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Abstract:
The autothermic pyrolysis in-situ conversion process of oil shale has emerged as a vital
development direction due to its advantages of environmental friendliness and low cost.
However, previous studies predominantly employed constant injection and production
parameters, which often result in inefficient compression energy injection and formation
oxidation losses, thereby limiting further improvements in energy efficiency and oil
production. To address these issues, this study establishes a dynamic optimization model
for injection-production parameters in the autothermic pyrolysis in-situ conversion process
of oil shale, developing a dynamic control methodology for gas injection rate and oxygen
content to enhance the economic viability and feasibility of the process. The results indicate
that under the optimal combination of gas injection – adjustment time, decay rate, and
terminal flow rate – the steady-state phase during late production can significantly reduce
input compression energy and inhibit hydrocarbon oxidation losses, ultimately leading
to a substantial increase in the peak energy efficiency and cumulative oil production.
Furthermore, by synergistically regulating oxygen content and injection rate during the
early production stage, the compression energy can be further reduced, ultimately elevating
the energy efficiency to approximately fourteen, demonstrating the technical feasibility
for industrial-scale production. These findings and the identified key parameters provide
crucial theoretical and technical support for the large-scale application of the autothermic
pyrolysis in-situ conversion technology for oil shale.

1. Introduction
Oil shale as a sedimentary rock that is rich in kerogen re-

leases substantial recoverable hydrocarbons through pyrolytic
retorting, making it a significant unconventional hydrocarbon
resource (Xie et al., 2020; Wang et al., 2024a, 2024b).
Globally, oil shale reserves are abundant, with the estimated
recoverable shale oil resources far exceeding those of con-
ventional petroleum and other unconventional hydrocarbons,
potentially meeting global energy demands for decades (Xie

et al., 2020; Wang et al., 2024a). Many countries with rich oil
shale resources but limited conventional oil and gas reserves
regard its efficient development as strategically critical for
alleviating energy supply pressures and enhancing energy
security (Li et al., 2025a, 2025b). Contemporary oil shale
exploitation is predominantly categorized into two principal
technical methodologies: surface retorting and in-situ con-
version (Jin et al., 2025; Wang et al., 2025). Conventional
surface retorting processes are characterized by significant
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environmental challenges and are predominantly constrained
to shallow geological formations. In contrast, in-situ conver-
sion technology demonstrates enhanced environmental com-
patibility, reduced surface land occupancy, improved economic
viability, and suitability for medium to deep reservoir devel-
opment, establishing it as a critical developmental pathway for
industrial-scale implementation in this sector (Wu et al., 2024).

Globally, over ten distinct technological approaches for the
in-situ conversion of oil shale have been established, with
representative methods including Shell’s In-Situ Conversion
Process (Brandt, 2008; Pei et al., 2018), Chevron’s CRUSH
technology (Liu et al., 2022), ExxonMobil’s Electrofrac tech-
nology (Jia and Huang, 2024), Jilin University’s autothermic
pyrolysis in-situ conversion process (Guo et al., 2024), and
Taiyuan University of Technology’s steam-assisted in-situ con-
version technology (Lu et al., 2022). Among them, the au-
tothermic pyrolysis in-situ conversion process involves locally
preheating the target oil shale formation, followed by injecting
oxygen-containing gases to initiate oxidation reactions with
residual kerogen pyrolysis products, thereby generating sus-
tained heat for formation heating. Guo et al. (2023a) analyzed
the heating mechanism and reaction zone characteristics of
this technology, demonstrating its superior energy efficiency
compared to conventional electrical heating methods and di-
viding the reaction process into five distinct zones. Yang et
al. (2023b) experimentally investigated the effects of oxygen
concentration and gas flow rate on an autothermal retorting
system, identifying an optimal parameter set of 16% oxygen
content and 5 L/min flow rate, which achieved an oil yield
of 67.1% and an energy efficiency of 3.46. Xu et al. (2023)
optimized the autothermic pyrolysis in-situ conversion pro-
cess (ATS) through temperature control, revealing that oil
shale pyrolysis at 300-450 ◦C produces bitumen and volatile
oils, with semicoke calorific value peaking at 330 ◦C. They
recommended a preheating temperature range of 350-370 ◦C
and a pyrolysis temperature of 422-492 ◦C. Furthermore, Gao
et al. (2022) demonstrated that optimizing air injection rate,
oxygen concentration, and fracture spacing can significantly
enhance shale oil recovery.

The ATS significantly reduces external energy input,
demonstrating clear advantages in cost control (Wang et
al., 2025). However, the current laboratory experiments and
numerical simulations of this process predominantly employ
fixed operational parameters (e.g., gas flow rate, oxygen
concentration, pressure), with lab-scale studies achieving an
energy efficiency of merely 3.46, insufficient for large-scale
commercialization. Thus, the primary challenges can be sum-
marized as follows: (1) While complex fracture networks
created by hydraulic fracturing enhance reservoir permeability,
injected gases often fail to fully participate in pyrolysis reac-
tions due to gas channeling (He et al., 2024) and heterogeneous
fracture connectivity (Ma et al., 2023), leading to additional
compression energy losses, which are particularly evident
during the early and late production stages; (2) During air
injection, pyrolyzed (especially light) hydrocarbons are prone
to oxidation reactions with oxygen (Du et al., 2023), reducing
the final oil production. These issues highlight the potential
for improvement in both energy efficiency and oil produc-

tion for autothermic pyrolysis technology. Future optimization
should focus on the dynamic regulation of injection-production
parameters to mitigate gas channeling losses, suppress hy-
drocarbon oxidation, and shorten preheating duration, thereby
advancing the commercial viability of this process.

