heat 
injection mining of oil shale.

Addressing the challenges of unclear evolution patterns in the reservoir’s 
effec tive pyrolysis zone and difficulties in accurately evaluating actual pyro  - 
lysis effectiveness during in-situ heat injection mining of oil shale, Yu et al. 
[43] developed a THM coupling model that incorporates two distinct types of 
random fractures: bedding fractures and hydraulic fractures. Through THM 
coupling simulation, they successfully analyzed the evolution characteristics 
of the effective pyrolysis zone during the in-situ thermal extraction process.  
As shown in Figure 4a, when superheated steam diffuses along bedding 
fractures, multiple narrow and elongated primary pyrolysis pathways are 
formed. In contrast, Figure 4b demonstrates that when superheated steam 
propagates through hydraulic fractures, it does not form such elongated 
pathways but rapidly establishes a dendritic high-temperature network.

In addition, the stress field distribution of the oil shale reservoir and its 
influence on fracture propagation are also a research focus of THM coupling 
simulation. The fracture propagation of oil shale is not only affected by the 
temperature field during pyrolysis but also by the combined action of the 
in-situ stress field and fluid pressure. Based on the THM coupling model,  
Huang [44] found that fractures exhibit bidirectional propagation characteris
tics under the combined effects of thermal stress and expansion forces: out
ward extension when dominated by expansion forces, and inward propagation 
when primarily driven by thermal stress. Moreover, thermal stress plays  
a critical role in determining the initiation locations and quantity of fractures.
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On this basis, Lee et al. [45, 46] used a self-developed kerogen pyrolysis 
simulator with complete functions to simulate the kerogen pyrolysis process in 
a steam-injected multi-stage horizontal well system with transverse fractures. 
They clarified that the fluid conduction effect of fractures and the irreducible 
water saturation of the reservoir matrix jointly influence oil production 
capacity.

In 2024, Jia et al. [47] further constructed Case 1 (single fracture, hydraulic 
fracturing) and Case 2 (multi-fracture, hydraulic fracturing + penetrating 
thermal fracturing) models and used THM coupling simulation technology 

Fig. 4. Temperature changes in a bedding fracture reservoir (a) and in a hydraulic 
fracturing reservoir (b) with heat injection time [43].

(a)

(b)
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to simulate the heat transfer process under 200 m buried depth stress.  
The temperature distribution cloud diagram is shown in Figure 5. The single-
crack model presents a “single-peak” heat transfer mode. The heat is mainly 
concentrated around the crack, and the temperature at the center of the crack 
is the highest. In contrast, the multi-crack model presents a “multi-peak” heat 
transfer mode, and the high-temperature region covers a wider range. At the 
same time, they also studied the effects of permeability and external stress on oil 
shale pyrolysis. It is found that under the condition of constant external stress 
and thermo-mechanical coupling, after exceeding the critical temperature of 
oil shale, the mechanical strength of the rock increases significantly, and the 
permeability increases sharply.

(a)



253THM coupling simulation in in-situ oil shale mining: review and outlook

3.3. Dynamic mechanism of ground surface deformation

In the process of in-situ oil shale mining, ground surface deformation and 
ground subsidence not only affect the normal operation of downhole equip
ment but may also trigger environmental and geological problems [48].  
By integrating the mechanical properties of rock masses and multi-field 
coupling effects, THM coupling simulation can quantify the laws of ground 
surface deformation and reveal the intrinsic mechanism of deformation, 
which provides core support for engineering risk prevention and control and 
the formulation of environmentally friendly mining schemes.

Zhao et al. [49] combined THM coupling simulation with practical engi
neering requirements. Through simulation, it was found that during horizontal 
well production, the fluid short-circuited along high-permeability channels, 
resulting in low heating efficiency in the early stage, and the uneven heating 
further increased the difference in bottom-hole deformation. In addition, they 

Fig. 5. Cloud diagram of the heat transfer process in Case 1 (a) and Case 2 (b) [47].

(b)
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quantitatively analyzed the dynamic characteristics of surface deformation, 
providing a reference for the design of the in-situ oil shale mining process and 
the formulation of equipment protection schemes. 

Aiming at environmental geological problems such as ground subsidence 
after in-situ mining of oil shale, Zhang et al. [50] innovatively combined 
physi cal experiments, theoretical analysis, and THM coupling simulation to 
construct a transverse anisotropy constitutive model suitable for in-situ mining 
deformation of oil shale, and revealed the internal mechanism of oil shale 
deformation under thermal action. The results show that the reservoir reaches 
the target temperature within 16 days, and the vertical final deformation is 
about 6.5 cm. The influence of in-situ mining on the geological environment 
is less than that of the traditional method, which provides a practical paradigm 
for this kind of coupling simulation in the study of heterogeneous rock mining.

Hu [51] studied ground surface deformation throughout the entire process 
of in-situ oil shale mining. Based on the convective heating method, FLAC3D 
software was used to construct the whole stratum numerical model of the 
Fuyu in-situ oil shale mining pilot test base. The whole process of in-situ oil 
shale mining was simulated using THM coupling. It was revealed that the 
thermal expansion and stress concentration of the rock mass near the heating 
well were caused by rapid heat flow in the heating stage, which promoted the 
surface uplift of 2.93 cm. In the cooling stage, the stress concentration of the 
rock mass was weakened after cooling, and the compression of the oil shale 
led to surface settlement of 3.52 cm. 

In 2024, Song et al. [52] constructed a THM coupling model considering 
the dynamic changes in pore structure and in thermophysical and mechanical 
parameters with temperature to analyze the multi-field evolution and ground 
surface deformation caused by in-situ mining of oil shale. The results show 
that surface displacement exhibits the evolution characteristics of heating-
induced uplift, cooling-induced subsidence, and steady-state stabilization, and 
the final stratum settlement is about 0.59 cm.

In summary, the application of THM coupling simulation in in-situ mining 
of oil shale has important theoretical and practical significance. Through 
comprehensive analysis of the interaction among the temperature field, fluid 
field, and stress field, THM coupling simulation clarifies the mechanism of 
efficient steam injection pyrolysis, accurately predicts the evolution law of 
the pyrolysis zone under different fracture systems, as well as quantitatively 
reveals the formation deformation caused by in-situ oil shale mining, pro
vid ing critical theoretical support and a decision-making basis for the imple
mentation of efficient, safe, and environmentally friendly in-situ mining of 
oil shale. The application of THM coupling simulation is summarized in this 
paper, as shown in Table 1. Currently, with advances in model refinement, 
full multi-field coupling, and multi-scale characterization technologies, THM 
coupling simulation is gradually expanding to full THMC simulation to 
more comprehensively depict the interaction mechanisms between chemical 
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processes such as pyrolysis kinetics, product generation, and migration and 
physical fields. This has further enhanced the predictability and controllability 
of oil shale exploitation under complex geological conditions, advancing oil 
shale resource development toward a safer, more efficient, and environmentally 
friendly model.

Table 1. Summary of applications of THM coupling simulation in oil shale

Direction of 
application

Core objective Main conclusion

Simulation and 
optimization of in-
situ heat injection 

mining

Accurate simulation 
of the oil shale 

pyrolysis process 
and improvement of 
pyrolysis efficiency

Steam pyrolysis efficiency is higher 
than that of conduction heating, and the 
intrinsic correlation between anisotropy 

and the pore-mechanical properties of oil 
shale should be considered

Prediction of 
effective pyrolysis 
zone and fracture 

propagation

Expanding the 
pyrolysis range and 

shortening the mining 
cycle

Hydraulic fractures are more efficient 
than bedding fractures, and multi-fracture 

networks achieve wide-area high-
temperature coverage

Dynamic mechanism 
of ground surface 

deformation

Preventing geological 
risks and ensuring 
equipment safety

Ground surface deformation is 
characterized by “heating uplift–cooling 

subsidence–steady state”

 4. Conclusions

THM coupling simulation quantifies the coupling effects of temperature, 
seepage, and stress fields, revealing the core mechanisms of in-situ oil 
shale exploitation. It delivers key theoretical support for optimizing mining 
parameters, risk mitigation, and engineering design, with its application 
value fully demonstrated in heat injection efficiency improvement, effective 
pyrolysis zone prediction, and ground surface deformation analysis.
1.	 Oil shale pyrolysis efficiency depends on the synergy of temperature 

transfer, fracture development, and fluid migration: the temperature 
field initiates pyrolysis, the stress field controls fracture propagation, 
the seepage field affects heat and product transport, and their dynamic 
balance is key to efficient exploitation.​

2.	 Accurate prediction of the effective pyrolysis zone requires centering 
on the 400 °C pyrolysis temperature threshold and integrating fracture 
morphological characteristics. Hydraulic fractures can significantly 
shorten the pyrolysis cycle compared with parallel bedding fractures, 
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while multi-fracture networks enable broader high-temperature coverage 
than single fractures.

3.	 The dynamic evolution of surface deformation can be predicted in 
advance via coupling simulation, exhibiting the intrinsic characteristics 
of heating-induced uplift, cooling-induced subsidence, and steady-state 
stabilization. Moreover, in-situ mining causes less disturbance to the 
geological environment than traditional mining technologies.

Currently, THM coupling simulation still has limitations. First, the full 
THMC coupling mechanism is not fully clarified, with insufficient deep inte
gration of chemical processes and physical fields. Second, simulation para m
eters lack adequate matching with field operating conditions, compro mising 
the accuracy of engineering guidance.

Future research should prioritize developing THMC models and strength
ening the coupling of multi-scale reservoir heterogeneity with pyrolysis 
kinetics. Meanwhile, a multi-scale parameter inversion method should be 
established by integrating micro-CT and field monitoring data to enhance 
model adaptability to real reservoirs, providing comprehensive technical 
support for maximum oil shale resource utilization and precise mining risk 
control.
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Abstract. The continental oil shales of China exhibit pronounced heterogeneity 
in organic matter abundance, mineral composition, and sedimentary 
structures. Characterizing their lithofacies is therefore fundamental for 
reconstructing depositional environments, assessing resource potential, 
and guiding resource development. In this study, oil shale data from major 
continental basins, including the Songliao, Ordos, and Junggar basins, were 
compiled, with a focus on TOC, XRD-derived mineralogical compositions, 
and sedimentary structural information. Based on an integrated evaluation 
of organic geochemical and sedimentological parameters, TOC, bedding 
characteristics, and mineralogy were selected as key criteria for lithofacies 
classification. Accordingly, continental oil shales in China were subdivided 
into 24 lithofacies types, such as organic-rich laminated argillaceous 
mudstone (RLAM) and organic-poor massive siliceous mudstone (PMSM). 
Among them, organic-rich laminated mixed mudstone (RLMM), organic-rich 
laminated siliceous mudstone (RLSM), and organic-rich laminated calcareous 
mudstone (RLCM) are identified as the most prospective lithofacies due to 
their relatively high TOC contents, favorable mineralogical brittleness, and 
well-developed lamination, which collectively indicate superior hydrocarbon 
generation potential and reservoir quality.

Keywords: lithofacies classification, oil shale, continental basin, total organic 
carbon, mineral composition.
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1. Introduction

Oil shale is a fine-grained sedimentary rock enriched in organic matter that 
can generate hydrocarbons upon heating [1]. As one of the most promising 
unconventional energy resources [2, 3], oil shale is characterized by abundant 
reserves, wide geographic distribution, and substantial potential for both direct 
utilization and in situ conversion technologies [4–6]. Lithofacies are defined as 
rocks or rock assemblages formed under specific depositional environments, 
reflecting sedimentary processes and environmental conditions. Lithofacies 
analysis provides a fundamental basis for evaluating the enrichment of organic 
sedimentary deposits, hydrocarbon generation potential, and development 
feasibility [7–9]. Accordingly, establishing a lithofacies classification 
framework for oil shale is crucial for elucidating its depositional evolution 
and resource potential.

At present, oil shale is commonly regarded as an extremely organic-
rich shale, and a systematic lithofacies classification scheme has not yet 
been established. Previous studies have primarily focused on oil shale type 
classification. For example, Goodarzi et al. [10] divided oil shale into coastal, 
shallow-water, and deep-water types, whereas Lin [11] classified the oil 
shale of the Qingshankou Formation in the Songliao Basin into horizontally 
laminated, massive, and bioclastic oil shale. Given that existing mudstone and 
shale classification schemes typically incorporate parameters such as mineral 
composition, organic matter abundance, organic matter type, sedimentary 
structures, and grain size [7, 12–14], these parameters provide a robust 
methodological foundation for oil shale lithofacies classification in this study.

Compared with marine oil shale, terrestrial oil shale in China exhibits 
pronounced heterogeneity, more complex material sources, and broader ranges 
of organic matter and mineral compositions [15]. Moreover, inconsistencies 
in classification criteria among different studies hinder reliable inter-basin 
comparisons. The establishment of a unified lithofacies classification scheme 
for oil shale can effectively address these limitations. In this study, datasets 
on the sedimentary structures, organic matter abundance indices, and mineral 
assemblages of oil shale from six representative basins in China (Songliao, 
Ordos, Junggar, Maoming, Fushun, and Qaidam) were systematically 
compiled. By comparatively analyzing the variations in these parameters 
among different basins, a lithofacies classification framework for oil shale in 
terrestrial basins of China is established.

