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Introduction
In-situ pyrolysis technology for oil-rich coal represents a low-carbon resource development strategy characterized by ‘hydrogen extraction and carbon retention,’ holding significant importance for advancing the efficient exploitation of coal-based oil and gas resources. However, substantial differences exist between in-situ pyrolysis and conventional pyrolysis in terms of conversion efficiency and product composition, making the control of operating conditions a critical challenge in this field.
Methods
This study utilized large-sized block oil-rich coal samples from the Xie Gou mining area in Shanxi Province. Employing a self-developed, fully enclosed pyrolysis experimental system, the research simulated the high-temperature, high-pressure, slow-heating-rate, and long-duration reaction environment typical of in-situ pyrolysis. The distribution patterns of gaseous, liquid, and solid pyrolysis products from the oil-rich coal under varying temperatures were systematically investigated. Building upon the experimental results, industrial-scale simulations of oil-rich coal in-situ pyrolysis were conducted using COMSOL Multiphysics software.
Results and Discussion
The key findings are as follows: (1) The primary gaseous product of the pyrolysis reaction is CH4, with the total gas yield increasing significantly as temperature rises; (2) The temperature window of 450 °C–550 °C offers the potential for maximizing light oil recovery; (3) The stability of the carbon skeleton within the oil-rich coal enhances progressively as the pyrolysis reaction proceeds; (4) For industrial application, optimal oil production is achieved within approximately 500 days of heating, while optimal gas production occurs around 1900 days of heating. This study provides crucial theoretical support for the industrialization of oil-rich coal in-situ pyrolysis and demonstrates considerable application potential for the extraction of high-value oil and gas fuels.
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1 INTRODUCTION
In recent years, with the intensification of global extreme weather events, world-wide emphasis on climate governance has significantly increased. As one of the world’s major economies, China has correspondingly proposed its ‘carbon peak and carbon neutrality’ targets. However, given that coal occupies the dominant position in China’s energy consumption structure—a situation expected to persist long-term—the development and utilization of oil-rich coal is urgently required to address the energy reality characterized by ‘abundant coal but scarce oil and gas.’ As a special coal resource possessing triple attributes of coal, oil, and gas (Feng et al., 2016; Kang et al., 2020), oil-rich coal features high hydrogen content and abundant aliphatic structures (Wang S. et al., 2024). Through pyrolysis, it can yield 7%–12% coal tar, enabling the efficient utilization of coalbased oil and gas resources (Wang M. et al., 2024; Wang et al., 2021; Ning et al., 2025). China’s reserves of oil-rich coal exceed 550 billion tonnes (5.5 × 1011t), with potential oil and gas resources estimated at 50 billion tonnes and 75 trillion cubic meters, respectively, indicating immense resource potential (Ju et al., 2021).
Numerous scholars domestically and internationally have conducted research on oil-rich coal development and utilization technologies. Investigations into the thermal decomposition characteristics of oil-rich coal form the theoretical foundation for its utilization. Yang et al. (2023a) analyzed the pyrolysis characteristics of oil-rich coal within its original geological environment, determining its typical thermodynamic functions and related parameters, and established the primary reaction functions for the oil-rich coal pyrolysis process. Bhattacharyya et al. (2024) examined the product composition of biomass-containing coal samples under various pyrolysis conditions, identifying the influence of biomass component content and pyrolysis conditions on the pyrolysis products. Zhang et al. (2025) systematically studied the structural characteristics of oil-rich coal and their correlation with pyrolysis products through proximate and ultimate analysis, providing a theoretical basis for the precise directional conversion of oil and gas. Fu et al. (2023a) employed techniques like electrical heating to pyrolyze oil-rich coal after artificial fracturing, investigating the optimal pyrolysis temperature windows under different coal quality characteristics and pyrolysis atmospheres. Ye et al. (2023) focused on analyzing heat transfer modes and physicochemical reactions during pyrolysis within fractured porous zones of oil-rich coal. Thermogravimetric analysis (TGA) is the most frequently used method for studying oil-rich coal pyrolysis characteristics. Guo et al. (2023) analyzed the