To address the limitations of conventional constant-rate
or single-parameter control modes that result in suboptimal
energy efficiency and oil productions, this study aims to
enhance the economic viability and technical feasibility of
the autothermic pyrolysis in-situ conversion process of oil
shale by constructing a dynamic optimization model for
injection-production parameters. Firstly, an optimal constant-
flow-rate parameter is determined through parametric opti-
mization, which serves as the baseline for dynamic regulation.
Subsequently, numerical simulations are performed to analyze
the impact of different gas injection flow rate variation patterns
(including adjustment time, decay rate, and terminal flow rate)
on the extraction process. By integrating energy efficiency and
hydrocarbon production outcomes, the optimal gas injection
parameter combination is identified. Furthermore, to improve
reaction initiation efficiency and enhance effective hydrocar-
bon displacement, a synergistic adjustment of oxygen content
and injection rate during the pyrolysis initiation phase is imple-
mented based on the optimized flow rate regulation. Finally, a
phased, multi-parameter optimization approach is established
to develop a dynamic regulation methodology for injection-
production parameters, which simultaneously elevates energy
efficiency and hydrocarbon production, providing a theoretical
and technical foundation for the large-scale application of this
technology.

2. Mathematical model formulation

2.1 Mathematical model and grid discretization
This study employs the CMG STARSTM module to conduct

numerical simulations of the autothermic pyrolysis in-situ
conversion process in oil shale. As illustrated in Fig. 1, an
inverted seven-spot well pattern consisting of seven vertical
wells is designed. To reduce computational complexity while
maintaining model accuracy and experimental reliability, a 1/6
symmetrical sector of the well pattern – one containing one
injection well and two production wells – is modeled. The
simulated formation thickness is 0.1 m, with a well spacing
of 50 m and a drainage area of 1,083 m2. Given the tight
nature of oil shale formations, autothermic pyrolysis devel-
opment requires integration with hydraulic fracturing. The
simulation assumes a dual-porosity dual-permeability system
post-stimulation, with a matrix permeability of 0.01 md and
fracture permeability of 100 md (Dong et al., 2018; Wang et
al., 2020). A three-dimensional geological model is established
through finite difference discretization within a conventional
Cartesian coordinate grid system, with grid dimensions of 0.5
m × 0.866 m × 0.1 m (Fig. 1). To mitigate the impact of
low absolute hydrocarbon production values resulting from the
minimal formation thickness (0.1 m) on development eval-
uation, hydrocarbon production per unit formation thickness
(unit: m3/m) is adopted as a normalized indicator to more
effectively reflect production efficiency under varying condi-
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Fig. 1. Geological model: (a) Grid division and (b) well deployment method.

Table 1. Physical characterization parameters of oil shales
(Tong et al., 2011; Wang et al., 2019; He et al., 2021; Zhu et

al., 2022).

Parameter Value

Initial formation pressure (kPa) 6,500

Initial formation temperature (◦C) 35

Initial formation permeability (md) 0.01

Fracture permeability (md) 100

Original porosity for matrix (%) 6.40

Total porosity (%) 28.65

Matrix specific heat capacity (J/m3·◦C) 1.5×106

Matrix thermal conductivity (J/m·day·◦C) 1.21×105

Rock thermal expansion coefficient (◦C−1) 3.09×10−6

Density of rock matrix (kg·m−3) 2,400

Initial water saturation in the matrix (%) 100

Formation matrix density (kg/m3) 2,019.84

Kerogen density in the pores (mol/m3) 6.336×104

tions. The injection well operates under constant-pressure
mode at 20 MPa, while production wells maintain a bottom-
hole pressure of 200 kPa. The gas injection process comprises
two stages: (1) A preheating phase injecting 500 ◦C nitrogen
for 7 days to ensure that formation temperature near the injec-
tion well exceeds the autothermic pyrolysis reaction threshold;
(2) An autothermic pyrolysis reaction phase switching to 25
◦C air, with the injection rates and oxygen content dynamically
adjusted according to the reaction progress.

The research object of this study is high-quality oil shale
from the Songliao Basin in China, which is recognized
as one of the world’s largest Cretaceous lacustrine basins
(Wang, 2013; Yan et al., 2023). The target reservoir interval,
identified as the First Member of the Nenjiang Formation, is
primarily composed of grayish-black shale and oil shale, which

were deposited in deep and semi-deep lacustrine depositional
settings. The upper part of this member is covered by gray
mudstone of the Second Member of the Nenjiang Formation,
while its lower part is composed of green shale and siltstone.
The kerogen is predominantly type I–II1, indicating excellent
source rock quality. Vitrinite reflectance measurements indi-
cate that the shale is in a low-maturity stage (Fan, 2022; Sun
et al., 2022). The initial water saturation in the matrix pores is
assumed to be 100%, with a matrix porosity of 6.40% (Shakib
et al., 2015; Zhang et al., 2022). The matrix rock is assumed
to have a thermal conductivity of 1.21×105 J/(m·day·◦C) and
a heat capacity of 1.50× 106 J/(m3·◦C) (Guo et al., 2023b),
while the kerogen contains a carbon mass fraction of 0.71 and
has a molecular weight of 14.7 g/mol. The kerogen porosity in
the shale is 22.2%, with a kerogen concentration of 6.336×104

mol/m3 in the pores. The organic matter exhibits low thermal
maturity, evidenced by a mean random vitrinite reflectance
(R0) value of 0.5%, which is conducive to light hydrocarbon
generation. Quantitative mineralogical analysis indicated that
quartz constitutes the predominant phase (54%), followed by
illite (20%) and calcite (6%) as subordinate components (Zhu
et al., 2022). The analyzed oil shale sample displays a free
hydrocarbon (S1) content of 1.21 mg/g, classifying it as a low-
maturity source rock. In contrast, the pyrolyzable hydrocarbon
(S2) content is significantly higher at 110.06 mg/g, denoting
an exceptional hydrocarbon-generating capacity. Furthermore,
the residual carbon (S4) content of 108.35 mg/g reveals that
substantial residual pyrolysis potential remains after primary
hydrocarbon generation and expulsion (Guo et al., 2022).
The physical characteristics of the analyzed oil shale are
summarized in Tables 1-3.