2. Characteristics of oil shale

2.1. Formation ages of oil shales in representative basins

Oil shales in China’s terrestrial basins were primarily deposited from the 
Mesozoic to the Cenozoic, developing across diverse tectonic settings, 
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including rift basins, foreland basins, and cratonic basins, with deposition 
predominantly occurring in deep- to semi-deep lacustrine environments [16] 
(Table 1). Six representative basin oil shales were selected for this study.  
The Maoming and Fushun basins are small Cenozoic basins controlled by 
major faults, yet they host abundant oil shale resources within relatively limited 
areas [16, 17]. The Qingshankou Formation oil shale in the Upper Cretaceous 
of the Songliao Basin formed during the post-rift thermal subsidence 
stage [11, 18]. In the Qaidam Basin, the Shimengou Formation oil-bearing 
shale sequences were deposited in the late Middle Jurassic, representing a 
transitional phase from rifting to thermal subsidence [19]. In contrast, the 
Ordos Basin, a stable cratonic basin, contains oil shale in the Upper Triassic 
Yanchang Formation, reflecting a deep-lake depositional system developed 
under long-term basin stability [16]. The Lucaogou Formation oil shale in 
the Permian of the Junggar Basin was deposited in a terrestrial foreland basin 
during the molasse stage, influenced by the amalgamation of the Junggar and 
Tarim blocks [16]. Despite spanning a wide temporal range, these oil shales 
share common environmental characteristics, including rapid lake-basin 
subsidence, a warm and humid climate, and high lacustrine productivity, 
which collectively provided favorable conditions for the preservation and 
accumulation of abundant organic matter.

Table 1. Formation ages and depositional characteristics of oil shales in representative 
basins in China

Basin Type Representative 
stratigraphic 

unit

Formation age Depositional 
environment

References

Maoming Rift basin Youganwo Fm Paleogene Semi-deep lake [17]

Fushun Strike-slip 
basin

Jijuntun Fm Paleocene–
Eocene

Semi-deep 
 to deep lake

[16]

Songliao Rift basin Qingshankou 
Fm

Upper 
Cretaceous

Deep lake [11, 18]

Qaidam Rift basin Shimengou Fm Middle– 
Late Jurassic

Semi-deep  
to deep lake

[19]

Ordos Cratonic 
basin

Yanchang Fm Upper Triassic Semi-deep  
to deep lake

[16]

Junggar Foreland 
basin

Lucaogou Fm Middle 
Permian

Semi-deep  
to deep lake

[16]
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2.2. Sedimentary structure characteristics

A comparative analysis of sedimentary structures in oil shales from six 
basins reveals that China’s terrestrial basin oil shales predominantly develop 
three structural types: laminated → bedded → massive (Fig. 1), reflecting 
variations in water-body stability, hydrodynamic intensity, sedimentation rate, 
and sediment composition. Laminated structures are particularly characteristic 
of deep- to semi-deep lake deposits. The upper oil shales of the Songliao, 
Fushun, Maoming, and Qaidam basins exhibit well-developed fine laminations  
(Fig. 1a, d, g, i), indicative of strong water stratification, low physical 
disturbance, and minimal sediment dilution [11, 16, 17, 19]. In contrast, bedded 
or massive structures are more frequently observed in the Ordos and Junggar 
basins at lake-margin locations or during periods of enhanced sediment supply, 

Fig. 1. Core samples and photomicrographs of oil shales [11, 18–21].  
(a–c) Qingshankou Formation, Songliao Basin: oil shales displaying laminated, 
bedded, and massive structures, respectively; (d–f) Yanchang Formation, Ordos 
Basin: oil shales displaying laminated, bedded, and massive structures, respectively; 
(g–i) Lucaogou Formation, Junggar Basin: oil shales displaying laminated, bedded, 
and massive structures, respectively; (j–l) Shimengou Formation, Qaidam Basin: oil 
shales displaying laminated, bedded, and massive structures, respectively.
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reflecting higher sedimentation rates, increased lake disturbances, and 
greater clastic input [20, 21]. Overall, laminated structures represent the most 
prevalent and defining sedimentary feature of high-quality terrestrial oil shales 
in China. They control rock brittleness, pore structure, and the distribution of 
organic matter, and their degree of development largely determines lithofacies 
assemblages and the potential exploitability of oil shale.

2.3. Organic matter abundance and type

Total organic carbon (TOC) of oil shales from six terrestrial basins in China 
generally falls within a medium- to high range (approximately 5–25%), 
although significant differences exist among depositional systems (Fig. 2).

Geochemical data indicate that the TOC content of the Youganwo 
Formation oil shales in the Maoming Basin ranges from 3.7% to 28.9%,  
with a mean of 13.4%. The hydrogen index (HI) varies between 332 and 
1108 mg HC/g TOC, averaging 721.8 mg HC/g TOC. Organic matter is 
predominantly type I kerogen.

For the Jijuntun Formation oil shales in the Fushun Basin, TOC ranges 
from 2.3% to 30.3%, with a mean of 10.3%, and HI ranges from 102 to  
699 mg HC/g TOC, averaging 475.7 mg HC/g TOC (Fig. 2). The organic 
matter mainly comprises type I and type II kerogen.

Fig. 2. TOC–S2 cross plot for immature oil shales [48]. Qingshankou Formation 
data are from [49]; Yanchang Formation data are from [20, 22, 50–52]; Lucaogou 
Formation data are from [53]; Youganwo Formation data are from [54, 55]; Jijuntun 
Formation data are from [38]; Shimengou Formation data are from [56, 57].
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The TOC content of the Qingshankou Formation oil shales in the Songliao 
Basin ranges from 4.3% to 18.3%, with an average of 7.8%. Laminated oil 
shales exhibit higher TOC (mean 11.3%) than bedded (5.9%) and massive 
(5.5%) counterparts. HI is relatively high, ranging from 362 to 1097 mg HC/g 
TOC, with a mean of 838.2 mg HC/g TOC (Fig. 2). Organic matter is primarily 
lacustrine in origin [11, 18], dominated by type I kerogen, with type II kerogen 
as a subordinate component.

In the Shimengou Formation of the Qaidam Basin, TOC mostly ranges from 
4.2% to 29.3%, averaging 10.7%, except for a few samples with extremely 
high TOC (up to 34.1%). HI varies from 147 to 903 mg HC/g TOC, averaging 
610.2 mg HC/g TOC. Organic matter is mainly type I and type II kerogen, 
with minor type III occurrences (Fig. 2).

The Yanchang Formation oil shales in the Ordos Basin display high TOC 
values ranging from 3.6% to 42.3%, with a mean of 19.2%. HI ranges from 103 
to 871 mg HC/g TOC, averaging 437.6 mg HC/g TOC (Fig. 2). Organic matter 
is derived from a mixture of aquatic organisms and higher plants [22, 23], 
with the maceral composition dominated by vitrinite (up to 79.3%). Kerogen 
is predominantly type II, with minor type I.

The TOC content of the Lucaogou Formation oil shales in the Junggar 
Basin ranges from 3.2% to 34.8%, averaging 14.1%, with HI between 215 
and 1068 mg HC/g TOC (mean 574.1 mg HC/g TOC) (Fig. 2). Organic matter 
is mainly lamalginite, with minor contributions from higher plant debris [21], 
comprising type I and type II kerogen.

Large terrestrial basins such as the Ordos and Junggar basins are generally 
rich in organic matter, often exceeding 10% and locally surpassing 20–30%, 
reflecting high productivity and good preservation in deep-lake environments. 
In smaller Cenozoic basins such as the Maoming and Fushun basins, strong 
basin confinement and rapid sedimentation allow the formation of organic-
rich oil shales with a TOC content of 10–20%. Overall, China’s terrestrial 
oil shales are dominated by type I algal- and bacterial-derived kerogen, with 
minor contributions of type II and type III kerogen from terrestrial higher 
plants at basin margins.

2.4. Mineral composition characteristics

The mineral composition of terrestrial oil shales in China exhibits clear 
variations related to depositional environments, but overall can be summarized 
as combinations of three main groups: clay minerals, siliceous minerals, and 
carbonate minerals [9, 14] (Fig. 3). The Songliao, Junggar, and Ordos basins 
received relatively strong terrigenous clastic input, resulting in generally 
higher quartz and feldspar contents (quartz up to 25–40%). In contrast, the 
Maoming and Fushun basins, characterized by strongly confined lakes and 
limited external input, contain higher clay mineral contents (50–75%) and 
relatively low quartz content. The Qaidam Basin exhibits a transition from 
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terrigenous-dominated to mixed terrigenous and autochthonous deposition 
(25–35%) [19].

Specifically, in the Maoming Basin, clay minerals dominate the mineral 
composition, ranging from 48% to 75%, with a mean of 64.9%. Siliceous 
minerals are relatively low, with quartz ranging from 12% to 37% (mean 
22.7%) and feldspar from 0% to 4% (mean 1.9%).

For the Jijuntun Formation oil shales in the Fushun Basin, clay minerals 
are the most abundant (44.3–79%, mean 58.1%), followed by quartz (12–
39%, mean 26.2%), with minor amounts of feldspar, calcite, and pyrite.

In the Qingshankou Formation of the Songliao Basin, siliceous minerals 
range from 27.0% to 47.9%, with a mean of 34.5%. Carbonate minerals 
are generally low, averaging around 11.1%. Some bedded and massive oil 
shale samples contain bioclasts such as foraminifera, which locally increase 
carbonate content.

In the Shimengou Formation of the Qaidam Basin, the mineral assemblage 
of oil shales is dominated by clay minerals, quartz, and calcite, with mean 
contents of 45.5%, 15.5%, and 30.4%, respectively. Mineral composition varies 
with oil shale quality. Lower Shimengou Formation oil shales, characterized 
by lower TOC content, are dominated by quartz (average 38.5%) and clay 
minerals (average 56.3%), whereas in the upper formation, laminated oil shales 

Fig. 3. Ternary diagram of mineral composition in oil shales. Songliao Basin data are 
from [11, 18]; Ordos Basin data are from [22, 40]; Junggar Basin data are from [58]; 
Maoming Basin data are from [17]; Fushun Basin data are from [38, 39]; Qaidam 
Basin data are from [19, 56, 57, 59, 60].
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are highly developed, the carbonate content increases significantly (average 
30.7%) while quartz decreases (average 14.5%), resulting in an assemblage 
dominated by carbonate and clay minerals.

In the Yanchang Formation of the Ordos Basin, terrigenous clastic minerals 
are abundant, with quartz averaging 28.7% and plagioclase averaging 12.9%. 
Carbonate minerals are low, averaging 1.9%, while clay minerals range from 
20% to 64.7%, averaging 45.8%. Additionally, pyrite is present, reaching up 
to 19.3%.

In the Lucaogou Formation of the Junggar Basin, oil shale minerals are 
mainly siliceous and carbonate clastic minerals, with lower clay content. 
Quartz averages 32.7%, feldspar 15.5%, carbonate minerals 19.5%, and clay 
minerals 30.6%.

3. Discussion

3.1. Parameters for oil shale facies classification

Previous research [24, 25] has systematically summarized the criteria for 
classifying mudstone facies, identifying color, mineral composition and 
abundance, biological components, primary sedimentary structures, compac
t ion and deformation features, and diagenetic structures as key parameters. 
Together, these constitute a multi-proxy framework for facies classification.  
A well-defined facies classification system is vital for understanding   sedi
ment ary processes and depositional environments and serves as an essential 
reference for sedimentary resource evaluation and shale oil and gas explora
tion [12]. Facies schemes and nomenclature should simultaneously fulfill the 
functions of “description,” “assessment,” and “prediction” [14]. Specifically, 
they should describe physical, chemical, and biological variations at scales 
ranging from micrometers to meters, assess primary depositional processes 
and mechanisms, and predict post-depositional diagenetic pathways and the 
evolution of overall rock properties. However, time-variant features, such as 
color, are unsuitable as classification parameters [14].

Considering organic geochemical data, sedimentary structures, and mineral 
assemblages from major oil shale basins in China, and referencing previous 
shale facies classification schemes [7–9], this study classifies Chinese oil 
shale facies using three independent criteria: organic matter abundance, 
sedimentary structure, and mineral composition (Fig. 4). These parameters 
comprehensively capture the physical and chemical characteristics of the 
shales, reflect depositional processes and mechanisms, and provide insight into 
provenance, depositional environments, and predictive diagenetic evolution.

Organic matter abundance reflects paleo-lake productivity, sedimentation 
rates, and redox conditions [26–28]. TOC, as the principal indicator of 
organic matter abundance, is a key parameter for evaluating the hydrocarbon 
generation potential of oil shales. Variations in TOC directly control the 
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hydrocarbon-generating capacity of the rocks. Compared with existing TOC 
evaluation standards for mudstones [8], oil shales, being highly organic-
rich, generally exhibit elevated TOC values. Moreover, as immature source 
rocks, oil shales require thermal input for efficient hydrocarbon extraction, 
necessitating stricter criteria in potential assessments. In China’s continental 
basins, most oil shales display TOC values ranging from 5.8% to 24.1%, and 
a threshold of 10% is adopted here to distinguish between organic-rich and 
organic-poor shales. The TOC threshold of 10% corresponds approximately 
to the median–upper range of the dataset (5.8–24.1%), representing relatively 
organic-rich oil shale. This cutoff is also consistent with commonly adopted 
evaluation criteria for high-quality oil shale in previous studies.

Sedimentary structures in oil shales record abundant geological information 
and are essential for interpreting depositional history, resource exploration, and 
paleoenvironmental evolution. Laminae – defined as the smallest indivisible 
units of bedding with thicknesses less than 1 cm – represent the fundamental 
structural element [29]. Although no universally accepted theory exists for the 
origin of fine-grained sediment laminae [30–33], their geometry, continuity, 
and pattern are widely used in lithological descriptions and provide preliminary 
insights into primary depositional processes and mechanisms. Compared with 
general fine-grained sediments [34], oil shales exhibit more stable deposition, 
with straighter, more continuous laminae. Following previous studies [8, 35], 
this work quantitatively classifies sedimentary structures into three types 
according to lamina development: laminated (< 1 mm), bedded (1 mm–1 cm), 
and massive (laminae absent).

Fig. 4. Facies of oil shales are classified using a three-parameter scheme encompassing 
TOC content (a), bedding type (b), and mineralogy (c). Abbreviations: ar – argillaceous 
mudstone, mi – mixed mudstone, si – siliceous mudstone, ca – calcareous mudstone.
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Variations in mineral composition not only reflect basin provenance, 
paleoclimate, and lake chemistry but also influence porosity, brittleness, 
and potential for exploitation [14, 34]. Minerals are categorized into three 
major components: siliceous, carbonate, and clay minerals. Differences in 
mineral assemblages affect the mechanical properties of the strata and the 
adsorption capacity of organic matter [36]. Using a 50% content threshold 
(Fig. 4c), lithology is classified into four types: argillaceous mudstone, mixed 
mudstone, siliceous mudstone, and calcareous mudstone.