distribution characteristics of oil and gas resources in recoverable strata and their impact on recovery efficiency by studying the properties of residual organic matter postpyrolysis. To analyze the differences between oil-rich coal and ordinary coal, Yu et al. (2023) utilized TGA coupled with in-situ Fourier transform infrared spectroscopy (FTIR) to study the pyrolysis characteristics of oil-rich coal macerals. They discovered that the vitrinite in oil-rich coal possesses more aliphatic long chains and alkyl side chains compared to ordinary coal, resulting in superior py-rolysis reactivity. Xie et al. (2018), building on this, further analyzed the differences in the decomposition behavior of carboxylic acid groups between oil-rich coal and ordinary bituminous coal during the pyrolysis process by using infrared spectroscopy technology. Yu G. et al. (2024) characterized the low-temperature pyrolysis processes of three coal types using TGA, deriving the various product yields from oil-rich coal pyrolysis by analyzing its reaction process parameters. Furthermore, many scholars have investigated practical engineering application technologies for oil-rich coal pyrolysis. Chen M. et al. (2025) simulated the influence of temperature, pressure, and other factors on the in-situ pyrolysis reaction process by conducting gas pressurization experiments on oil-rich coal in autoclaves. Duan et al. (2024) conducted field pyrolysis experiments on oil-rich coal in Northern Shaanxi, China, comprehensively analyzing suitable geological conditions for in-situ pyrolysis and obtaining optimal parameters such as formation temperature and pressure. Krumm et al. (2017) enhanced oil and gas recovery from coal seams by injecting CO2 after heating deep coal layers, observing changes in coal structure and gas adsorption capacity with increasing heating temperature. Wang et al. (2025a), Wang L. et al. (2024), and Wang et al. (2025b) conducted extensive experimental studies on the pyrolysis product distribution, anisotropic evolution, and heat transfer mechanisms of coal samples under high-temperature steam environments, providing theoretical foundations for investigating both macroscopic and microscopic mechanisms of coal pyrolysis. Extensive research on in-situ pyrolysis of oil-rich coal indicates that, compared to traditional surface retorting processes, this technology offers advantages such as reduced carbon emissions, minimized surface disturbance, and improved energy recovery efficiency (Yuan et al., 2025; Ju et al., 2022; Tian et al., 2024; Yu Z. et al., 2024; Dong et al., 2025).
Although numerous scholars have investigated the pyrolysis mechanism of oil-rich coal and in-situ pyrolysis technologies, research to date has predominantly focused on rapid surface pyrolysis of powdered coal samples. Studies on the pyrolysis processes and characteristics of largescale oil-rich coal under prolonged, enclosed in-situ conditions remain extremely scarce. Building upon this gap, this research employs lump oil-rich coal from the Xie Gou Mine in Lvliang, Shanxi Province as the study object. Integrating gas chromatography-mass spectrometry (GC-MS) and rock thermal analysis technology, the study simulates the reaction processes of large coal masses under extended duration and controlled low heating rates, along with parameter variations induced by high-temperature and high-pressure conditions. It systematically analyzes the influence of pyrolysis temperature on the three-phase products of oil-rich coal. Based on experimental parameter fitting, numerical simulations of hundred-meter-scale oil-rich coal in-situ pyrolysis were conducted using COMSOL Multiphysics software. This work provides both theoretical support and technical exploration for the industrialization of oil-rich coal in-situ pyrolysis.
2 MATERIALS AND METHODS
2.1 Sample preparation
The experimental coal samples were selected from oil-rich coal at the Xie Gou Mine in Shanxi Province, China. The Xiegou coal samples employed in this study are representative of 78.3% of Shanxi Province’s oil-rich coal reserves. The selected samples exhibited black, lumpy morphology with dense texture and weak greasy luster. After crushing and sieving to obtain 20–30 mm particle size fractions, the coal was dried at 105 °C for 24 h to remove surface moisture. The mean maximum vitrinite reflectance (Ro,max) of the prepared samples was measured as 0.74% ± 0.02. Organic maceral composition was determined using a Leica DM6000M image analyzer employing a grayscale-reflectance model and automated vitrinite recognition technology (see Figure 1), yielding the following composition: vitrinite (60.3%), inertinite (30.1%), and liptinite (10.6%). Gray-King assay pyrolysis was conducted under conditions of 600 °C final temperature, 5 °C/min heating rate, and 15-min holding time, with resultant pyrolysis products detailed in Table 1.