2.2 Reaction model
Reaction models and kinetic parameters are fundamental

prerequisites for numerical simulations, since they characterize
the chemical reactions and corresponding rates of organic
matter during the heating process (Yang et al., 2023a). During
the autothermic pyrolysis of oil shale, kerogen undergoes
pyrolysis to yield heavy oil (HO), light oil (LO), hydro-
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Table 2. Characterization of organic elemental and mineralogical composition of shale (Zhu et al., 2022).

Organic elemental analysis (%) Mineral composition (%)

C H O N S Quartz Alkali feldspar Plagioclase Calcite Pyrite Pyrite Kaolinite Chlorite

72.38 9.72 10.92 4.07 3.91 54 4 7 6 3 20 2 4

Table 3. Oil content analysis and rock-evaluation of shale (Guo et al., 2022).

Oil content analysis (wt%) Rock evaluation

Shale oil Gas Water Residue S1 (mg/g) S2 (mg/g) S4 (mg/g) TOC (%)

14.52 6.98 5.76 72.74 1.21 110.06 108.35 16.9

carbon gas (HC), and prechar, whose subsequent pyrolysis
yields additional hydrocarbon gas and residual carbon (Tian
et al., 2025; Zhao et al., 2025; Jin et al., 2026). Furthermore,
all organic components can undergo oxidation reactions with
oxygen (Zhao et al., 2023). At temperatures below 350 ◦C,
low-temperature oxidation (LTO) occurs, involving oxidative
addition reactions of kerogen and bond scission reactions in
light oil (LO) and hydrocarbon gas (HC). High-temperature
oxidation (HTO) involves bond cleavage reactions of HO,
LO, HC, and prechar (Alshareef et al., 2011). The chemical
reaction models for all organic species are summarized in
Table 4. Due to the significant similarities in kerogen type
and depositional environment between the Songliao Basin and
the Green River oil shale in Colorado, the kinetic parameters
(including frequency factor, activation energy and reaction
enthalpy) for the primary and secondary cracking reactions,
as proposed by the Braun and Burnham model and originally
validated in field tests of Green River oil shale, have been
applied to the analysis of oil shale from the Songliao Basin
(Pei et al., 2018; He et al., 2019; Khakimova et al., 2019). The
modified model has been revised to be applicable to the oil
shale deposits within the Songliao Basin (Zhu et al., 2022),
as shown in Table 4. For oil shale strata exhibiting diverse
oil saturations within the Songliao Basin, the reaction kinetics
framework, including the governing equations and activation
energy parameters, is kept constant. The variability in observed
reactivity is attributed exclusively to differences in the initial
kerogen concentration. Consequently, the reaction equations
detailed in the accompanying table retain their validity and
exhibit strong applicability across the varying oil saturation
conditions encountered in the basin. These kinetic parameters
collectively serve to characterize the rate of the cracking
reactions and the associated thermal effects as a function of
temperature.

2.3 Energy efficiency
Energy efficiency serves as a primary comprehensive indi-

cator, defined as the ratio of total energy output to energy input
throughout the ATS process. The energy conversion within
the ATS system is categorized into three distinct parts: (1)
Cumulative compression energy of gas injection; (2) cumula-

tive injected thermal energy; and (3) total heating value of the
produced fluids.

The specific formula for energy efficiency is:

ft =
Nout

h +Nog

Nin
h +Nc

(1)

where ft denotes the total energy efficiency; Nc denotes the
compression energy of gas injection; Nout

h denotes the thermal
energy of the gas injected during the preheating stage, kJ;
Nog denotes the calorific value of the produced hydrocarbons
(oil and natural gas), kJ; and Nin

h denotes the thermal energy
carried by the gas, kJ. Based on previous research (Wang
et al., 2018), the heating values for the produced oil and
natural gas during the ATS process are conventionally taken
as 40.0×106 and 35.6×103 J/m3. Consequently, the temporal
evolution of energy efficiency throughout the ATS operation
is quantified by Eq. (1), with the optimal process termination
point defined by the maximum value on the energy efficiency.

2.4 Dynamic regulation methodology
2.4.1 Dynamic gas injection rate

Conventional injection-production processes typically em-
ploy a constant-flow-rate injection principle (Yang et
al., 2023b). To establish a baseline for subsequent dynamic
regulation of gas injection rates, this study first identifies an
optimal constant flow rate that yields the highest production ef-
ficiency as the control, which all simulation results of dynamic
regulation strategies will be compared against. Based on the
optimal constant flow rate, numerical simulation and parameter
optimization reveal that dynamic gas injection parameters,
including adjustment time, decay rate and terminal flow rate,
significantly influence the energy efficiency and hydrocarbon
production during the autothermic pyrolysis in-situ conversion
of oil shale. This study employs a phased nested optimization
strategy to determine the optimal combination of key param-
eters. First, the adjustment time (the point at which the gas
injection rate declines to the final flow rate) is optimized,
followed by the decay rate (the rate at which the gas injection
rate decreases) based on the previously determined timing.
Finally, the terminal flow rate (the gas injection rate value at
the end of the production period) is optimized based on the
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Table 4. Kerogen pyrolysis chemical reaction model in oil shale (He et al., 2019; Khakimova et al., 2019; Guo et al., 2023a).