As illustrated in Figure 4, a comprehensive classification scheme based on 
organic matter abundance, sedimentary structure, and mineral composition 
allows theoretical subdivision of oil shales in China’s continental basins into 
24 facies types (Table 2). In practice, however, only one to a few dominant 
facies typically develop in each basin. Notably, for the same stratigraphic 
interval, variations in burial depth and organic matter maturity across different 
basin regions result in significant differences in clay content and TOC, and 
variations in sample collection depth among studies can further affect facies 
determination. Therefore, this study primarily relies on data from shallowly 
buried, thermally immature oil shales as the basis for facies classification. 
The selection of predominantly shallow-buried, immature oil shale samples 
aims to preserve primary depositional and mineralogical characteristics, 
thereby minimizing thermal alteration effects and ensuring that lithofacies 
classification reflects original sedimentary and organic geochemical features.

Table 2. Facies types of oil shales in China’s continental basins

TOC Bedding Mineralogy Lithofacies

O
rg

an
ic

-r
ic

h

Laminated

Fig. 4a

Organic-rich laminated argillaceous mudstone (RLAM)

Organic-rich laminated mixed mudstone (RLMM)

Organic-rich laminated siliceous mudstone (RLSM)

Organic-rich laminated calcareous mudstone (RLCM)

Bedded

Organic-rich bedded argillaceous mudstone (RBAM)

Organic-rich bedded mixed mudstone (RBMM)

Organic-rich bedded siliceous mudstone (RBSM)

Organic-rich bedded calcareous mudstone (RBCM)

Massive

Organic-rich massive argillaceous mudstone (RMAM)

Organic-rich massive mixed mudstone (RMMM)

Organic-rich massive siliceous mudstone (RMSM)

Organic-rich massive calcareous mudstone (RMCM)

Continued on the next page
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 Table 2. continued

3.2. Oil shale facies classification

Facies variations in China’s lacustrine basins reflect the combined influences 
of paleoclimate, basin type, water column stratification, sediment supply, 
and lake productivity [37]. The Songliao, Fushun, and Maoming basins are 
predominantly characterized by laminated argillaceous mudstone facies, 
indicating stable water column stratification and minimal hydrodynamic 
disturbance during deposition [11, 17, 18, 38, 39]. In contrast, the Ordos and 
Junggar basins are dominated by organic-rich mixed mudstone and organic-
rich siliceous mudstone facies, with elevated carbonate and siliceous mineral 
contents, high lake productivity, and abundant terrigenous and autochthonous 
sediment supply [21, 22, 40]. The Shimengou Formation in the Qaidam Basin 
corresponds to a Middle Jurassic transitional paleoclimate, shifting from 
humid to arid conditions, which influenced lake productivity, organic matter 
preservation, and sediment supply, thereby shaping the facies assemblage of 
the Shimengou oil shales [19].

Within individual basins, facies assemblages follow discernible patterns. 
The Qingshankou Formation in the Songliao Basin develops organic-rich 
laminated argillaceous mudstone (RLAM), organic-rich bedded argillaceous 
mudstone (RBAM), organic-rich laminated mixed mudstone (RLMM), 
organic-poor laminated argillaceous mudstone (PLAM), organic-poor bedded 

TOC Bedding Mineralogy Lithofacies

O
rg

an
ic

-p
oo

r

Laminated

Fig. 4a

Organic-poor laminated argillaceous mudstone (PLAM)

Organic-poor laminated mixed mudstone (PLMM)

Organic-poor laminated siliceous mudstone (PLSM)

Organic-poor laminated calcareous mudstone (PLCM)

Bedded

Organic-poor bedded argillaceous mudstone (PBAM)

Organic-poor bedded mixed mudstone (PBMM)

Organic-poor bedded siliceous mudstone (PBSM)

Organic-poor bedded calcareous mudstone (PBCM)

Massive

Organic-poor massive argillaceous mudstone (PMAM)

Organic-poor massive mixed mudstone (PMMM)

Organic-poor massive siliceous mudstone (PMSM)

Organic-poor massive calcareous mudstone (PMCM)
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argillaceous mudstone (PBAM), organic-poor massive argillaceous mudstone 
(PMAM), organic-poor laminated mixed mudstone (PLMM), organic-poor 
bedded mixed mudstone (PBMM), and organic-poor massive mixed mudstone 
(PMMM) facies. In the Ordos Basin, facies include RLAM, organic-rich 
laminated siliceous mudstone (RLSM), RBAM, organic-rich bedded siliceous 
mudstone (RBSM), organic-rich massive argillaceous mudstone (RMAM), 
organic-rich massive siliceous mudstone (RMSM), and organic-poor massive 
siliceous mudstone (PMSM). The Permian oil shales of the Junggar Basin 
display a broader diversity, including RLSM, RLMM, RBSM, organic-rich 
bedded mixed mudstone (RBMM), RMSM, organic-rich massive mixed 
mudstone (RMMM), organic-poor laminated siliceous mudstone (PLSM), 
PLMM, organic-poor bedded siliceous mudstone (PBSM), PBMM, PMSM, 
and PMMM. The Fushun and Maoming basins show similar assemblages, with 
RLAM, RBAM, RMAM, PLAM, PBAM, and PMAM facies. The Qaidam 
Basin exhibits the highest facies diversity, encompassing nearly all oil shale 
types, with RLAM, organic-rich laminated calcareous mudstone (RLCM), 
RLMM, PBSM, PBAM, PMSM, and PMAM being particularly common.

3.3. Implications of facies for hydrocarbon generation and resource 
assessment

Facies serve as a critical link connecting depositional processes, organic 
matter accumulation, and the hydrocarbon generation potential of lacustrine 
oil shales [41]. Variations in facies not only reflect differences in depositional 
environments and organic matter input but also govern the hydrocarbon 
generation, expulsion, and in-situ transformation potential of oil shale 
sequences [42]. Essentially, each facies represents a distinct “organic matter–
mineral–porosity” system [42].

Identifying organic-rich facies with well-developed lamination and high 
brittleness indices is particularly critical for assessing hydrocarbon potential 
and producibility. Laminated facies, which form under low depositional 
rates, typically exhibit elevated TOC values [41] and favor the development 
of interlayer microfractures [43]. Rigid components, including siliceous 
and carbonate minerals, enhance compaction resistance, thereby promoting 
the formation and preservation of intergranular porosity [44], whereas clay 
minerals are generally inversely correlated with porosity development. During 
in-situ transformation, organic acids released from the thermal maturation 
of organic matter can dissolve carbonate and feldspar minerals [45], further 
improving reservoir properties.

The brittleness index (BI) is defined as the weight fraction of siliceous plus 
carbonate minerals relative to the total mineral content (siliceous + carbonate 
+ clay minerals) [46]. Rocks with BI > 60% exhibit brittle behavior, whereas 
those with BI < 60% display ductility [36, 47]. Consequently, organic-rich 
laminated facies with high BI constitute the most promising oil shale targets. 
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At the facies scale, RLMM, RLSM, and RLCM represent the most favorable 
“sweet spots” within basins. At the basin scale, the Junggar Basin stands out 
with the highest brittle mineral content (BI = 68.9%) and relatively high TOC 
content (average 14.14%) (Fig. 5). Furthermore, the Lucaogou Formation 
oil shales in the Junggar Basin are hydrogen-rich, with HI values reaching  
574.1 mg/g TOC, marking it as the basin with the greatest oil shale exploitation 
potential.

Fig. 5. Distribution of brittleness index (a) and TOC content (b) for oil shales from 
different basins. The upper and lower boundaries of the boxes represent the 75th and 
25th percentiles, respectively.
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4. Conclusions

This study presents an oil shale facies classification scheme tailored for 
lacustrine basins in China, based on organic geochemical parameters, 
mineralogical composition, and depositional structures of oil shales from six 
major basins (Songliao, Ordos, Junggar, Maoming, Fushun, and Qaidam). 
Systematic basin-scale comparisons were also conducted. The main findings 
are summarized as follows:
1.	 By integrating three key parameters – TOC content, depositional 

struc ture, and mineralogical composition – 24 operationally practical 
lacustrine oil shale facies were delineated. This classification effectively 
captures geological processes such as paleo-productivity, depositional 
conditions, and sediment provenance, exhibiting strong applicability and 
comparability across different basins.

2.	 Analysis of the oil shale characteristics across these basins indicates 
that the organic-rich laminated mixed mudstone (RLMM), organic-
rich laminated siliceous mudstone (RLSM), and organic-rich laminated 
calcareous mudstone (RLCM) facies represent the most favorable “sweet 
spots” for in-situ hydrocarbon generation. Basin-scale comparisons 
further highlight the Junggar Basin as possessing oil shales with the 
highest development potential.
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Abstract. As an important alternative to conventional oil and gas resources, 
oil shale holds significant strategic importance. While in-situ conversion 
technology has addressed the challenges of deep oil shale mining, heat transfer 
efficiency remains the core bottleneck for its large-scale application. Through 
a systematic review of heat transfer simulation studies on oil shale in-situ 
conversion under well pattern control, this paper fills existing research gaps.  
It first systematically reviews the current research status of heat transfer during 
oil shale in-situ conversion, then clarifies the heat transfer mechanisms, and 
finally elaborates on the thermal-hydraulic-mechanical coupling model and 
research progress in in-situ extraction under well pattern control. It provides 
theoretical support for well pattern design and efficient mining in oil shale in-
situ conversion projects.

Keywords: oil shale, well pattern, heat transfer characteristics, thermal-fluid-
solid coupling, numerical simulation.

1. Introduction	

Global oil shale resources are extremely abundant, estimated at approximately 
1 × 1013 t, equivalent to 4.5 × 1011 t of shale oil, which is four times the reserves 
of conventional petroleum resources [1]. Oil shale is a high-ash sedimentary 
rock rich in organic matter, from which shale oil produced by kerogen 
pyrolysis can be directly used as fuel or further processed to produce gasoline, 
diesel, and other fuels [2]. As an important alternative energy source, oil shale 
has attracted worldwide attention due to its vast reserves and comprehensive 
utilization value [3].

In-situ oil shale conversion technology still has certain limitations and 
drawbacks [4]. Generally, conduction heating is relatively mature in its 
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process, simple, and easy to control, but it requires prolonged heating time 
and incurs high costs. Convection heating offers high heating efficiency, yet it 
results in significant heat loss and environmental damage. Radiation heating 
provides rapid heating rates; however, its heating range is constrained by 
technical limitations and remains in the research and development stage [5]. 
Reactive heating exhibits high efficiency and low cost, but its control process 
is complex. The in-situ pyrolysis of oil shale and hydrocarbon migration are 
influenced by multiple factors, making efficient heating a key challenge in 
the study of in-situ conversion technology [6]. Therefore, it is essential to 
clarify the heat transfer characteristics of oil shale under in-situ conversion 
conditions to provide a theoretical basis for the in-situ conversion process [7].

At present, a large number of scholars have studied the in-situ conversion 
technology of oil shale [8–10]. Based on the Web of Science database, a total 
of 726 articles from the past five years were analyzed using the search terms 
oil shale, in situ conversion, and heat transfer. As shown in Figure 1, recent 
research on in-situ pyrolysis of oil shale has primarily focused on fundamental 
mechanisms of oil shale pyrolysis, in-situ conversion technologies and 
reservoir engineering, and co-conversion techniques of oil shale. However, the 
heat transfer issue in in-situ oil shale conversion remains a critical bottleneck 
hindering its large-scale commercialization [11, 12]. Currently, there is a lack 
of comprehensive literature reviewing numerical simulation techniques for 
heat transfer in in-situ oil shale conversion under well pattern regulation. This 
paper fills the gap in literature.

This paper first describes the heat transfer characteristics of oil shale in-
situ mining. Then, the solid heat transfer theory of oil shale in-situ conversion 
fluid is expounded, and the commonly used simulation software and thermal-
fluid-solid coupling are introduced. Finally, the role of well pattern control 
in in-situ mining of oil shale is analyzed, the influence of well pattern on 
mining is discussed, and the numerical simulation and optimization directions 
of different well pattern models are discussed. The paper provides theoretical 
support and effective insights for the in-situ conversion development of oil 
shale and the optimization of well pattern deployment.

2. Current research status of in-situ heat transfer in oil shale 
conversion

The key issue in the in-situ exploitation of oil shale lies in how external 
temperature can heat the ore layer to the effective pyrolysis temperature, 
which is essentially a matter of heat transfer characteristics. However, the 
underground environment is extremely complex, and different bedding 
structures may significantly affect the heat transfer characteristics of oil 
shale [13]. Heat conduction in an object occurs under the condition of no 
macroscopic relative displacement, where energy is transferred in the form of 
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internal energy through the thermal motion of molecules or atoms constituting 
the object [14]. Convective heat transfer refers to the process of heat transfer 
that occurs when fluids of different temperatures undergo overall or partial 
relative movement. When an object’s temperature is above absolute zero, the 
thermal motion of atoms and molecules continuously emits electromagnetic 
waves, releasing energy [15]. For heat transfer via conduction or convection, 
the presence of a medium is necessary, whereas radiative heat transfer can 
occur in a vacuum without requiring any medium [16].

Oil shale is a poor thermal conductor with low thermal conductivity, and 
it is a porous solid with relatively low porosity. Therefore, heat transfer issues 
inevitably arise during pyrolysis [17, 18]. These heat transfer mechanisms 
interact and overlap, making it highly challenging to comprehensively study 
the heat transfer behavior of oil shale during in-situ conversion process.