[image: Microscopic images of coal macerals show inertinite and vitrinite highlighted with red dashed ovals on the left, and liptinite highlighted with red dashed ovals on the right. Each section displays distinct textures and colors, with labels indicating maceral types. Scale bars indicate magnification level.]FIGURE 1 | Microscopic component identification of whole rock thin Section (1:500).TABLE 1 | Gieseler distillation product distribution and Ro,max of Xiegou gas coal.	Water/%	Gases/%	Oil/%	Char/%	Ro max/%
	7.15	6.5	9.95	76.45	0.74


Under the conditions of an initial temperature of 25 °C, a final temperature of 900 °C, and air as the carrier gas, the weight loss rate of oil-rich coal was measured at a heating rate of 10 °C/min. The results are shown in Figure 2, and the sample exhibited a relatively high weight loss rate.
[image: Graph displaying thermogravimetric analysis (TGA) data, with temperature in degrees Celsius on the x-axis. The red line represents TG (%) with a scale on the left, decreasing sharply after 400 °C. The black line shows DTG (%/min) with a scale on the right, peaking negatively around 400 °C. Both curves illustrate changes in weight and weight loss rate as temperature increases.]FIGURE 2 | Thermogravimetric curve of Xiegou Oil-rich coal.2.2 Pyrolysis experiment
Fifty grams coal samples were reacted in a high-temperature/high-pressure autoclave to simulate in-situ pyrolysis of oil-rich coal under varying thermal conditions. Six separate samples underwent sealed pyrolysis experiments at designated temperatures of 350 °C, 400 °C, 450 °C, 500 °C, 550 °C, and 600 °C. Detailed data are shown in Table 2.
TABLE 2 | Final stable pressure of in-situpyrolysis tar-rich coal system.	Temperature/°C	350	400	450	500	550	600
	Pressure/MPa	0.8	4.3	7.2	9.3	11.7	14.5


The experiments in this study were conducted to simulate the in-situ underground environment, and a reaction system was constructed to simulate the in-situ temperature-pressure conditions of the strata over extended periods (schematic diagram of the equipment shown in Figure 3, equipment photos shown in Figure 4). The system consists of four main components: the data acquisition and control module; the in-situ pyrolysis module, which provides a sealed reaction environment with a maximum pressure of 50 MPa; the product separation and collection module; and the precise atmosphere control module.
[image: Diagram of an in-situ pyrolysis system showing components: a data acquisition system, a high-temperature and high-pressure reactor, an atmosphere control system with a gas bottle and vacuum pump, and a product separation module for oil and gas collection with coil condensation.]FIGURE 3 | Schematic of long-term in-situ temperature-pressure simulation systems.[image: Control panel with a touchscreen display and buttons, showing the logo of Beijing NorthCare Technology Co., Ltd. Beside it, a digital monitor displays temperature readings and graphs, part of a larger industrial setup in the background.]FIGURE 4 | Long-term in-situ temperature-pressure simulation reaction system.During the experiment, the pretreated samples were placed in the reaction vessel, and a 15 MPa axial load was applied using a servo pressurization system to simulate the in-situ stress conditions at a depth of approximately 600 m underground. The system was then thoroughly checked for airtightness, followed by a 1 h vacuum pretreatment to eliminate any residual gas interference.
In the experiment, each sample was heated to the preset final pyrolysis temperature at a heating rate of 1 °C min−1. To investigate the distribution of pyrolysis products under long-term closed conditions, the reactor was completely sealed immediately after heating commenced, and the reaction was maintained at the final temperature. Under these conditions, the pressure inside the reactor gradually increased over time. Heating was ceased after the pressure remained stable without increasing for 2 h, with 48 h ultimately determined as the duration for a single experiment. Following the experiment, once the system cooled to 180 °C, the outlet of the high-temperature and high-pressure reactor was opened. Volatile products generated by pyrolysis entered the product separation system, where oil-gas products and solid residues were collected. The reactor and pipelines were then flushed with dichloromethane. The oil phase in the high-pressure reactor and pipelines was labeled as “discharged oil,” while the oil phase in the residual solid was obtained via extraction and labeled as “residual oil.”
After long-term reaction under in situ conditions, the morphology of the coal sample underwent significant changes: the originally dispersed coal particles coked and agglomerated together, thereby affecting the heat and mass transfer efficiency, as shown in Figure 5.