Description Reaction Frequency
factor (1/s)

Activation
energy
(kJ/mol)

Reaction
enthalpy
(kJ/mol)

Kerogen pyrolysis
CH1.45O0.04N0.02S0.01 = 0.0071C3.16H8.33

+0.0097C15.26H32.52 +0.0108C27.17H56.34

+0.6411Prechar
3.0×1013 213.50 -4.20

Prechar pyrolysis Prechar = 0.01718C3.16H8.33 +0.9902C 1.0×1013 226.09 -46.50

Kerogen oxidation
CH1.45O0.04N0.02S0.01 +0.1052O2 =

1.4225Prechar
6.47×104 64.32 27.89

Light oil oxidation
C15.26H32.52 +21.864O2 = 16.26H2O
+12.208CO2 +3.052CO

2.61×105 72.68 7,794.69

Natural gas oxidation
C3.16H8.33 +4.9296O2 = 4.164H2O
+2.5312CO2 +0.6328CO

2.61×105 72.68 1,758.46

Heavy oil oxidation
C27.17H56.34 +38.5359O2 = 28.164H2O
+21.7368CO2 +5.4342CO

2.57×107 118.44 13,735.40

Prechar oxidation
Prechar+1.1723O2 = 0.5750H2O
+0.78152CO2 +0.19538CO

6.02×108 133.91 454.84

Residual carbon oxidation C+0.9O2 = 0.8CO2 +0.2CO 6.02×108 133.91 315.80
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Fig. 2. Flow rate function under different adjustment times.

results of the first two steps, thereby ultimately forming an
optimal three-parameter control combination of adjustment
time, decay rate and terminal flow rate through progressive
optimization. This combination is designed to maintain high
energy efficiency, achieved by substantially reducing the gas
injection rate during the peak production period of oil and gas.
This lowers the cumulative compression energy injected and
minimizes the oxidative loss of oil and gas products, thereby
significantly improving the energy efficiency.

The optimization of adjustment time window involves
identifying the period of peak hydrocarbon generation as well
as strategically reducing the gas injection rate within this
interval to minimize energy consumption. Fig. 2 illustrates
the variation in gas injection rate over time under different
adjustment times. The initial injection rate is set to the optimal
constant value. After the adjustment time, the flow rate de-

creases at a preset decay rate of 200 m3/d2, reaching a terminal
flow rate of 100 m3/day after 6 days. Each curve represents
a distinct adjustment time (i.e., the time point at which flow
rate reduction initiates). Premature flow rate reduction may
lead to insufficient formation heating, hindering pyrolysis zone
expansion. Conversely, delayed adjustment implies continued
high-rate gas injection when hydrocarbon production stabilizes
and autothermic pyrolysis effects adequately sustain reactions,
resulting in unnecessary energy input and the excessive com-
bustion of hydrocarbons. Both scenarios ultimately reduce
energy efficiency and hydrocarbon production.

Based on the previously determined optimal adjustment
time for gas injection rate, this study further optimizes the
key regulation parameter of decay rate. As shown in Fig. 3,
the initial and terminal gas injection rates remain unchanged,
while the decay rate, which is represented by the absolute
value of the slope (k) in the flow rate function, varies within
the range of 12.5 to 1,200 m3/d2 to achieve different decay
speeds. The distinct curves in Fig. 3 correspond to different
decay rate settings: A larger absolute slope value indicates a
faster flow rate decline, reflecting variations in the intensity
and temporal distribution of energy input reduction during
regulation. Excessive decay rates may lead to abrupt reservoir
pressure drops, impairing fluid displacement efficiency and
potentially cooling the reaction zone. Conversely, insufficiently
slow decay rates could result in prolonged unnecessary energy
input during the decay phase.

Building upon the previously optimized adjustment time
and decay rate of gas injection rates, this study further focuses
on the third critical parameter – the terminal flow rate. As
illustrated in Fig. 4, the initial gas injection rate remains set
at the optimal constant value, while the adjustment time and
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Fig. 3. Flow rate function under different decay rates.
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Fig. 4. Flow rate function under different terminal flow rates.

decay rate parameters are fixed at the results from prior
optimization. The terminal flow rate (adjusted within 10-100
m3/day) is systematically investigated to analyze its impact on
development performance. During the late-stage autothermic
pyrolysis reaction, the kerogen pyrolysis rate slows and its
remaining concentration decreases, maintaining an appropriate
terminal flow rate that serves dual roles: first, it facilitates the
displacement of un-migrated hydrocarbons through sustained
gas injection to improve oil recovery; second, it supplies
limited oxygen for the oxidation of residual carbon, sustain-
ing minimal autothermic pyrolysis reactions to prolong the
production capacity release period. However, reducing the
terminal flow rate implies a decrease in late-stage energy
input, necessitating a balance between displacement demand
and energy input costs. This study aims to identify an op-
timal terminal flow rate that ensures efficient hydrocarbon
displacement in the later stages while minimizing unnecessary
energy input, thereby achieving the synergistic maximization
of energy efficiency and total hydrocarbon production.

2.5 Dynamic oxygen content
Building on the three-parameter combination of gas injec-

tion rate (adjustment time, decay rate, and terminal flow rate),
the dynamic regulation of oxygen content and flow rate in the
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Fig. 5. Synergistic regulation function of dynamic oxygen
content and gas injection flow rate.

early production stage can further enhance the develop-
ment efficiency of autothermic pyrolysis in-situ conversion.
To investigate the impact of time-responsive dual-parameter
coupled regulation of oxygen content and injection rate on
the reaction process, this study constructs a dual-parameter
coupled regulation model, as illustrated in Fig. 5. In the
reaction initiation stage, a high-oxygen low-flow strategy is
adopted: The initial oxygen content is set to 100% with an
injection rate of 100 m3/day. The oxygen content linearly
decreases to the air baseline value of 21%, and the injection
rate is simultaneously increased gradually to 1,300 m3/day.
Different time points correspond to regulation nodes where
the oxygen content returns to air levels and the flow rate
reaches the optimal constant value. During this phase, the
rapid dilution of oxygen content and sustained enhancement of
flow rate establish a dual driving force mechanism, effectively
promoting the thermal initiation efficiency of the reaction
system. In the mid-stage reaction, the dynamic regulation
framework of the injection rate is extended, implementing a
secondary flow rate optimization: The flow rate decreases from
1,300 m3/day to the terminal steady-state value at the optimal
adjustment time and decay rate.