Regarding the key equipment for in-situ oil shale conversion, the large-
scale spiral baffle downhole heater, Bu et al. [19] conducted numerical heat 
transfer simulations to analyze its performance under different heating powers 
and injected gas flow rates. At a gas flow rate of 160 m³/h and a heating power 
of 6 kW, the outlet temperature reached 280 °C. When h/Δp1/3 was used as 
the heat transfer performance indicator, the performance was optimal at  
100 m³/h, most stable at 160 m³/h, and significantly affected by heating power 
at 200 m³/h, being approximately 6% lower than that at 100 m³/h. Gas heating 
was divided into three stages: rapid heating, stable heating, and excessive 
heating. The outlet temperature curve exhibited a two-stage variation due 
to the energy exchange balance between heating power and gas flow rate, 
preventing the outlet temperature from reaching the theoretical maximum. 
This large-scale heater can inject higher flow rates of heat-carrying gas, 
providing technical support for efficient in-situ pyrolysis of oil shale.

Regarding the thermo-hydro-mechanical (THM) coupling problem under 
high-temperature steam injection in oil shale, Jia et al. [20] investigated the 
heat transfer characteristics of Balikun oil shale from Xinjiang at temperatures 
(a)
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ranging from 25 to 550 °C. They demonstrated that a multi-fracture heating 
model provides a larger heating area compared to a single-fracture model, as 
shown in Figure 2, achieving a stable temperature of 600 °C 30 min earlier. 
The study revealed the permeability–heat transfer mechanism of oil shale 
during steam pyrolysis.

To further elucidate the evolution of the anisotropic thermal conductivity 
of oil shale with temperature and its correlation with anisotropic pore-fracture 
structures, Jin et al. [21] tested the weight loss, specific heat capacity, pore-
fracture structure, and anisotropic thermal conductivity of oil shale with 
temperature. As shown in Figure 3, the main weight loss of oil shale occurs after 
400 °C. The thermal conductivity of parallel and vertical beddings decreases 

Fig. 2. Specimen temperature measurement points over time [20].

Fig. 3. TG and DTG curves of weight loss during oil shale pyrolysis [21].

(b)
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linearly with the increase of temperature, and the thermal conductivity of 
parallel bedding is always greater than that of vertical bedding. The specific 
heat capacity increases first and then decreases, reaching a maximum at 
400 °C. This study provides a key experimental basis for the optimization of 
oil shale in-situ pyrolysis mining technology.

Numerous scholars have conducted extensive research on heat transfer 
during in-situ oil shale conversion. Zhang et al. [22] established a spherical 
heat transfer model and a first-order heat transfer model, and suggested that 
heat transfer is an important factor affecting the yield of oil shale pyrolysis 
products. When the particle size of oil shale is small or the heating rate is 
slow, the calculation results of the first-order heat transfer model are more 
accurate. When the simulation is carried out in the same number of stages, 
the first-order heat transfer model can also reduce the computational load. 
Furthermore, regarding the heat transfer model within the pyrolysis reactor, 
Di Maio [23] used the discrete element method to simulate the heat transfer 
process of particles in the retort. The model considers the heat transfer 
between fluid and particles, particles and particles, fluid and reactor surface, 
and particles and reactor surface. The simulation results are in good agreement 
with the experimental data.

Overall, significant progress has been made in the field of heat transfer 
during in-situ oil shale conversion in recent years, particularly in multi-
physics coupling simulations and a refined understanding of heat transfer 
processes. The core challenges faced by current research primarily stem from 
the geological characteristics of oil shale itself. Future research should focus 
on the low thermal conductivity characteristics of oil shale, deeply explore 
and optimize the heat transfer process, overcome the bottleneck of oil shale 
in-situ conversion technology, and enable its large-scale application.

3. Mechanism of heat transfer between fluids and solids in in-situ 
oil shale conversion

In the in-situ pyrolysis of oil shale, high-temperature gas brings heat from the 
gas injection well to the oil shale layer, and then the heat is transferred from 
the gas into the solid and liquid phases [24]. The numerical simulation of 
in-situ pyrolysis mining of oil shale requires establishing the corresponding 
physical model, and then calculating and solving the simulation results.  
The physical laws that the fluid must follow during flow are mainly the continuity 
equation, the mass conservation equation, and the motion equation [25].

The continuity equation is generally expressed as follows:

(1)

where Sm denotes the mass source term.
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If the established geometric model exhibits two-dimensional axisymmetric 
characteristics, the mass conservation equation is expressed as follows:

(2)

where x denotes the axial coordinate, r represents the radial coordinate, vx 
indicates the axial velocity, and vr stands for the radial velocity.

In an inertial reference frame, the motion equation can be expressed as 
follows:

(3)

where p denotes the fluid pressure,  represents the gravitational force,  
F includes other external forces related to the model, and τ signifies the stress 
tensor. The latter can be expressed as follows:

(4)

where μ denotes the molecular viscosity, I represents the unit tensor, and v 
indicates the swirl velocity.

If the established geometric model exhibits two-dimensional axisymmetric 
characteristics, the motion equations can be expressed as follows:

(5)

(6)

(7)

Considering the energy model in the research process, heat transfer occurs 
when there is a temperature difference between different blocks. The heat 
conduction equation can be expressed as follows:

(8)

The initial conditions can be expressed as follows:

(9)
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Considering the energy model in the research process, heat transfer occurs when there is a 

temperature difference between different blocks. The heat conduction equation can be 

expressed as follows: 

𝜌𝜌 ⋅ 𝐶𝐶
∂𝑇𝑇
∂𝑡𝑡 = ∇(𝜆𝜆∇𝑇𝑇) + 𝑆𝑆(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡). (8) 

The initial conditions can be expressed as follows: 

𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 0) = 𝑇𝑇%(𝑥𝑥, 𝑦𝑦, 𝑧𝑧). (9) 

The boundary conditions can be expressed by the following three equations: 

𝑇𝑇|&! = 𝑇𝑇'(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)(Γ ∈ Γ(), (10) 

−𝜆𝜆 ⋅
∂𝑇𝑇
∂𝑛𝑛 = 𝑞𝑞(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)(Γ ∈ Γ#), (11) 

−𝜆𝜆 ⋅
∂𝑇𝑇
∂𝑛𝑛 |&" = ℎ(𝑇𝑇 − 𝑇𝑇()(Γ ∈ Γ)), (12) 

 In Equations (8)–(12), 𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)	denotes the temperature field, 𝜌𝜌 is the density of the 

material, 𝜆𝜆  represents the thermal conductivity, 𝐶𝐶 is the specific heat capacity, and 

𝑆𝑆(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) denotes the internal heat source generated by radiation. 𝑇𝑇%(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) is the initial 

temperature distribution, while 𝑇𝑇'(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)  represents the prescribed temperature on the 

system boundary. 𝑞𝑞(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) denotes the heat flux density on the boundary, and ℎ is the 
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The boundary conditions can be expressed by the following three equations:

(10)

(11)

.                              (12)

In Equations (8)–(12), T(x,y,z,t) denotes the temperature field, ρ is the 
density of the material, λ represents the thermal conductivity, C is the specific 
heat capacity, and S(x,y,z,t) denotes the internal heat source generated by 
radiation. T0(x,y,z) is the initial temperature distribution, while Tw(x,y,z,t) 
represents the prescribed temperature on the system boundary. q(x,y,z,t) 
denotes the heat flux density on the boundary, and h is the convective heat 
transfer coefficient. T1 represents the ambient temperature. The variables x,y,z 
denote the spatial coordinates and t denotes time. ∇ is the gradient operator 
and n represents the outward normal direction to the boundary. Γ1, Γ2, and Γ3 
denote the Dirichlet, Neumann, and Robin boundaries, respectively, of the 
computational domain.

In THM simulations of oil shale, software such as COMSOL or Ansys 
Fluent is commonly employed. COMSOL yields accurate results but is 
computationally demanding, while Fluent is more flexible and suited for 
larger-scale problems. When Fluent is utilized for such studies, it enables the 
simulation of heat conduction processes within both fluid and solid domains, 
as well as at their boundaries, requiring only the configuration of necessary 
parameters for the simulation.

The energy equation in Fluent is expressed as follows:

(13)

where                         , keff presents the effective conductivity, and J denotes 
the diffusion flux.

Undeniably, oil shale is a typical porous medium characterized by low 
permeability and low porosity [26]. The energy conduction equation in Fluent 
is as follows:

(14)

In-situ underground pyrolysis of oil shale occurs in a multi-field coupled 
environment involving thermal, hydrodynamic, mechanical, and chemical inter
actions, representing a classic THM coupling problem in porous fractur ed rock 
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masses [27]. After the beginning of pyrolysis, the porosity and permeability 
of oil shale increase rapidly, which accelerates the seepage velocity of fluids 
and improves the diffusion rate of the temperature field. On the other hand, 
the density, elastic modulus, and Poisson’s ratio of oil shale change with 
temperature, and the variation of the temperature field leads to the redistribution 
of stress field [28]. Ultimately, thermal stress modifies the apertures of pores 
and fractures, affecting the reservoir’s porosity and permeability, which in 
turn induces further alterations in the seepage field. On the whole, the in-situ 
pyrolysis of oil shale is a thermal-flow-force multi-field dynamic coupling 
cycle process initiated by heat, involving changes in physical and chemical 
properties, and driving the evolution of permeability and seepage field through 
stress field adjustments.

Regarding shale gas extraction, Li et al. [29] developed a fully coupled 
multi-domain and multi-physics model, dividing the post-hydraulic fracturing 
shale reservoir into three core domains: SRD (stimulated reservoir domain), 
NSRD (non-stimulated reservoir domain), and HF (hydraulic fractures).  
The proposed THM coupling simulation accurately reflects the interactions of 
multi-domain and multi-physical processes during shale gas extraction.

For the pyrolysis of oil shale under microwave irradiation, Wang et al. [30] 
conducted numerical simulations based on a fully coupled electromagnetic-
thermal-chemical-hydraulic model for three-dimensional porous media using 
the finite element method. As shown in Figure 4, high power was suitable for 
rapid heating, while low power facilitated efficient pyrolysis. Consequently, 
they proposed a variable-power heating mode, which simultaneously reduced 
heating time and improved thermal uniformity. Product analysis indicated that 
precise temperature control through parameter optimization was necessary 
to avoid secondary reactions of oil products. This study provides theoretical 
support for improving the heat transfer efficiency of microwave pyrolysis of 
oil shale.

Based on a fully coupled three-dimensional electro-thermal-chemical-
fluid-solid model to study microwave heating in-situ conversion technology, 
Zhu et al. [31] found that the dielectric properties of oil shale are temperature-
dependent, exhibiting a slow initial heating rate followed by rapid acceleration. 
When the pyrolysis temperature exceeds 500 °C, the heating rate increases 
significantly, and this phenomenon becomes more pronounced under high-
power microwave irradiation. Compared to electric heating, microwave 
heating accelerates the generation of pressure gradients and thermal stress 
in oil shale while simultaneously enhancing its porosity and permeability.  
The research proves that microwave heating, rather than oil shale upgrading, 
has great potential.

In-situ oil shale conversion involves complex coupling of pyrolysis 
reactions, fluid flow, rock deformation, and heat transfer processes.  
The THM coupling model can simultaneously account for the interactions 
among temperature fields, seepage fields, and stress fields, thereby avoiding 



289

Fi
g.

 4
. D

yn
am

ic
 d

is
tri

bu
tio

n 
of

 p
ro

du
ct

s d
ur

in
g 

oi
l s

ha
le

 p
yr

ol
ys

is
 u

nd
er

 a
 v

ar
ia

bl
e-

po
w

er
 h

ea
tin

g 
m

od
e 

[3
0]

.

Well pattern-controlled heat transfer in in-situ oil shale



290 Yu Cao et al.

biases inherent in single-physics simulations [32]. Under well pattern control 
conditions, THM coupling simulations can analyze the impact of different 
operational parameters on heat transfer efficiency. THM coupling can 
simulate stress-strain field variations, predict formation change trends, and 
provide a basis for well pattern control strategies [33]. Therefore, conducting 
THM simulations for in-situ oil shale conversion serves as a critical approach 
to studying heat transfer mechanisms under well pattern control conditions.

4. Numerical simulation of in-situ oil shale extraction via well 
pattern regulation

The core of in-situ oil shale extraction lies in heating kerogen to pyrolyze it into 
oil and gas, a process that heavily relies on efficient heat transfer [34]. Under 
natural conditions, heat transfer in the formation is inefficient and difficult to 
control. Well pattern regulation establishes a controlled engineering system 
by deploying specific injection and production wells, fundamentally altering 
the heat transport environment. Specifically, well pattern control directly 
influences the temperature field distribution within the formation by adjusting 
the temperature, pressure, and flow rate of the injected fluid [35]. Large-scale 
field testing of well pattern control for heat transfer technology is usually 
difficult; therefore, numerical simulation has become an important tool for 
such studies.

Conducting numerical simulations of heat transfer in oil shale under well 
pattern control conditions is a key technical pathway to enhance the efficiency 
and safety of in-situ oil shale extraction [36]. The fundamental principle of 
well pattern control technology lies in precisely regulating the physical fields 
around the wellbore and within the reservoir to create an optimal environment 
for the pyrolysis and conversion of oil shale. The core concept of this tech
no l  ogy involves meticulous management of injection and production wells 
to actively control the temperature, pressure, and fluid flow fields within the 
reservoir, thereby effectively guiding and constraining the oil shale pyrolysis 
process [37]. Its primary objective is to efficiently and safely convert solid oil 
shale kerogen into mobile hydrocarbon products within a controlled “reaction 
vessel” (i.e., the reservoir). Table 1 summarizes the well pattern deployment 
methods for in-situ oil shale extraction. 