[image: (a) Multiple clear plastic bags filled with dark pieces, each labeled with a red sticker. (b) A close-up of a pile of similar dark material next to a ruler showing measurements in centimeters.]FIGURE 5 | Photos of Xiegou tar-rich coal before and after pyrolysis. (a) Initial sample. (b) Post-pyrolysis sample.2.3 Theoretical basis for industrial-scale extraction simulation of oil-rich coal
2.3.1 Physical model
The well layout for electric heating exploitation of oil-rich coal is shown in Figure 6. To ensure the model conforms to actual conditions, the total size of the model is a cuboid of 50 × 50 × 30 m, and an axial pressure of 15 MPa was applied to simulate the oil-rich coal reservoir with a burial depth of 600 m. A 6-m-thick oil-rich coal seam is positioned in the middle of the model; this coal seam is enclosed by two layers (roof and floor), each 12 m thick, as depicted in Figure 6a. Figure 6b illustrates the layout of heaters and production wells, where red represents heaters and blue represents production wells. The outer-most heaters are located 7 m from the boundary. Heaters are arranged at 3-m intervals, with a production well placed midway between every two adjacent heaters:
[image: Panel (a) shows an empty three-dimensional grid space with labeled axes in meters. Panel (b) displays the same grid with red and blue dots. Red dots represent heating holes, and blue dots indicate production wells, as shown in the legend.]FIGURE 6 | Simulation physical model for oil-rich coal mining. (a) Front view. (b) Pattern shape.2.3.2 Mathematical model
2.3.2.1 Energy conservation equation
Where: ϕ is the porosity of oil-rich coal; ρr is the density of oil-rich coal; Cpr is the heat capacity of oil-rich coal; Tr is the temperature of oil-rich coal; λr is the thermal conductivity of oil-rich coal; Ws is the heat source term for rock thermal conduction (Kou et al., 2023; Chen Z. et al., 2025).
2.3.2.2 Gas energy conservation equation
Cpg∂ρgTg∂t=λgTg,ii−Cpgρgkipg,iTg,i+Wg
Where: Cpg  is the heat capacity of the mixed gas; ρg is the density of the mixed gas; Tg is the temperature of the mixed gas; ki is the permeability of oil-rich coal in the i direction; λg is the thermal conductivity of oil-rich coal; Wg is the heat source term for fluid heat transfer; ρg is the pressure of the mixed gas (Chen et al., 2024; Yang et al., 2023b).
2.3.2.3 Static equilibrium equation
λTr+μTruj,ji+μTrμi,jj+Fi−βTTr,i−αpg,i=0
Where: λTr, μTr are both Lamé constants; u is the displacement; βT is the thermal expansion coefficient of oil-rich coal; α is the Biot coefficient; Fi is the volume stress; pg,i is the pressure of the mixed gas; Tr is the temperature of the oil shale formation (Wu et al., 2022; Wang et al., 2019).
2.3.3 Experimental parameter fitting model
During the pyrolysis process, the permeability, thermal conductivity, and thermal expansion coefficient of the oil-rich coal reservoir all vary with temperature, which were fitted based on the data obtained from experimental studies to obtain the relational expressions for each parameter of the physical model. In addition, considering that the temperature range in the numerical simulation process is larger than that in the experiments, the permeability within the temperature range beyond the experimental range is still extrapolated horizontally based on adjacent experimental data. Since oil-rich coal is a weakly anisotropic material (Yang et al., 2021), the coal seam is assumed to be an isotropic reservoir.
2.3.3.1 The variation law of permeability with temperature
The fitting equation of coal seam permeability varying with temperature is:
k0<T≤300=0.01996−0.00259*x+7.87059E−5*x2−2.33795E−7*x3k300<T≤650=821.7911+1.72074−821.79111+expx−529.5437819.57922
Where: k0<T≤300 is the permeability of the coal seam when the temperature is greater than 0 °C and less than or equal to 300 °C, mD; k300<T≤650 is the permeability of the coal seam when the temperature is greater than 300 °C and less than 650 °C, mD; x is the temperature, °C.
2.3.3.2 The variation law of the coefficient of thermal expansion with temperature
In previous experiments, we employed a Netzsch dilatometer to measure the thermal expansion coefficient of coal under varying temperatures and pressures. The thermal expansion coefficient equation is as follows:
α=0.014T−1.005α=0.017T+1.423
Where: α is the coefficient of thermal expansion, 1/°C; T represents temperature, °C.
2.3.3.3 The variation law of thermal conductivity coefficient at temperature
There is a critically important relationship between thermal conductivity and the heat transfer characteristics of oil-rich coal seams. In the author’s previous research, the thermal conductivity of oil-rich coal was fitted and obtained using the NETZSCH LFA 457 laser thermal conductivity analyzer:
λ=0.07127+0.580721+eT−347.123dx
Where: λ is the thermal conductivity coefficient of oil-rich coal, W/(m·K) (Wang and Feng, 2021);
2.3.4 Boundary conditions
Boundary conditions for the temperature field: The initial temperature of the coal seam, roof, and floor is 20 °C; the temperature of heating wells is fixed at 600 °C; the initial temperature of production wells is 20 °C; and the surrounding boundaries of the model are thermally insulated.