3. Results and discussion

3.1 Optimization of constant gas injection rate
Different constant gas injection rates (1,000-1,500 m3/day)

exhibit distinct impacts on the development performance. As
shown in Fig. 6, the cumulative gas production of all groups
converges at approximately 16,000 m3/m, indicating limited
long-term variation in gas production due to the flow rate
differences. However, the 1,300-1,500 m3/day group demon-
strates marginally superior gas production owing to a higher
displacement intensity. The 1,300 m3/day group achieves the
highest energy efficiency peak of 5.97, making it the optimal
choice, while the 1,000 m3/day group attains a comparable
energy efficiency peak of 5.96 and yields the highest oil
production (29.18 m3/m). Nevertheless, the 1,300 m3/day
group reaches its peak approximately 100 days earlier than the
1,000 m3/day group, reflecting higher production efficiency.
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Fig. 6. Development performance under different constant gas injection flow rates: (a) Oil production, (b) gas production and
(c) energy efficiency.
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Fig. 7. Development performance under different adjustment times: (a) Oil production, (b) gas production, (c) energy efficiency
and (d) energy efficiency peak.

Overall, the 1,300 m3/day group combines sustained high oil
production (28.16 m3/m) with the highest energy efficiency
and earlier peak response, thereby it is identified as the optimal
constant gas injection rate scheme.

3.2 Dynamic regulation of gas injection rate
3.2.1 Optimization of adjustment time

Variations in the adjustment time (Day 104-208) signif-
icantly influence the development performance of kerogen
pyrolysis. As illustrated in Fig. 7(b), shorter adjustment times
correspond to lower cumulative gas production: The 208-day
group yields 16,050 m3/m, while the 104-day group produces
only 13,640 m3/m. An earlier flow rate reduction decreases the

total injected gas volume, resulting in insufficient gas output.
Fig. 7(a) shows that oil production initially increases then
declines with shorter adjustment times, peaking at 43.3 m3/m
for the 120-day group, which represents a 53.76% increase
compared to the optimal constant flow rate group (28.16
m3/m). Figs. 7(c) and 7(d) demonstrate that the energy effi-
ciency peak first rises then falls with reduced adjustment times,
reaching a maximum of 10.78 for the 120-day group, which
is 80.57% higher than the optimal constant flow rate group
(5.97). These results indicate that the kerogen pyrolysis re-
action stabilizes around day 120, where autothermic pyrolysis
effects effectively sustain the process alongside substantial hy-
drocarbon production. Significantly reducing the gas injection
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Fig. 8. Development performance under different decay rates: (a) Oil production, (b) gas production, (c) energy efficiency and
(d) energy efficiency peak.

rate at this stage minimizes cumulative compression energy
input and suppresses oxidative losses of hydrocarbons, thereby
simultaneously enhancing energy efficiency and oil produc-
tion. However, adjustment times shorter than day 120 (day
104) lead to declines in both energy efficiency peak (10.38)
and oil production (41.7 m3/m), as a premature flow rate
reduction causes inadequate formation heating and restricts
pyrolysis zone expansion. Due to its attainment of the highest
energy efficiency, an adjustment time of day 120 is selected
as the optimal value for this parameter. The determination
of this optimal value also serves to define the critical time
window for significant hydrocarbon production. Consequently,
the subsequent optimization of the remaining two parameters
(decay rate and terminal flow rate) was conducted based on
this established temporal benchmark.

3.2.2 Optimization of decay rate

Based on the optimal adjustment time of day 120, the
subsequent optimization of the decay rate further enhances
production efficiency. As shown in Fig. 8(a), oil production
reaches its highest levels at decay rates of 600 and 1,200
m3/d2 (44.1 and 43.5 m3/m, respectively), with a difference
of less than 2%, indicating extremely low sensitivity of oil
production to parameter variations within the high decay rate
range. Fig. 8(b) shows that gas production also peaks at 600
m3/d2 (13,980 m3/m), while the 1,200 m3/d2 group yields
13,890 m3/m, which represents a difference of less than 1%,

further confirming the stability of hydrocarbon production in
this interval. Figs. 8(c) and 8(d) demonstrate that the energy
efficiency peak for the 1,200 m3/d2 and 600 m3/d2 groups
are 10.94 and 10.96, respectively, differing by less than 0.5%.
Notably, the 1,200 m3/d2 group achieves peak production
96 days earlier than the 600 m3/d2 group, highlighting its
superior temporal efficiency under minimal compromise in
hydrocarbon production or energy efficiency. In contrast, at
a decay rate of 12.5 m3/d2, oil production drops to 21.7 m3/m
and the energy efficiency peak declines to 6.92. While high
decay rates exhibit low sensitivity in energy efficiency peak
variation, excessively low decay rates (|k|< 50 m3/d2) result in
insufficient oxygen content in the formation during the initial
reaction stage, leading to temperature decline, uneven thermal
distribution, the suppression of kerogen cracking reactions, and
the restricted evolution of porosity and permeability, which
significantly reduces both energy efficiency and hydrocarbon
production. Precisely because the adjustment time was fixed
at day 120, an excessively low decay rate would lead to a
premature reduction in the gas injection flow rate, thereby
resulting in a significant decrease in oxygen concentration
during the early production stage. Considering the dynamic
responses of oil/gas production and energy efficiency, a decay
rate of 1,200 m3/d2 is identified as the optimal solution within
the current parameter system, ensuring high productivity and
energy efficiency while maximizing temporal efficiency.