Numerical simulation serves as the cornerstone for the design and optimi
zation of well pattern control technology. Researchers establish comprehensive 
mathematical models that couple heat transfer, chemical reactions, fluid flow, 
and rock mechanics to simulate and predict extraction performance under 
various well pattern control schemes [38].
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Table 1. Well pattern deployment methods for in-situ oil shale extraction

Well pattern 
deployment type

Typical layout 
description

Advantages Disadvantages

Five-spot/nine-spot 
well pattern

The center of  
a square area serves 
as an injection/
heating well, with the 
four corners/edges  
as production wells

Established 
theoretical model, 
easy to manage, 
suitable for early 
small-scale pilot tests

Sweep efficiency 
may be non-uniform; 
poor adaptability 
to heterogeneous 
reservoirs; difficult 
to achieve large-scale 
volume heating

Triangular/hexagonal 
well pattern

Heating wells are 
arranged in an equi
lateral triangular or 
regular hexagonal 
array; production 
wells can be located 
at the center or edges 
of the array

Triangular: fast 
heating rate. 
Hexagonal: high 
energy utilization 
efficiency and 
uniform coverage

Requires a large 
number of wells, 
increasing investment 
costs; high 
requirements for 
drilling precision

Linear well pattern Heating and pro
duction wells are 
arranged alternatingly 
in separate rows

Clear displacement 
direction, easy 
control of the heating 
sweep range, suitable 
for large-area 
development

High reservoir 
homogeneity 
required; prone to 
forming “dead oil 
zones” between well 
rows; limited lateral 
sweep efficiency

Vertical-horizontal 
well combination

Vertical and 
horizontal wells 
are deployed in 
coordination

Flexible layout, 
adjustable according 
to reservoir 
conditions

Complex design; 
requires precise 
geological 
understanding

The impact of well pattern on oil shale extraction is primarily reflected 
in two aspects: inter-well structure design and well spacing. Jia et al. [39] 
innovatively adopted an “injection well-heating hole-production well” con
figuration. By adding heating holes between injection and production wells, a 
low-temperature gas barrier was constructed to prevent groundwater intrusion 
into the production zone, thereby avoiding energy waste caused by direct 
exposure of groundwater to high temperatures in traditional well patterns. 
Simultaneously, this design allows nitrogen to heat up during flow, focusing 
thermal energy on hydrocarbon production rather than groundwater, which 
enhances pyrolysis efficiency and accelerates the initiation of oil production. 
Compared to conventional well patterns, this approach also reduces production 
delays and improves concurrent extraction efficiency.

Well pattern-controlled heat transfer in in-situ oil shale
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In the investigation of a novel method for in-situ extraction of oil shale 
through long-distance horizontal wells high-temperature steam injection, 
Ren et al. [40] established a THM-coupled mathematical model that accounts 
for the anisotropy of oil shale. They compared the extraction efficiency 
between the conventional vertical well pattern and the new method, as 
illustrated in Figure 5. The results demonstrated that the new method achieves 
higher heating efficiency. Furthermore, key parameters were optimized, 
and economic analysis was conducted to validate the feasibility of the new 
approach, providing theoretical and data support for efficient in-situ pyrolysis 
of oil shale.

Fig. 5. Schematic diagram of vertical and horizontal well cases [40].
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To explore low-power, high-yield three-dimensional oil shale well pattern 
models, Sun et al. [41] conducted numerical simulations using Ansys Fluent 
to evaluate the cumulative oil production, annual oil production, heating rate 
factor, and energy consumption per unit volume for the seven well pattern 
models shown in Figure 6. The results demonstrated that all models achieved 
in-situ pyrolysis directly without a preheating period. Model VII reached peak 
annual oil production at 360 days, with a peak heating rate factor of 3.696 at 
540 days, and completed full pyrolysis by 780 days. Model VI exhibited the 
lowest energy consumption per unit volume at only 814.87 kW/m³, reducing 
consumption by 41.93% compared to other models and achieving the highest 
energy utilization efficiency. This study provides key technical support for the 
design of well types in in-situ oil shale mining field experiments.

Fig. 6. Schematic diagram of different well pattern models for in-situ heating of oil 
shale [41].

Well pattern-controlled heat transfer in in-situ oil shale
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At present, scholars mainly use the STARS module of CMG software to 
simulate the in-situ conversion and heating process of oil shale. Pei et al. [42] 
carried out numerical simulations of a seven-spot well group for nitrogen 
injection assisted in-situ conversion process (NAICP) and analyzed factors 
influencing the energy utilization rate and oil-gas recovery ratio. Under a gas 
injection temperature of 300 °C gas injection and a flow rate of 400 m3/day, 
the NAICP technology demonstrated higher production efficiency. The oil 
output equivalent and maximum oil yield were 1.17 and 1.28 times that of 
the in-situ conversion process, respectively, and energy utilization rate was 
improved. Song et al. [43] conducted numerical simulations of multi-level 
branch wells, showing that the injection temperature strongly influences 
hydrocarbon generation in oil shale. For multi-branch wells, a production 
scheme of five branch wells with a 60° branch angle and 40 m branch length 
achieved the highest oil and gas generation efficiency. These studies show that 
optimizing injection temperature and well structure can significantly improve 
oil production efficiency and energy utilization in the in-situ conversion of oil 
shale.

Curr ent research has clearly revealed the complex effects of well spacing, 
well type, and well pattern on thermal field distribution, heating efficiency, 
and production dynamics. Future studies should adopt an economically 
oriented approach, focusing on establishing numerical simulation methods for 
well pattern control that account for multi-well pattern characteristics. This 
involves uncovering the synergistic mechanisms of thermal field regulation 
through well patterns and quantifying the differential effects of various well 
pattern combinations on the evolution of porosity and permeability parameter 
fields. The ultimate goal is to develop well group optimization technology that 
enhances heat transfer efficiency in self-generating heat in-situ conversion of 
oil shale, thereby providing theoretical support for predicting development 
outcomes and optimizing well pattern deployment.

5. Conclusions

This paper presents an in-depth examination of numerical simulation of well-
pattern controlled heat conduction in in-situ oil shale conversion and draws 
the following conclusions:
1.	 The core of in-situ oil shale conversion lies in heat transfer efficiency. 

Current research has made progress in multi-field coupling simulations 
and understanding heat transfer mechanisms. However, the low thermal 
conductivity of oil shale leads to high costs and significant environmental 
risks. Well pattern control (including well type and spacing) directly 
affects the thermal field and extraction efficiency, making it a critical 
direction for optimization.



295

2.	 This paper fills a gap in the review of numerical simulations of in-situ 
heat transfer in oil shale under well pattern regulation. Future research 
should focus on refining the flow rate control ratio of production wells in 
group well regulation experiments, determining the optimal production 
flow ratio, and characterizing pyrolysis products, component variations, 
pyrolysis temperature, and its evolution patterns. These efforts aim to 
maximize pyrolysis oil yield and quality while optimizing the group well 
regulation extraction system.

This study provides valuable insights for the in-situ conversion and 
development of oil shale. Based on numerical simulation technology, it 
highlights the heat transfer mechanism in in-situ oil shale conversion and 
identifies new opportunities in the field under well pattern control.
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Abstract. To quantify the impact of organic macerals on hydrocarbon generation 
in oil shale and coal, this study analyzed 403 datasets. The results show 
distinct differences in maceral composition between the two materials. Using  
a random forest model with aquatic liptinite, terrigenous liptinite, vitrinite, and 
inertinite as inputs, TOC and HI predictions achieved R² values of 0.62 and 
0.73, respectively. SHAP analysis reveals that aquatic liptinite is the dominant 
positive contributor to both parameters, while terrigenous liptinite shows  
a bidirectional effect. Based on these relationships, a quantitative contribution 
model for organic macerals in oil shale is established, offering insights for 
resource evaluation and exploration.
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1. Introduction

Oil shale and coal are very important combustible organic minerals, playing 
a significant role in the energy structure [1, 2]. Both coal and oil shale are 
organic-rich sedimentary rocks. From the perspectives of clean coal utilization 
and in-situ oil shale conversion, their hydrocarbon generation capacity is  
a core indicator for assessing the quality and development feasibility of coal 
and oil shale resources. This capacity is comprehensively constrained by 
various factors such as organic matter abundance, organic macerals (source of 
organic matter), and organic matter maturity. Among these, organic macerals, 
as the basic constituent units of organic matter in coal and oil shale, directly 
determine the hydrocarbon generation potential, pyrolysis efficiency, and 
product characteristics of the organic matter through their type, content, 
and spatial distribution. They are the key intrinsic factors regulating the 
hydrocarbon generation processes of oil shale and coal [1–5]. Differences in 
the source of organic matter (organic macerals) and depositional environments 
directly lead to significant distinctions in the organic maceral composition of 
coal versus oil shale.

Traditional studies often qualitatively or semi-quantitatively investigate  
the relationship between organic macerals and hydrocarbon generation capacity 
through experimental analyses such as optical microscopy and pyrolysis 
experiments [6–8]. However, these approaches face challenges in precisely 
quantifying the contribution weights of individual macerals and unveiling 
the complex non-linear relationships between macerals and key hydrocarbon 
generation parameters such as total organic carbon (TOC) and hydrogen  
index (HI). SHAP (SHapley Additive exPlanations) analysis, an explainable 
machine learning method grounded in game theory, can overcome the limi
tations of traditional analyses. By calculating the SHAP value of each feature 
variable relative to the target variable [9], SHAP quantifies the degree of 
influence of organic macerals on TOC and HI, identifies key controlling 
macerals, and visualizes interaction effects between feature variables. There
fore, based on a large compiled dataset of organic geochemical parameters and 
organic macerals from immature to low-maturity coal and oil shale, this paper 
investigates the impact of organic macerals on the hydrocarbon generation 
capacity of oil shale and coal. It focuses specifically on utilizing SHAP 
analysis to decipher the intrinsic relationships between organic maceral data 
and TOC/HI, aiming to provide theoretical support and technical references 
for the precise exploration, quality evaluation, and efficient development and 
utilization of oil shale and coal resources.
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2. Data and research methods

2.1. Data collection

In fact, oil shale is rich in immature to low-maturity organic matter. Therefore, 
in order to facilitate the comparison of coal and oil shale at the same maturity 
 level, the maturity of the oil shale and coal samples collected in this study 
ranges from immature to low maturity. This study compiled 178 sets of data 
for immature to low-maturity oil shales (Ro ≤ 0.7%) and 225 sets of data for 
coals from the Songliao Basin and the Junggar Basin in China, as well as from 
a series of basins in other countries [10–41]. The complete data sources for 
all samples are listed in Appendices 1 and 2 (see Supplementary online data). 
It should be noted that although samples with complete datasets – including 
organic maceral content, TOC, and HI – are relatively limited, the samples 
collected in this study generally provide both organic maceral and organic 
geochemical data from the same source. Furthermore, to ensure comparability 
of data across different basins, the data collected in this study generally 
adhere to similar testing methods and experimental instruments. For example,  
the TOC testing instrument was mainly the LECO TS-230, and the data for 
rock pyrolysis were obtained using the Rock Eval 6. The organic microscopic 
component counting scheme is based on percentage statistics and has been 
normalized.

2.2. Methods

Random forest (RF) was proposed by Breiman based on the integration of 
statistical learning theory with classification and regression methods [27].  
The multiple classification regression decision tree (CART) included in the 
RF algorithm prevents overfitting and can adjust different types of input 
variables.

In this study, four organic maceral parameters – aquatic liptinite, terri
genous liptinite, vitrinite, and inertinite – were selected as sensitive factors 
to investigate their influence on the hydrocarbon generation potential  
(TOC and HI) of coal and oil shale. The RF model was developed using  
the Python 3.12 programming language, with implementation carried out 
via the scikit-learn library. The train_test_split method from the scikit-learn 
library was employed to partition the dataset into training and testing sets, 
with a ratio of 70% for training and 30% for testing.
Table 1. Optimal hyperparameter combination

Model random_state n_estimators min_samples_leaf min_samples_split max_depth

TOC 240 100 3 4 9

HI 211 300 3 2 4
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The GridSearchCV function in Python facilitates the identification of 
parameters that yield the highest model estimation accuracy [28]. By specify
ing the values and ranges of the hyperparameters for the RF estimator model 
and applying the GridSearchCV function, the optimal combination of RF 
hyperparameters was derived (Table 1).

To identify the most influential factors affecting TOC and HI, the SHAP 
method was selected to evaluate the contribution value of each feature in 
predicting TOC and HI. SHAP is a game-theory-based approach designed to 
explain the output of any machine learning model [9, 29]. In this study, both 
the global features of multiple linear regression and the global/local features 
of the RF model, along with the contributions of individual samples, were 
analyzed.

3. Results

3.1. Organic geochemical characteristics

The collected data (Fig. 1) show that the TOC of oil shale samples is predomi
nantly distributed between 5 and 25 wt%, with a maximum value of 34.6 wt% 
and an average of 13.36 wt% (Fig. 1a, b). The HI values are concentrated 
in the range of 435–780 mg HC/g TOC, with a few samples approaching  
1000 mg HC/g TOC, and an average as high as 668.2 mg HC/g TOC  
(Fig. 1b, c). The S2 values range from 35 to 301.4 mg HC/g rock, with  
an average of 81.6 mg HC/g rock (Fig. 1a, c). A strong positive correlation 
is observed between TOC and S2, while moderate positive correlations exist 
between TOC and HI, and between S2 and HI. The organic matter in oil shale 
samples is mainly type I and type II1 (Fig. 1).

(a)
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For coal samples, TOC ranges from 43.8 to 79.7 wt%, with an average of 
59.68 wt% (Fig. 1a, b). HI mainly falls between 138.2 and 366 mg HC/g TOC, 
averaging 251.26 mg HC/g TOC (Fig. 1b, c). S2 is predominantly distributed 
from 73.9 to 265 mg HC/g rock, reaching a maximum of 343.1 mg HC/g rock, 
with a high average value of 167.73 mg HC/g rock (Fig. 1a, c). Strong positive 

(b)

(c)

Fig. 1. Scatter plots of the organic geochemical characteristics of oil shale and coal 
samples: TOC–S2 scatter plots, showing organic matter types (a); TOC–HI scatter 
plots (b); S2–HI scatter plots (c).
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correlations are observed among TOC, S2, and HI in coal samples. The organic 
matter in coal samples is mainly type II–III and type III (Fig. 1).