Boundary conditions for the solid deformation field: The upper boundary is subject to a vertically downward boundary load of 15 MPa to simulate the environment at a burial depth of 600 m; the surrounding boundaries are roller supports to constrain horizontal displacement; and the lower boundary is a fixed boundary.
3 EXPERIMENTAL RESULTS
3.1 In-situ pyrolysis gas-phase product analysis
Through sealed pyrolysis experiments on oil-rich coal samples from Shanxi Xie Gou Mine, the total gas yield and system pressure under heating conditions were measured. The temperature-dependent correlations are plotted in Figure 7. As shown, when temperature increased from 350 °C to 600 °C, system pressure rose from 0.8 MPa to 14.5 MPa. Analysis of gas yield reveals a progressive increase to 150 mL/g with rising temperature, exhibiting a growth rate that initially accelerates then decelerates.
[image: Line graph showing system pressure and gas yield against temperature. System pressure, in black, rises from 2 MPa at 350 °C to about 14 MPa at 600 °C. Gas yield, in red, increases from around 50 to 150 mL/g over the same temperature range.]FIGURE 7 | Pressure in a closed system and pyrolysis gas yield.Figure 8a shows the variation diagram of the proportion of each component in the pyrolysis gases with temperature, from the figure it can be seen that at 350 °C, CO2 accounts for the highest proportion in the gaseous products, with increasing temperature the proportion of CO2 gradually decreases, and the proportion also gradually decreases, at 500 °C a slight rebound occurs; the proportion of CH4 gas rapidly increases with increasing temperature, although a significant decrease appears in the temperature range of 450 °C–500 °C, thereafter it rapidly increases, reaching a peak of 82.1% at 550 °C; the proportions of C2 and C3 gases increase in the range of 350 °C–400 °C, reaching peaks at 400 °C, afterwards with increasing temperature the proportions of both gases decrease; furthermore, the proportion of H2 overall shows a decreasing trend, but exhibits a slight rebound at 600 °C, in contrast, throughout the entire pyrolysis reaction process the proportion of CO remains relatively small.
[image: Two line graphs compare the effect of temperature on gas production. The left graph shows the proportion of various gases, including CH₄, CO₂, CO, H₂, C₂, and C₃, with CH₄ increasing significantly. The right graph depicts the yield, showing an increase in CH₄ yield with temperature, while other gases remain relatively constant.]FIGURE 8 | Pyrolysis gas composition and yield distribution. (a) Yield of pyrolysis gas. (b) Proportion of pyrolysis gas.Figure 8b shows the temperature-dependent yield trends of pyrolytic gas components. CH4 yield exhibits the most significant increase, reaching 113.2 mL/g at 600 °C. Conversely, CO, C2, and C3 yields decline progressively with rising temperature, aligning with their proportional composition trends. Within the 550 °C–600 °C interval, CH4 and H2 yields increase while CO2 yield remains comparable to 500 °C levels.
3.2 In-situ pyrolysis liquid-phase products analysis
Figure 9 illustrates variations in residual and discharged oil yields after prolonged sealed pyrolysis of oil-rich coal. As shown in Figure 9, discharged oil yield gradually increases between 350 °C and 450 °C but declines with further temperature rise. Additionally, residual oil yield progressively decreases with increasing temperature. When temperature continues rising to 450 °C, discharged oil yield increases; after this point, both discharged and residual oils show decreasing trends.
[image: Line graph showing yields of discharged oil and residual oil in milligrams per gram against temperature in degrees Celsius. Discharged oil, represented by red squares, remains relatively stable from 350 to 600 degrees Celsius, while residual oil, shown as black circles, decreases from 80 to near zero as temperature rises.]FIGURE 9 | Residual and discharged oil yield vs. temperature curve.Figure 10 shows compositional changes in discharged and residual oils from sealed pyrolysis of lump oil-rich coal. Using SARA analysis, coal tar is categorized into aromatics, saturates, asphaltenes, and non-hydrocarbons. Observing Figure 10, under prolonged in-situ sealed pyrolysis conditions: with increasing temperature, saturates content in discharged oil shows an overall rising trend, while in residual oil, saturates content exhibits a more pronounced increase from 350 °C to 600 °C; while aromatics content remains relatively high in both oil types; additionally, non-hydrocarbons show minimal fluctuations between 350 °C and 600 °C, with discharged oil maintaining greater stability at approximately 20%; asphaltenes content decreases in both discharged and residual oils.