Zhu, C., et al. Advances in Geo-Energy Research, 2026, 20(2): 129-144 137

0 500 1000 1500 2000
0

10

20

30

40

50

O
il 

pr
od

uc
tio

n 
(m

3 /m
)

Time (day)

 100m3/day
 70m3/day
 60m3/day
 50m3/day
 40m3/day
 30m3/day
 20m3/day
 10m3/day

(a)

0 500 1000 1500 2000
0.0

0.4

0.8

1.2

G
as

 p
ro

du
ct

io
n 

(1
04  m

3 /m
)

Time (day)

 100 m3/day
 70 m3/day
 60 m3/day
 50 m3/day
 40 m3/day
 30 m3/day
 20 m3/day
 10 m3/day

(b)

0 500 1000 1500 2000
0

5

10

15

En
er

gy
 e

ff
ic

ie
nc

y

Time (day)

 100 m3/day
 70 m3/day
 60 m3/day
 50 m3/day
 40 m3/day
 30 m3/day
 20 m3/day
 10 m3/day

(c)

0 20 40 60 80 100

5

10

15

En
er

gy
 e

ff
ic

ie
nc

y 
pe

ak

Terminal flow rate (m3/day)

3.7

5.37

11.59

13.87

13.30
12.72

12.13
10.94

(d)
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3.2.3 Optimization of terminal flow rate

Building upon the optimal adjustment time of day 120 and
the optimal decay rate of 1,200 m3/d2, the final optimization of
the terminal flow rate will further reduce inefficient energy in-
put and the oxidation loss of hydrocarbon products. As shown
in Fig. 9(a), as the terminal flow rate declines from 10 to 100
m3/day, oil production initially increases then decreases. The
50 m3/day group achieves the maximum oil production of 47.1
m3/m, while the 40 m3/day group yields 47.0 m3/m, which

represents a difference of less than 1%. This indicates the
low sensitivity of oil production to terminal flow rate within
the 40-50 m3/day range, with both values approaching the
optimal level. Fig. 9(b) demonstrates that gas production first
slightly increases then declines rapidly with reduced terminal
flow rates, peaking at 14,150 m3 for the 40 m3/day group,
significantly exceeding other groups. Figs. 9(c) and 9(d) show
that the energy efficiency peak initially rises then falls as the
terminal flow rate decreases from 10 to 100 m3/day, reaching a
maximum of 13.87 for the 40 m3/day group, which represents
a 132.33% enhancement compared to the optimal constant
flow rate group (5.97). Concurrently, oil production increases
by 66.9% relative to the constant flow rate group (28.16
m3/m). These results highlight the dual advantages of dynamic
regulation in energy utilization efficiency and hydrocarbon
recovery. After the autothermic pyrolysis reaction stabilizes,
a lower terminal flow rate prevents excessive organic con-
sumption caused by overexpansion of the kerogen pyrolysis
zone, ensuring long-term production stability. Simultaneously,
this parameter significantly reduces cumulative compression
energy during the mid-to-late production stages, maximizing
energy efficiency.

A comprehensive analysis of the development performance
across terminal flow rate groups reveals that while the 30,
20 and 10 m3/day groups may achieve gradual improvements
in energy efficiency over extended periods due to sustained
autothermic pyrolysis reactions, their peak hydrocarbon pro-
duction and energy efficiency within practical engineering
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Fig. 11. Cumulative compression energy and CO2 production under constant and optimal gas injection parameters: (a)
Cumulative compression energy and (b) cumulative CO2 production.

cycles remain significantly lower than those of the 40 m3/day
group. To quantitatively evaluate the economic disparities,
the cost per barrel is introduced as a key metric, integrating
economic inputs such as labor and electricity expenditures
during development to reflect the economic cost per unit
of oil produced. As shown in Fig. 10, the cost per barrel
at the energy efficiency peak exhibits a distinct nonlinear
trend across terminal flow rates: When the flow rate drops
below 40 m3/day, costs surge sharply, reaching 172, 116
and 51 USD/barrel for the 10, 20 and 30 m3/day groups,
respectively, far exceeding the 41 USD/barrel of the 40 m3/day
group. In contrast, for flow rates above 40 m3/day, the costs
stabilize near 40 USD/barrel across the 50-100 m3/day groups.
This cost divergence stems from the compatibility of flow
rate with thermal reaction efficiency. The 40 m3/day group
achieves optimal alignment between gas injection volume and
reservoir thermal reaction rates, ensuring high energy con-
version efficiency while avoiding accumulated inefficiencies
from excessively low flow rates. Thus, considering both project
duration constraints and economic indicators, the 40 m3/day
group emerges as the optimal solution, balancing short-term
benefits with long-term potential through the lowest cost per
barrel (41 USD/barrel) and balanced development efficiency.

The dynamic regulation of gas injection rate during the
mid-to-late production stages results in a significant reduction
in both energy input and oxidation losses of hydrocarbons.
The cumulative compression energy and CO2 production un-
der constant flow rate and optimal gas injection flow rate
parameters are presented in Fig. 11. The dynamic regulation
of gas injection flow rates significantly reduces the cumulative
compression energy from 1.54× 109 kJ in the constant flow
rate group to 1.55 × 108 kJ, achieving a 90% reduction,
which demonstrates effective energy input minimization and
enhanced energy utilization efficiency. Meanwhile, cumulative
CO2 production decreases from 136,928 m3/m in the constant
flow rate group to 70,668 m3/m, constituting a 48% decline,
which further confirms the significant reduction in hydrocar-
bon oxidation losses during the autothermic pyrolysis process.