Although the TOC of oil shale is only one-third to one-fifth that of coal, its 
hydrocarbon generation efficiency per unit mass of TOC (HI, S2 /TOC) is two 
to three times higher than that of coal [30, 31]. This indicates that TOC in oil 
shale per unit mass typically generates more hydrocarbons than that in coal. 
Oil shale generally contains higher proportions of hydrogen, oxygen, and 
sulfur, whereas coal is primarily composed of carbon. These compositional 
differences lead to variations in combustion characteristics and hydrocarbon 
yields. One ton of TOC from oil shale can yield 200–300 kg of shale oil, 
whereas one ton of TOC from coal produces only 50–100 kg of tar (and 
this is feasible only for low-rank coal). In summary, although oil shale has 
lower TOC, its hydrocarbon generation potential is higher, exhibiting greater 
hydrocarbon generation efficiency than coal, which positions oil shale as  
a potentially efficient oil-generating resource [32–34].

3.2. Organic macerals

The collected data reveal that in oil shale samples, the content of aquatic 
liptinite is predominantly distributed between 45% and 97%, reaching  
a maximum of 100%, with a high average value of 66.83%. Terrigenous 
liptinite content primarily ranges from 5% to 30%, with a small number 
of samples approaching 70%, while the average is only 15.98% (Fig. 2). 
Vitrinite is mainly distributed between 5% and 30%, with an average content 
of 12.24%. Inertinite content ranges from 0% to 10%, with a notably low 
average of 4.93% (Fig. 3).

(a)
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In coal samples, the content of aquatic liptinite is extremely low (generally 
< 5%, only slightly higher in humic-sapropelic coal). Terrigenous liptinite 
content in coal is relatively low (1–10%). Vitrinite is predominantly distributed 
between 40% and 90%, reaching a maximum of 98%, with a high average 
value of 74.09%. Inertinite content mainly ranges from 0.4% to 5%, with  
a maximum of 13%, and an average of only 2.73% (Fig. 3).

(b)

Fig. 2. Scatter plots of TOC vs. aquatic liptinite/terrigenous liptinite (a) and HI vs. 
aquatic liptinite/terrigenous liptinite (b).

(a)
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 3.3. Random forest model and interpretation

An RF model was constructed using four organic maceral parameters 
to predict TOC and HI in oil shale. The red dots in Figure 4 indicate the 
predictive performance of the model on the test set, with R² (coefficient of 
determination) values of 0.62 and 0.73, respectively, alongside low root mean 
square error values, demonstrating satisfactory performance of the model. 
Therefore, the RF model shows adequate accuracy and adaptability, as well 
as good predictive ability, and can effectively reveal the complex relationship 
between organic microscopic components and TOC and HI.

(b)

Fig. 3. Scatter plots of TOC vs. vitrinite/inertinite (a) and HI vs. vitrinite/inertinite (b) 
in oil shale and coal.

(a)
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Based on SHAP analysis, the mean SHAP values were obtained. The global 
importance of input variables (Fig. 5) represents the average of the absolute 
SHAP values for each feature across the entire dataset. The input variables 
are ranked by importance, where a higher mean SHAP value indicates greater 
importance of the variable [9]. The results demonstrate that aquatic liptinite 
contributes the most to the model, followed by terrigenous liptinite (Fig. 5). 
The findings indicate that aquatic liptinite is strongly correlated with TOC 
and HI, suggesting that it plays a dominant role in hydrocarbon generation 
potential.

(b)

Fig. 4. Comparison of TOC real test tag and integrated output results (a) and HI real 
test tag and integrated output results.

(a)
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By analyzing the factor dependence plots (Fig. 6), the marginal effects of 
individual input variables on the model predictions in the RF model can be 
observed. Single dependency analysis illustrates the influence of individual 
factors on the content. The x-axis represents the feature values of the factor, 
while the y-axis represents the SHAP values of samples associated with the 
feature values. The analysis reveals the following:
1.	 Aquatic liptinite exhibits a strong linear positive correlation with both 

TOC and HI. In TOC prediction, when aquatic liptinite exceeds 70%, 
the SHAP values are generally greater than 0, making it more likely 
to increase TOC content. Conversely, when aquatic liptinite is below 
70%, TOC content decreases. The threshold for aquatic liptinite to 
increase HI content is 70%.

2.	 The SHAP values of TOC samples show an initial increase followed by 
a decrease as terrigenous liptinite content increases. When terrigenous 
liptinite content ranges from 0% to 30%, the SHAP values of TOC 
samples gradually increase but they begin to decrease when terrigenous 
liptinite exceeds 30%.

3.	 Vitrinite has a certain negative influence on both TOC and HI contents.

(b)

Fig. 5. SHAP values and feature-importance plots of the TOC model (a) and the HI 
model (b).



310 Duoxiao Sun et al.

Figure 7 displays four randomly selected SHAP force plots from the actual 
prediction results of TOC and HI, respectively. The SHAP values decompose 
the prediction of TOC and HI variation patterns into the sum of influences 
from each input variable [9].

Figure 7a represents predictions for different TOC contents. Figure 7a1 
shows a case of low predicted TOC content. The predicted TOC value is 
6.13 wt%, and the true value is 5.04 wt%. Figure 7a2 shows a case of high 
predicted TOC content. The predicted TOC value is 20.28 wt%, and the true 
value is 17.30 wt%. Overall, regardless of the increase or decrease in TOC 
content, aquatic liptinite is the primary influencing factor in TOC content 
variation. However, when TOC content is low, terrigenous liptinite has  
a greater influence on TOC, and as TOC content increases, the influence of 
terrigenous liptinite gradually decreases.

Figure 7b represents predictions for different HI contents. Figure 7b1  
shows a case of low predicted HI content. The predicted HI value is  
542.01 mg HC/g TOC, and the true value is 545.0 mg HC/g TOC.  
Figure 7b2 shows a case of high predicted HI content. The predicted HI value 
is 729.62 mg HC/g TOC, and the true value is 694.85 mg HC/g TOC. Overall, 
regardless of the increase or decrease in HI content, aquatic liptinite is the 

(a)

(b)

Fig. 6. Dependence plots of influencing factors for TOC (a) and HI (b).
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primary influencing factor in HI content variation. However, when HI content 
is low, terrigenous liptinite has a certain influence on HI, and as HI content 
increases, the influence of terrigenous liptinite gradually decreases.

4. Discussion

4.1. Contribution of organic macerals to TOC and HI

TOC fundamentally represents the total carbon content of organic matter in 
oil shale and coal.  In oil shale, aquatic liptinite content shows a significant 
positive correlation with TOC. For every 10% increase in aquatic liptinite 
content, the TOC of oil shale increases by an average of 5–8 wt% (Fig. 2a). 
Terrigenous liptinite content in oil shale ranges from 5% to 30%, and its 
moderate inherent carbon content (72–82%) results in a limited contribution 
to TOC [35]. However, in low-grade oil shale, a 10% increase in terrigenous 
liptinite content elevates TOC by 1–3 wt% (Fig. 2a). Based on the scatter plot 
of TOC/HI versus liptinite, oil shale TOC exhibits a clear positive correlation 
with liptinite, with a correlation coefficient of R² = 0.563 (Fig. 8a). Vitrinite 
content in oil shale varies widely (5–50%), but oil shale with high TOC tends 
to have lower vitrinite content, showing a minor negative correlation between 
vitrinite and TOC. Inertinite content in oil shale is < 10%, and its contribution 
to TOC is much more limited than that of the dominant macerals (Fig. 3a).

Fig. 7. Explanation of evaluation results based on the SHAP TreeExplainer for  
TOC (a) and HI (b).
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In coal, aquatic liptinite content is extremely low, and its contribution to 
TOC is negligible [15, 17, 21, 36, 37]. Terrigenous liptinite content in coal 
is relatively low (1–10%) and results in a limited contribution to TOC [35]. 
Coal TOC shows a poor correlation with liptinite (Fig. 8a). Vitrinite is the 
most dominant maceral in coal (content 40–90%) (Fig. 3a). Derived from the 
lignocellulosic tissues of higher plants and with a high inherent carbon content 
(75–85%), it directly determines the TOC level of coal [44]  . Inertinite content 
in coal is low (< 5%), and its contribution to TOC is much more limited than 
that of the dominant macerals (Fig. 3a).

The HI fundamentally reflects the macroscopic manifestation of hydrogen 
enrichment in organic matter. Its value is primarily determined by the hydro
gen content of organic macerals. The contribution of different macerals di
rectly dictates the oil-generating capacity of oil shale and coal [39–41]. In oil 

(a)

(b)

Fig. 8. Scatter plots of TOC vs. liptinite (a) and HI vs. liptinite (b) for oil shale and 
coal samples.
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shale, aquatic liptinite content shows a significant positive correlation with 
HI. Aquatic liptinite contributes the most to HI, with every 10% in crease 
in its content raising HI by an average of 80–100 mg HC/g TOC (Fig. 2b). 
Terrigenous liptinite’s contribution to HI is secondary to aquatic liptinite;  
a 10% increase in its content elevates HI by 25–40 mg HC/g TOC, a notably 
smaller increase than that from aquatic liptinite (Fig. 2b). Based on the 
relation ship between the lipidic group and HI (Fig. 8b), oil shale HI exhibits  
a clear positive correlation with the lipidic group, with a correlation coefficient 
of R² = 0.624. Vitrinite in oil shale exerts a  minor inhibitory effect on HI:  
a 10% increase in its content reduces HI by 60–80 mg HC/g TOC (Fig. 3b). 
Inertinite content in oil shale is generally below 10%, and its contribution to 
HI is minor (Fig. 3b).

In coal, aquatic liptinite content is extremely low, making its contribution to 
HI negligible. Terrigenous liptinite content in coal is relatively low (1–10%). 
Coal HI shows a poor correlation with the lipidic group (Fig. 10b). Vitrinite 
is the primary organic maceral in coal (40–90%) (Fig. 3b). Its hydrocarbon 
generation capacity varies significantly with the degree of coalification [42]. 
In low-rank coal, vitrinite has a slightly higher hydrogen content, resulting 
in a more limited inhibitory effect. In high-rank coal, due to intensified 
aromatization, its inhibitory effect strengthens [43–46]. Inertinite content in 
coal is typically below 5%, and its contribution to HI is much more limited 
than that of the dominant macerals (Fig. 3b).
 
4.2. Key factors controlling oil shale quality

The key organic macerals controlling oil shale quality are primarily aquatic 
liptinite, followed by minor amounts of terrigenous liptinite and vitrinite. 
Vitrinite mainly exerts a certain negative influence. Specifically, when  
TOC < 15 wt%, oil shale quality is jointly controlled by aquatic liptinite and 
terrigenous liptinite (Fig. 9), indicating that during the depositional period 
of medium- to low-quality oil shale, influenced by dual supply from aquatic 
organisms and terrigenous organic matter, the quality of the corresponding 
oil shale gradually improves with increasing organic matter supply [47–49]. 
In contrast, when TOC > 15 wt%, the contribution of terrigenous liptinite 
decreases significantly, and quality is primarily controlled by aquatic 
liptinite. This suggests that high-quality oil shale forms during periods of 
minimal terrigenous organic matter influence, where aquatic productivity and 
effective organic matter preservation are the key factors determining oil shale  
quality [50–52]. Thus, TOC = 15 wt% can be used as a boundary for dis
tin  guish  ing oil shale quality: high-quality oil shale is primarily controlled 
by aquatic liptinite, while ordinary oil shale is jointly controlled by aquatic 
liptinite and terrigenous liptinite. This aligns with the SHAP analysis results, 
which indicate that when aquatic liptinite content exceeds 70% and terrigenous 
liptinite content is below 30% in oil shale, both TOC and HI significantly 
increase (Fig. 6).
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4.3. Quantitative model of organic maceral contributions to oil shale

The core industrial value of oil shale depends on the oil production potential 
and economic viability of its organic macerals [53]. From the perspective of 
hydrocarbon generation [54], only aquatic liptinite, terrigenous liptinite, and 
vitrinite are considered as organic macerals in oil shale, while inertinite is 
temporarily excluded from calculations due to its generally negligible content 
(≤ 5%) and lack of practical contribution to oil yield. The core evaluation 
metric of the model is the oil production efficiency index of oil shale, which 
ranges from 0 to 100, with higher values indicating superior oil shale quality.

To quantify the comprehensive contribution of each maceral to oil shale 
quality, the formula is defined as follows:

(a)

(b)

Fig. 9. Box plots of TOC vs. aquatic liptinite (a) and TOC vs. terrigenous liptinite (b) 
in oil shale.
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  (1)

where C represents the oil production efficiency index of oil shale, W denotes 
the contribution weight of organic macerals, A is the percentage content of 
aquatic liptinite, T is the percentage content of terrigenous liptinite, V is the 
percentage content of vitrinite, PA is the unit oil production contribution 
coefficient of aquatic liptinite, PT is the unit oil production contribution 
coefficient of terrigenous liptinite, and PV is the unit loss coefficient of 
vitrinite. Based on the SHAP analysis results, the values are set as follows:  
W = 0.7, PA = 70, PT = 30, and PV = 130.

The model calculation results indicate that when C ≥ 80, the oil shale is 
classified as premium-grade, with aquatic liptinite content ≥ 85% and vitrinite 
content ≤ 5%.When 60 ≤ C < 80, the oil shale is classified as medium-grade, 
with aquatic liptinite content between 70% and 85% and vitrinite content 
between 5% and 10%. When C < 60, the oil shale is classified as low-grade, 
with aquatic liptinite content < 70% and vitrinite content > 10%.