3.3 Dynamic oxygen content regulation

3.3.1 Impact of oxygen-flow synergistic regulation

The synergistic regulation of oxygen content and gas
injection rate during the initial reaction stage further reduces
energy input and advances the onset of pyrolysis. Fig. 12
illustrates the development performance under the synergistic
regulation of oxygen content and flow rate. The 52-day time
point is identified as the optimal control node for restoring
oxygen content to the atmospheric level (21%) and the flow
rate to the optimal constant value (1,300 m3/day). At this
stage, oil production peaks at 41.55 m3/m, while the en-
ergy efficiency simultaneously reaches its maximum value of
14.80. Gas production (14,116 m3/m) differs by only 1.84%
from the 62-day value (14,376 m3/m), indicating a dynamic
equilibrium among energy conversion efficiency and output
on day 52. Through synergistic oxygen-flow regulation, the
energy efficiency peak (14.80) increases by 6.71% compared
to the optimal gas injection flow rate parameters (peak: 13.87).
This value significantly exceeds the conventional oil shale
development level (generally below 3%), demonstrating tech-
nical feasibility for industrial-scale production. The high initial
oxygen concentration promotes rapid kerogen cracking, accel-
erating the evolution of the temperature field and permeability,
thus advancing the oil production period and shortening the
cycle. As the oxygen content decreases to atmospheric level,
maintaining an optimal dynamic control of gas injection flow
rate further enhances both energy efficiency and oil production.

Restoration to atmospheric oxygen content and 1,300
m3/day flow rate prior to day 52 may lead to insufficient
kerogen cracking rates due to premature oxygen reduction,
failing to fully establish high-temperature fields and perme-
ability and thereby limiting rapid oil release. Although an
initial high oxygen content (100%) combined with low flow
rate (100 m3/day) accelerates reaction initiation, premature
return to atmospheric level (21%) may compromise mid-term
energy supply continuity, preventing energy efficiency from
reaching higher levels. Conversely, delayed restoration beyond
day 52 risks prolonged low flow rate, keeping the reaction
in a transitional phase. This delays autothermic pyrolysis
reaction rates during the mid-term, failing to sustain high
reservoir temperatures and impairing hydrocarbon output. On
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Fig. 12. Development performance under oxygen-flow synergistic regulation: (a) Oil production, (b) gas production, (c) energy
efficiency and (d) energy efficiency peak.
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Fig. 13. Cumulative compression energy and CO2 production under oxygen-flow synergistic regulation: (a) Cumulative
compression energy and (b) cumulative CO2 production.

day 62, the energy efficiency peak (12.43) and oil production
(31.17 m3/m) were markedly lower than day 52, confirming
that delayed restoration reduces the system energy conversion
efficiency and production potential.

The utilization of high-oxygen, low-flow rate gas injection
during the initial reaction stage leads to a further reduction
in compression energy loss. As shown in Fig. 13, the final
cumulative compression energy for the dynamic gas injection
flow rate regulation scheme is 1.55×108 kJ, while the oxygen-
flow synergistic regulation scheme reduces it to 1.29×108 kJ,
representing an additional 16% decrease in energy input and

highlighting the critical role of the initial reaction phase in
overall energy efficiency. Meanwhile, cumulative CO2 pro-
duction under oxygen-flow synergistic regulation decreases
slightly from 70,345 to 70,668 m3/m. During the pre-stable
initial phase of autothermic pyrolysis reactions, the combi-
nation of high oxygen content and low flow rate accelerates
reaction preheating via enhanced oxidation rates, promoting
earlier autothermic pyrolysis initiation. Simultaneously, the
low flow rate effectively suppresses the excessive oxidation of
organic matter. Consequently, although CO2 production shows
minimal change, this strategy significantly reduces energy in-
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put while maintaining low oxidation losses, thereby further
increasing the energy efficiency.

3.3.2 Impact of initial flow rate

The initial flow rate of the high-oxygen, low-flow-rate
gas injected during the initial reaction stage affects both
the magnitude and the time to peak energy efficiency. The
influence of different initial gas injection flow rates on the
energy efficiency peak is presented in Fig. 14. When the initial
flow rate is set to 50, 100 and 150 m3/day, the energy efficiency
peak occurs day 42, 52 and 67, respectively, with peak values
of 13.16, 14.80 and 13.83. This indicates that lower initial
flow rates correspond to earlier optimal control nodes, while
the 100 m3/day condition yields the highest energy efficiency
peak. The temporal offset of the optimal control node primarily
stems from the regulation of thermal field expansion rate by
the flow rate. Lower flow rates (50 m3/day) establish stable
thermal gradients through slow heating, enabling continuous
kerogen pyrolysis within the ideal thermal cracking range
(typically 300-400°C), thereby achieving higher energy ac-
cumulation efficiency and earlier peak occurrence. Moderate
flow rates (100 m3/day) precisely match the oxygen diffusion
rate with pyrolysis demand during the initial reaction phase,
accelerating kerogen cracking via high oxygen concentration
to shorten the oil production period while maintaining thermal
energy utilization efficiency through subsequent dynamic reg-
ulation. In contrast, excessively high flow rates (150 m3/day)
induce localized overheating, triggering secondary cracking,
and result in an oxygen surplus that promotes oxidative side
reactions. These factors not only increase compression energy
input but also reduce thermal energy utilization efficiency,
leading to the latest peak occurrence.

The highest energy efficiency peak under 100 m3/day
conditions is attributed to the optimal coupling of the thermal-
oxygen-reaction system. This flow rate ensures sufficient initial
oxygen diffusion to meet rapid kerogen pyrolysis demands and
avoids late-stage energy waste through dynamic regulation,
achieving the best balance between thermal energy conversion
efficiency and oil production. In contrast, while 50 m3/day
results in an earlier peak, its limited pyrolysis scale restricts

overall energy output; the initial advantages of 150 m3/day are
offset by excessive energy losses, resulting in a lower energy
efficiency peak compared to the moderate flow rate condition.

Under different initial flow rates, the diffusion range of
the temperature field during the initial reaction stage varies,
which in turn affects the kerogen pyrolysis reaction and
the porosity evolution of the formation. As shown in Fig.
15, the thermal field evolution under an initial flow rate of
100 m3/day exhibits optimal performance: The thermal front
propagates farther and distributes more uniformly, significantly
outperforming the other two cases. The 50 m3/day case shows
restricted diffusion rates, while the 150 m3/day case suffers
from heterogeneity damage due to localized overheating. Fig.
16 illustrates the kerogen concentration evolution. The 100
m3/day case achieves the farthest and most uniform pyrolysis
zone expansion; in contrast, the 150 m3/day case exhibits
a deeper central depression despite a larger pyrolysis area,
reflecting the risk of organic matter over-combustion triggered
by intense autothermic pyrolysis under high initial oxygen
levels. The 50 m3/day case shows limited pyrolysis zone ex-
tension due to insufficient preheating. Fig. 17 reveals structural
degradation under high flow rates. While the 150 m3/day
case attains the largest porosity expansion range, localized
clogging zones emerge on the right side of the pyrolysis
region. Conversely, the 100 m3/day and 50 m3/day cases
maintain more uniform pore structure evolution. The clogging
mechanism stems from an imbalance between excessive ini-
tial flow rate and oxygen supply, inducing violent pyrolysis
reactions accompanied by volatile release and coke formation,
which disrupts pore homogeneity. Furthermore, high oxygen
levels exacerbate oxidative side reactions, generating localized
high temperatures (evidenced by abrupt near-field temperature
spikes in the 150 m3/day group) that cause pore collapse
or coke accumulation, hindering hydrocarbon migration and
increasing loss risks. In comparison, the 100 m3/day case
optimizes the match between oxygen diffusion and pyroly-
sis demand, avoiding over-combustion while preserving pore
uniformity, thereby achieving superior performance in energy
efficiency, pyrolysis efficiency and pore connectivity.

3.4 Comparison of key technologies
The dynamic control strategy for injection and production

parameters proposed in this study inherits the core advan-
tages of existing research while effectively overcoming its
technical bottlenecks, demonstrating significant improvements
in comprehensive performance and technical reliability. Previ-
ous studies have laid a crucial foundation by revealing the
synergistic effect between oxygen concentration and injec-
tion rate, constructing efficient heat transfer and utilization
mechanisms and enhancing energy efficiency through auxiliary
fuels. This strategy avoids the risks associated with fixed
or inappropriate parameters, such as inefficient energy input,
oxidative consumption of products, reaction termination, and
gas channeling, thereby significantly improving energy utiliza-
tion efficiency, achieving superior techno-economic viability,
and shortening the investment payback period. A detailed
comparison of these technologies is presented in Table 5.
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4. Conclusions
This study develops a dynamic optimization model for the

injection-production parameters of the autothermic pyrolysis
in-situ conversion process of oil shale, and determines the
optimal combination of gas injection parameters. Under this
parameter system, a synergistic regulation of oxygen content
and flow rate during the pyrolysis initiation phase further
enhances reaction initiation efficiency and hydrocarbon dis-
placement capacity, ultimately establishing a dynamic regu-
lation framework that synergistically improves both energy
efficiency and hydrocarbon output. The primary conclusions
are as follows:

1) The optimal flow parameter combination is established
as an adjustment time of day 120, a decay rate of 1,200

m3/d2, and a terminal flow rate of 40 m3/day. Compared
to traditional constant gas injection, this combination
reduces cumulative compression energy by 90% and CO2
production by 48%, while it increases oil production by
66.9% to 47 m3/m. The energy efficiency peak reaches
13.87, representing a 132.33% improvement over the
constant flow rate group, effectively suppressing gas
channeling and hydrocarbon oxidation losses.

2) Building upon the optimized gas injection flow rate, the
synergistic regulation of oxygen content and flow rate
during the initiation phase further elevates the energy effi-
ciency peak to 14.80 while maintaining high hydrocarbon
production efficiency. This represents an additional 6.71%
increase compared to the flow-rate-only optimization
group, with a further 16% reduction in cumulative com-
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Table 5. Comparison of existing technologies.

Control strategy Key parameters Key advantages Major drawbacks

Impact of gas injection
parameters on the autothermal
pyrolysis in-situ conversion
process (Yang et al., 2023b)

Oxygen concentration and gas
injection rate

Elucidates the synergistic
effect between oxygen
concentration and gas
injection rate

High oxidative loss

Autothermal pyrolysis in-situ
conversion process (Guo et
al., 2023a)

Preheating temperature,
oxygen concentration and gas
injection rate

Efficient heat transfer and
utilization

Stringent requirements for
parameter matching

Natural gas-assisted
autothermal pyrolysis (Zhu et
al., 2026)

Mixing ratio of natural gas in
the injection gas

Significantly enhances energy
efficiency

Moderate adaptability in high
oil-bearing formations

Dynamic control of
injection-production
parameters

Oxygen concentration and gas
injection rate

Relatively high energy
efficiency, favorable
techno-economic viability and
time efficiency

Relatively high precision
requirements for parameter
control

pression energy, highlighting the critical role of initial-
phase regulation on overall energy efficiency.

3) By matching the characteristics of the pyrolysis reaction
stages, the dynamic regulation strategy effectively inhibits
gas channeling and hydrocarbon oxidation losses and
optimizes the propagation of the reservoir thermal field
and the evolution of pore structure. Post-optimization, the
energy efficiency is enhanced to above 10, the cost per
barrel is reduced to 41 USD/barrel, and the production
cycle can be shortened by 96 days. These data demon-
strate favorable technical economics and time efficiency,
indicating the significant potential of the proposed strat-
egy for industrial application.
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