5. Conclusions

Based on data from immature to low-maturity oil shale and coal samples from 
multiple basins, this study analyzes the contributions of organic macerals to 
organic matter abundance and hydrocarbon generation potential, identifies key 
factors controlling the quality of oil shale and coal, and focuses on interpreting 
the intrinsic relationships between organic maceral data and TOC/HI using 
SHAP analysis. A quantitative model for the contribution of organic macerals 
to the hydrocarbon generation capacity of oil shale was established.
1.	 Machine learning models were developed based on the relationships 

between TOC/HI and organic macerals in oil shale. SHAP analysis was 
used to interpret the model results, confirming that aquatic liptinite has 
the greatest influence on TOC and HI in oil shale, followed by terrigenous 
liptinite, while vitrinite exhibits a minor negative influence.

2.	 Oil shale is dominated by aquatic liptinite and terrigenous liptinite, 
whereas coal is dominated by vitrinite. High-quality oil shale is primarily 
controlled by aquatic liptinite, while ordinary oil shale is jointly controlled 
by aquatic liptinite and terrigenous liptinite. The hydrocarbon generation 
capacity of oil shale significantly increases when aquatic liptinite 
content exceeds 70% and terrigenous liptinite content remains below 
30%. Vitrinite is the most abundant organic maceral in coal, typically 
accounting for 50–80%, making it the most critical factor influencing 
coal quality.

3.	 Based on these relationships, a quantitative contribution model was 
constructed to evaluate the hydrocarbon generation capacity of oil shale 
using organic maceral composition.

11 

to low-quality oil shale, influenced by dual supply from aquatic organisms and terrigenous organic 

matter, the quality of the corresponding oil shale gradually improves with increasing organic matter 
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liptinite, terrigenous liptinite, and vitrinite are considered as organic macerals in oil shale, while 
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and lack of practical contribution to oil yield. The core evaluation metric of the model is the oil 
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Abstract. Oil shale is pyrolyzed to investigate the transfer of selected metals 
(Fe, V, Ni, Mn, and Pb) to shale oil. Several heating rates are employed to 
study the transfer process during the heating of oil shale under a nitrogen 
environment. The migration or transfer of Fe, V, Ni, Mn, and Pb from oil shale 
to shale oil is investigated. These metals are redistributed between shale oil and 
spent shale. The transfers are studied as a function of heating rates of 5, 10, 
15, and 20 °C/min. Metals embedded in oil shale are found to be transferable 
to shale oil during pyrolysis. The Fe concentration levels in shale oil are 
59.4, 35.69, 34.14, and 25.29 ppm at 5, 10, 15, and 20 °C/min, respectively.  
The transfer of Fe shows a decreasing trend with heating rate. The concentra
t ions of As in shale oil are 10.09, 13.88, 12.2, and 11.04 ppm, showing  
a decreasing trend at 10, 15, and 20 °C/min. On the other hand, the percentage 
recovery of Fe is > 93.6% and < 109.3%, while that of As is > 79.3% and 
< 83.99%. The concentrations of Mn and Pb in shale oil are < 1 ppm.  
The concentration of Ni in shale oil is < 6.04 ppm at 10 °C/min, whereas it 
decreases to 3.14 ppm at 20 °C/min. The percentage recovery of Ni ranges 
from > 81.48 to < 84.13. Finally, low concentrations of V in shale oil are 
detected. These concentrations are 1.13, 1.45, 0.77, and 1.76 ppm at 5, 10, 15, 
and 20 °C/min, respectively. The percentage recovery of V is > 76.88% and 
< 86.31%. 

Keywords: shale oil, heating rate, metals transfer, oil shale, metals migration.

1. Introduction

Shale oil is an unconventional condensed liquid hydrocarbon product obtained 
from the oil shale pyrolysis process [1–2]. Kerogen, the organic portion of 
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the oil shale, decomposes to hydrocarbon vapors, incondensable gases, and 
retorted water if subjected to pyrolysis in the temperature range of 350 to 
550 °C. The gaseous hydrocarbons generated include CH4, C2H6, C2H4, C3H8, 
C3H6, n-C4H10, i-C4H10, C4H8 isomers, and traces of light hydrocarbons.  
These gases are condensable at room temperature and pyrolysis product 
condensation conditions. Hydrogen gas and other non-condensable gases such 
as NO, NO2, SO2, CO, CO2, H2S, and NH3 are also generated depending upon 
the oil shale origin and reaction conditions [3]. On the other hand, different 
hydrocarbon classes that make up shale oil are also found. These classes 
include aliphatics (alkanes, alkenes, alkynes, and cycloalkanes), aromatics 
(benzoids and non-benzoids), and asphaltenes (the insoluble fraction in 
normal n-alkanes, but soluble in toluene and benzene) [4–7]. The density 
of the produced shale oil varies between 0.9587 and 0.9974 g/cm3 [8, 9].  
Oja et al. [9] reported that the densities for kukersite, Kashpir, and Green River 
shale oils increased with increasing boiling point from 0.7055 to 0.9887 g/cm3, 
0.8649 to 1.0031 g/cm3, and 0.8276 to 0.9506 g/cm3, respectively. El-Lajjun 
and Sultani shale oils were reported to have average densities of 0.9668 and 
0.964 g/cm3, respectively [10]. 

Jordanian oil shale contains several metals as confirmed by XRF 
results [11]. The XRF analysis of Attarat, Sultani, and El-Lajjun oil shales 
confirmed the presence of various metals such as Ni, V, Mn, Fe, As, and Pb, 
as reported by several authors [11–14]. The concentrations of these elements 
range from below 1 ppm up to about 1000 ppm. Very few researchers have 
studied the possible transfer of some of these elements to shale oil [15–17].
In a study by Abu-Nameh et al. [17], the transfer of 20 elements was detected 
in shale oil produced from El-Lajjun, Sultani, and Attarat oil shales. The most 
transferred element was Fe, followed by Zn, V, As, Cr, and Pb. In a separate 
study by Wang et al. [18], it was found that Pb transferred to water during 
in-situ pyrolysis, and it was reported that the rate of transfer increased with 
increasing temperature. This is an indication that shale oil metals get affected 
by the pyrolysis conditions and migrate into liquid products such as shale oil 
and chemical water. Liu et al. [19] studied the volatility of some elements 
during coal pyrolysis and reported that fuel characteristics depend upon 
pyrolysis conditions such as final pyrolysis temperature, heating rate, and 
pyrolysis environment. Migration of trace elements during Mongolian oil shale 
pyrolysis was investigated by Bai et al. [20]. They found that the rate of heavy 
metals decreases with increasing specific surface area due to the progress of 
the pyrolysis process. The developed pores during pyrolysis contributed to the 
re-adsorption of the released heavy metal elements originating from kerogen 
thermal cracking. The migration of trace elements in oil shale during pyrolysis 
is related both to their content and to the final pyrolysis temperature.

The presence of metals in oil shale as a part of ore or as oxides affects 
the secondary reactions of the generated hydrocarbon vapors. During the 
pyrolysis process, kerogen molecules crack to give hydrocarbon vapors, 
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which upon condensation produce shale oil. During the generation process 
and the transport of these products, the ore or metal oxides influence chemical 
reactions. The inert gas in the reaction environment and the residence time of 
the generated hydrocarbons inside the solid kerogen affect the distribution of 
the produced hydrocarbons into gases and liquid products [21–23].

Studies using inductively coupled plasma optical emission spectroscopy 
(ICP-OES) have indicated that shale oil contains metals such as Fe, Mn, As, 
Pb, Ni, and Zn [17]. The presence of these elements in shale oil limits its 
usage as a fuel in engines. In a separate study by Dan et al. [24], using laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), the 
authors reported the presence of 19 elements in oil shale and its solid waste. 
These elements include Mn, As, Pb, Ni, Zn, and many others. Unfortunately, 
these authors did not study the presence of metals in shale oil. The final 
pyrolysis temperature has an impact on the oil shale content of trace element 
migration. Trace element migration and volatility in semi-coke were studied 
as a function of final pyrolysis temperature, and it was found that higher 
migration indicated a higher rate of trace element transfer to gas and liquid 
phases. The migration of metals from coal during pyrolysis was found to be 
influenced by the pyrolysis conditions [25]. 

In this research work, the transfer of metals from oil shale during pyrolysis 
will be investigated. The transfer of elements will be studied as a function of 
the heating rate of oil shale during the pyrolysis process for some Jordanian 
oil shales. 

2. Materials and methods

2.1. Oil shale pyrolysis

The oil shale sample was obtained from the Attarat Um Al-Ghudran area 
(31°16′08″ N, 36°26′52″ E). Chunk pieces were crushed in a jaw crusher to 
smaller sizes. The crushed samples were mixed and sieved to the desired size 
of 4 ± 1.5 mm. This step was performed to create a uniform composite sample 
that retained the homogeneity of the oil shale. 

The proximate and ultimate analyses of the Attarat oil shale are shown in 
Table 1. The proximate analysis of the study sample indicates that 63.15 wt.% 

Table 1. Proximate and ultimate analyses of Attarat oil shale 

Proximate analysis components Ash Volatile 
matter

Moisture Fixed 
carbon

wt.% 63.15 34.52 0.88 1.45

Ultimate analysis (elemental) C H S N

wt.% 17.89 1.75 3.02 2.76
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of the sample is ash. The major composition of the ash is calcium oxide and 
silica, in addition to other minor components such as iron and aluminum 
oxides etc. [33]. The fixed carbon is the solid carbon that remains in the spent 
ash (unextractable carbon). According to elemental analysis, C accounts for 
17.9 wt.%, followed by S at 3.02 wt.%, while N and H account for 2.76 and 
1.75 wt.%, respectively.

The retort consisted of a stainless steel pipe with an inner diameter 
of 75 mm. The length of the retort was 300 mm. A special stainless steel 
perforated basket was fabricated and placed in the middle of the retort to 
contain the oil shale sample. A sample size of 300 g or more of oil shale was 
placed into the basket. The insulated retort was heated using an electrical 
heater wrapped around the stainless steel retort. The pyrolysis experiments 
were conducted at a final temperature of 550 °C. The heating rates were 5, 
10, 15, and 20 °C/min. The temperature of the sample inside the retort was 
measured using type K thermocouple, and the process was regulated with  
a microcontroller (Arduino Uno) integrated into the system. Nitrogen gas flow 
rate was 200 mL/min, and the oil shale sample mass was approximately 300 g 
for each run. The hydrocarbon vapors were condensed using a circulating 
coolant operating at 5 °C or lower. The condensed shale oil, spent shale, and 
oil shale samples were subjected to metal detection and quantification using 
an inductively coupled plasma mass spectrometer (ICP-MS), specifically the 
Agilent 7500 model. The experimental work was performed in triplicate, and 
an overall material balance is indicated in Table 2. The masses of shale oil and 
water were measured together since it was not possible to separate the water 
from the shale oil due to the small amounts of water generated. It is clear from 
the data that oil yield fluctuations were heating-rate dependent. The mass of 
gases increased at the expense of shale oil with increasing heating rate. 

Table 2. Pyrolysis variables and mass-balance results
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Continued on the next page
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2.2. Sample preparation for metal analysis

To determine the metal content of the solid materials such as oil shale and 
spent shale after the pyrolysis process, acid digestion and metal extraction 
were conducted. A microwave digestion system (Ethos Easy, Milestone, Italy) 
with temperature feedback control up to 300 °C using a temperature sensor 
was employed. Oil shale was combusted at 950 °C to volatilize the different 
forms of water in oil shale, volatile matter, and the kerogen organic content. 
Tests were performed on particles of samples after grinding them using an 
Agate ball mill to pass 200 mesh (75 µm).

For each test sample, volumes of 6.0 to 12.0 mL of HNO3, 1.0 to 3.0 mL 
of HF or 1.0 to 3.0 mL HCl, and 1.0 to 3.0 mL of H2O2 were added using 
a micropipette. The samples were mixed and transferred to the microwave 
digestion apparatus. A programmed method consisting of heating for 40 min 
to reach 230 °C, maintaining this temperature for 30 min, followed by cooling 
and centrifugation at 2000–3000 rpm for 10 min, was used. Upon completion, 
the sample was ready for ICP-MS analysis to determine the predefined metals, 
(Fe, Mn, Pb, Ni, and V).

The analysis of oil shale, spent shale, and shale oil samples, along with the 
determination of target metals (Fe, Mn, As, Pb, Ni, and V), was performed 
using an ICP-MS, specifically the Agilent 7500 model equipped with a 
Babington nebulizer due to the instrument’s ability to perform multi-element 
analysis and to measure elements at trace levels. The specific conditions and 
parameters utilized during the ICP-MS analysis are outlined in Table 3. All 
measurements were carried out at the Jordan Atomic Energy Commission 
located in Amman, Jordan.

Table 2. Continued
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Table 3. Operating conditions and measurement parameters for ICP-MS

Parameter Specification

Spectrometer Agilent 7500 series ICP-MS

Nebulizer Babington

Spray chamber Quartz Scott-type

Mass analyzer Quadrupole

Radio frequency power, kW 1330

Nebulizer gas flow, L/min 1

Auxiliary gas flow, L/min 1

Argon gas tank pressure, kPa 811

Measured mass/charge, m/z

Fe Mn Ni V As Pb

57 55 60 51 75 208

3. Results and discussion

Generally, oil shale is composed of organic and inorganic fractions that 
con  tain metals and rare earth elements [26], which are embedded in both 
fraction structures. For example, compounds such as C20H14N4Ni (nickel 
porphyrins, where the Ni atom is incorporated into the porphyrin framework 
[27]) and octaethyl nickel porphyrin (C34H44N4Ni) [28] may be present. These 
compounds may exist in different forms such as the heavy fraction of shale 
oil, or organic extracts of oil shale, and could be associated with kerogen and 
bitumen in oil shale. On the other hand, V can also be present in different 
forms in crude oils and oil shale/shale oil, such as C20H12N4VO (vanadyl 
porphyrins), nitrogen heterocycles, or vanadium-asphaltene complexes either 
in the heavy fraction of shale oil or in bitumen [29]. As is present in crude 
oil and shale oil. Several authors have investigated the presence of As in 
crude and shale oils and reported the presence of methylated As compounds, 
AsH2CH3, AsH (CH3)2-3, and roxarsone (4-hydroxy-3-nitrophenylarsonic acid) 
(C6H6AsNO6) [30]. Typical concentrations in shale oil ranged between a few 
ppm and more than 100 ppm [31, 32]. These authors claimed that thermally 
stable metal arsenide and metal arsenous sulfides are removed from shale oil 
by hydrocatalytic processing. The possibility of As solubility in the retorted 
water renders the spent catalyst as industrial waste. 
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The main interest in the present work is to trace the transfer of some metals 
from the oil shale solid material to shale oil and conduct an elemental material 
balance of the selected migrated elements during the pyrolysis process.  
The presence of metals such as Fe, Mn, Pb, Ni, and V could harm the operation 
of combustion engines. 

The experimental runs were conducted for 300 g of fresh oil shale samples. 
A material balance was conducted on all runs since the spent shale, shale oil, 
and water liquids were collected, weighed, and the gas mass was calculated by 
difference. A material balance on the intended elements was also conducted 
(Table 4). 

According to the results presented in Table 4, an elemental material balance 
using ICP-MS data is reported. The elemental mass balance was performed 
according to Eq. (1):

(1)

(2)

The ICP-MS results for each investigated elemental metal, reported as 
ppm values, are presented in Table 4. These concentrations in ppm are used 
in Eq. (1) for calculating the metal mass. The mass of the sample (g) used in 
the equation is the average of triplicate tests using ICP-MS. According to this 
average value, the percentage recovery is calculated. Since the heating rate 
is thought to play a role in the rate of metal transfer to shale oil, the data in 
Table 4 are also presented as a function of heating rate. Before discussing the 
transfer of metals from oil shale to liquid, tests were conducted to determine 
the metal content of the oil shale rock. In Table 4, the metal content of the oil 
shale sample material indicates that the concentrations in ppm for V, Mn, Ni, 
As, Pb, and Fe are 342.2, 21.28, 171.76, 18.38, 3.26, and 2969, respectively. 
As clearly presented in column 6 of Table 4, the percentage recovery (mass 
balance) calculated according to Eq. (2) for these metals fluctuated between 
76.9% for V and 109.3% for Fe. These elemental mass balances are reported 
without any manipulations or alterations of the experimental findings.  
The ppm readings obtained by ICP-MS are substituted directly into Eq. (1) 
to obtain the elemental mass balances. These results are based on the original 
charged oil shale sample of 300 g. The percentage recovery of V is the lowest 
among all studied elements and ranges from 76.9 to 86.3%, although V has the 
lowest atomic weight (50.94). This low recovery could be due to a low rate of 
metal transfer to shale oil. As it can be calculated from Table 4, the transfer  
of V to shale oil is < 0.52% of the original oil shale sample.

weighed, and the gas mass was calculated by difference. A material balance on the intended 
elements was also conducted (Table 4).  
According to the results presented in Table 4, an elemental material balance using ICP-MS data 
is reported. The elemental mass balance was performed according to Equations (1)-(2): 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀	𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚	(𝑔𝑔) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠	𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚	(𝑔𝑔) × 𝑝𝑝𝑝𝑝𝑝𝑝 × 10!",	Eqs  (1) 
 

%	𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ($%&&	()	&*+),	-./01	2	$%&&	()	&3%4+	5(4)
($%&&	()	5(4	&3%4+)

 ×	100.  (2) 
 

The ICP-MS results for each investigated elemental metal, reported as ppm values, are presented 
in Table 4. These concentrations in ppm are used in Eq. (1) for calculating the metal mass. The 
mass of the sample (g) used in the equation is the average of triplicate tests using ICP-MS. 
According to this average value, the percentage recovery is calculated. Since the heating rate is 
thought to play a role in the rate of metal transfer to shale oil, the data in Table 4 are also presented 
as a function of heating rate. Before discussing the transfer of metals from oil shale to liquid, tests 
were conducted to determine the metal content of the oil shale rock. I, %n Table 4, the metal 
content of the oil shale sample material indicates that the concentrations in ppm for V, Mn, Ni, As, 
Pb, and Fe are 342.2, 21.28, 171.76, 18.38, 3.26, and 2969, respectively. As clearly presented in 
column 6 of Table 4, the percentage recovery (mass balance) calculated according to Eq. (2) for 
these metals fluctuated between 76.9% for V and 109.26% for Fe. These elemental mass balances 
are reported without any manipulations or alterations of the experimental findings. The ppm 
readings obtained by ICP-MS are substituted directly into Eq. (1) to obtain the elemental mass 
balances. These results are based on the original charged oil shale sample of 300 g. The percentage 
recovery of V is the lowest among all studied elements and ranges from 76.9 to 86.3%, although 
V has the lowest atomic weight (50.94). This low recovery could be due to a low rate of metal 
transfer to shale oil. As indicated in Table 4, the transfer of V to shale oil is < 0.51% of the original 
oil shale sample. 
 

Table 4. V, Mn, Ni, As, Pb, and Fe concentrations in oil shale and spent shale as a function of 
heating rates 

Mass concentrations, ppm 
Metal 

recovery, % 
Heating rate, 

°C/min Metal / atomic 
weight 

Oil 
shale 

Spent 
shale 

Shale 
oil 

Gases 

V/50.94 342.2 

390.8 1.1 0 78.4 5 
376.6 1.6 0 76.9 10 
371.7 0.78 0 78.5 15 
400.0 1.8 0 86.3 20 

Mn/54.94 21.3 

28.7 < 1 0 86.8 5 
29.0 < 1 0 94.9 10 
25.1 < 1 0 85.0 15 
24.6 < 1 0 85.4 20 

Ni/58.69 171.8 

208.9 5.5 0 81.5 5 
199.7 6.0 0 81.9 10 
197.9 3.4 0 84.0 15 
195.3 3.1 0 84.1 20 
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Table 4. V, Mn, Ni, As, Pb, and Fe concentrations in oil shale and spent shale as a 
function of heating rates

Mass concentrations, ppm
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V/50.94 342.2

390.8 1.1 0 78.4 5

376.6 1.6 0 76.9 10

371.7 0.8 0 78.5 15

400.0 1.8 0 86.3 20

Mn/54.94 21.3

28.7 < 1 0 86.8 5

29.0 < 1 0 94.9 10

25.1 < 1 0 85.0 15

24.6 < 1 0 85.4 20

Ni/58.69 171.8

208.9 5.5 0 81.5 5

199.7 6.0 0 81.9 10

197.9 3.4 0 84.0 15

195.3 3.1 0 84.1 20

As/74.92 18.4

18.4 10.1 0 84.0 5

17.2 13.9 0 82.7 10

17.6 12.2 0 81.3 15

17.5 11.0 0 79.3 20

Pb/207.2 3.3

4.5 < 1 0 88.3 5

4.0 < 1 0 85.2 10

4.1 < 1 0 90.4 15

4.0 < 1 0 90.8 20

Fe/56.8 2969

4501.7 59.4 0 93.6 5

3977.0 35.7 0 93.7 10

4482.7 34.1 0 109.3 15

4162.3 25.3 0 103.5 20
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As evident in Table 4, the transfer of V to shale oil did not show a clear 
trend with the heating rates studied, although it decreased with increased rates 
of 10 and 15 °C/min and then increased at 20 °C/min. The largest percentage 
recovery was observed for Fe, fluctuating between 93.6% and 109.3%.  
It should be noted that the Fe concentration in the oil shale sample is high, 
reaching 0.3% of the total oil shale mass. 

3.1. Spent shale

Figure 1(a) presents the concentrations of V, Ni, and Fe in the spent shale. 
Calculating the average metal percentages for V, Ni, and Fe that remained in 
the spent shale considering the studied heating rates gives values of 79.94%, 
82.22%, and 99.75%, respectively.

Fig. 1(a). Concentrations of metals in spent shale, ppm.

The concentration of Ni in oil shale is 171.76 ppm, and the concentration 
remaining in the spent shale is 197.6 ppm. These figures indicate that 82.22% 
of Ni is not transferred and remains in the solid material. Similarly, from 
Fig. 1(a), the concentration of Fe remaining in the spent shale is 99.75% of 
the original oil shale content.

The transfer of Mn to shale oil from oil shale during pyrolysis is < 1 ppm 
and the concentration of Mn remaining in the spent shale is 88.04% based on 
Table 4 data for material balance calculations. From Fig. 1(a) and the material 
balance calculations, no definite relationship exists between the heating rate 
and the concentrations of these elements remaining in the spent shale. 

The concentrations of Mn, As, and Pb in the spent shale after pyrolyzing 
oil shale are depicted in Fig. 1(b). The concentrations of these elements 
fluctuate between 24.63–28.97, 17.24–18.5, and 3.98–4.08 ppm, respectively. 
These values do not show any relationship between the concentrations of 
these metals remaining in the spent shale and the heating rates. The average 
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percentage of Mn remaining in the spent shale according to the mass balance 
in Table 4 is 88.04%, while the average percentage of As and Pb in spent shale 
are 68.78% and 88.67%, respectively.

Fig. 1(b). Concentrations of metals in spent shale, ppm.

3.2. Shale oil

The concentrations of Fe, V, Ni, and As in shale oil are depicted in Fig. 2. 
The concentrations of Mn and Pb are not reported since their concentrations 
as detected by ICP-MS are < 1 ppm. The maximum concentration of Fe is 
59.4 ppm in shale oil as reported at a heating rate of 5 °C/min and depicted in 
Fig. 2. The concentrations of Fe in shale oil at 10, 15, and 20 °C/min are 35.69, 
34.14, and 25.29 ppm, respectively. These concentrations show a decreasing 
trend with increasing heating rates. The concentrations of V are 1.1, 1.5, 0.8, 

Fig. 2. Concentrations of metals in shale oil, ppm.
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and 1.8 ppm at 5, 10, 15, and 20 °C/min, respectively. At a heating rate of  
5 °C/min, the concentrations of Ni and As are 5.5 and 10.1 ppm, respectively, 
while at 10 °C/min, the corresponding concentrations are 6.0 and 13.9 ppm. 
At 15 °C/min, the concentrations of Ni and As are 3.4 and 12.2 ppm, 
respectively. Finally, at 20 °C/min, the corresponding concentrations are 3.1 
and 11.0 ppm. These concentrations for Fe, V, Ni, and As represent 0.277%, 
0.0740%, 0.56%, and 0.0134% of the total content of shale oil, respectively. 
In general, there is no clear trend relating to metal concentrations in shale oil 
with the heating rate.

4. Conclusions

The transfer of certain metals embedded in oil shale to shale oil during pyrolysis 
was investigated for Attarat oil shale. It has been proved that Fe, V, Ni, Mn, 
Pb, and As are transferable during pyrolysis. The elemental mass balances 
have shown acceptable values. The recovery of these elements (transferred 
to shale oil and remaining in the spent shale) varied between 76.9% for V 
and 109.26% for Fe. The transferred mass of these elements did not show  
a clear trend with 5, 10, 15, and 20 °C/min heating rates. Some increasing and 
decreasing trends were observed for some elements with consecutive heating 
rate values. The lower values of metal concentrations in shale oil could be 
influenced by other inputs or reaction conditions. Further investigations are 
required to assess the transfer of metals present in oil shale at higher heating 
rates, different final pyrolysis temperatures, and probably different reaction 
environments such as helium, carbon dioxide, and hydrogen gas, as well as 
particle size and the subsequent diffusional influences on reaction kinetics and 
kerogen decomposition, as recommended by previous researchers.
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Oil shales are petroleum rock-material, and they are abundantly available in a few countries. 
The scientific community continues to investigate and search for the most optimal methods 
to benefit from the world’s oil shale reserves. In this endeavor, to increase global knowledge 
of oil shale, conferences, symposiums, and workshops are organized in different parts of 
the world. Such meetings improve and accelerate scientific research and bring researchers 
closer together to share their thoughts and findings. 

The organization of the 4th International Oil Shale Conference, at the end of October 
2026 in Amman, Jordan, by Al-Balqa Applied University (BAU) in partnership with 
the Ministry of Energy and Mineral Resources (MEMR), will enhance participation by 
researchers and members of the industrial sector. BAU and MEMR believe that oil shale 
research communities must meet to discuss oil shale business opportunities and the progress 
made in oil shale research and technological advancements. 

MEMR and BAU intend to provide a platform for investors and researchers to meet 
with technologists. Since Jordan is operating a power plant (attaratpower.com.jo), new 
research opportunities have emerged in ash utilization. During the conference, attention 
will be focused on the utilization of the huge quantities of ash produced. The ash contains 
nickel, vanadium, palladium, and many other metals. 

Shale oil production is another dimension of oil shale industrialization. Unfortunately, 
the high sulfur content of pyrolyzed shale oil makes direct industrialization cumbersome. 
Researchers in Jordan have used ionic liquids to remove more than 60% of the sulfur 
content from shale oil. 

The conference will host researchers, investors, and industry representatives 
from Estonia, China, Morocco, Australia, Kazakhstan, India, and possibly Brazil, as 
well as several other countries. Various MOUs have been signed between MEMR and 
commercial companies for oil shale exploration. The conference website will be available 
soon (https://www.bau.edu.jo/Conf/oilshale4), and the conference email address is  
bau.oilshaleconf@bau.edu.jo.

Conference sessions will cover mining and production; utilization for power generation; 
ash utilization; cement production; shale oil production; shale oil chemistry; physical and 
chemical characterization of shale oil; specialty chemical production; air pollution; and 
regulatory law. 

Accepted papers will be published in the Oil Shale journal following the standard peer-
review process. Research papers and posters will be accepted based on an initial evaluation 
of submitted abstracts.

A visit to the Attarat Power Company is part of the conference activities, and social 
events and tourist visits will be organized by the conference organizing committees. A visit 
to the ancient city Petra can be arranged for interested guests. 

Conference Chairman
Professor Omar Al-Ayed

Conference website: https://www.bau.edu.jo/Conf/oilshale4, email: bau.oilshaleconf@bau.edu.jo

Ministry of Energy and 
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