[image: Bar chart comparing discharged oil fraction and residual oil. Categories A to D represent saturated hydrocarbons, aromatic hydrocarbons, non-hydrocarbons, and asphaltenes respectively. Colors indicate temperatures from 350 °C to 600 °C, showing varying proportions in each category.]FIGURE 10 | Comparison of residual and discharged oil fraction components.Figure 11 shows the carbon number distributions of discharged and residual oils from prolonged sealed pyrolysis of lump oil-rich coal. According to GC-MS analysis, the carbon number distributions of discharged and residual oils exhibit similar trends with temperature change. Here, C5–C16 components are defined as light fractions, C17–C19 as medium fractions, and C20+ as heavy fractions. Based on Figure 11, as temperature increases, the light fraction content in discharged oil gradually rises, reaches a peak of 30.0% during 500 °C–550 °C, then declines after 550 °C. The light fraction content in residual oil also increases significantly but reaches its peak at 450 °C. C17–C19 content in discharged oil remains stable between 17% and 25% without significant change, while in residual oil it increases significantly at 400 °C and stabilizes around 30% when temperature exceeds 400 °C; for heavy fractions (C20+), both discharged and residual oils show an initial decrease followed by an increase trend: discharged oil decreases significantly from 350 °C to 550 °C to 49.2%, then rises to 72.3% at 600 °C, while residual oil decreases to 42.4% before rising with further temperature increase.
[image: Two bar charts labeled (a) and (b) compare proportions of carbon numbers C5-C16, C17-C19, and C20-C38 at temperatures 350 °C to 600 °C. Each temperature is color-coded. Chart (a) shows a distinct rise in C20-C38 proportions, particularly at 350 °C and 600 °C. Chart (b) also highlights a significant increase for C20-C38, especially at 350 °C and slightly less at 600 °C.]FIGURE 11 | Carbon number distribution of pyrolysis residual oil and discharged oil. (a) Discharged oil. (b) Residual oil.Comprehensive hydrocarbon chromatography studies indicate that within the 450 °C–550 °C temperature range, discharged oil exhibits higher proportions of light fractions and lower heavy fraction content; group component analysis further reveals elevated saturates content in discharged oil during this same interval.
3.3 In-situ pyrolysis solid products analysis
Analysis of solid residues from sealed pyrolysis of Xie Gou oil-rich coal using Rock-Eval pyrolysis equipment is presented in Figure 12. The original sample contains 69.19% TOC and 14.81% PC. With increasing temperature, TOC content continuously rises by 17.5%, while PC content decreases from 14.81% to 1.66%. Figure 12 further shows PC content decreases continuously with rising temperature, exhibiting particularly pronounced changes at 350 °C.
[image: Line graph showing the relationship between temperature and TOC and PC percentages. The black line with circles represents TOC, increasing from 72% at 350 °C to 86% at 600 °C. The red line with squares represents PC, decreasing from 86% at 350 °C to 1.5% at 600 °C. TOC and PC intersect at 450 °C.]FIGURE 12 | TOC and PC changes in Xiegou tar-rich coal pyrolysis residue with temperature.3.4 Analysis of simulation results obtained based on experimental data
3.4.1 Temperature field variation of in-situ pyrolysis via electric heating method
From the results of oil-rich coal pyrolysis experiments, it is known that when the temperature exceeds 350 °C, pyrolysis gas and coal tar start to generate in oil-rich coal. As the temperature increases, when the temperature exceeds 500 °C, the gas yield starts to increase while the oil yield decreases. Therefore, temperature is an important factor affecting the pyrolysis oil and gas yields of oil-rich coal, and also an important indicator reflecting the in-situ heating efficiency of oil-rich coal.
Figure 13 shows the variation law of the temperature field under different heating times, obtained by fitting experimental data. At 100 days, the temperature around the heaters rises, forming a pyrolysis zone, and the area with temperature above 500 °C accounts for 11.5% of the entire coal seam. As the heating time extends to 600 days, the high-temperature area continues to expand to the distal end of the heaters; at this time, the 500 °C isotherms are still not interconnected, and the area above 500 °C accounts for 40.6% of the entire coal seam.
[image: Four 3D heat maps labeled (a), (b), (c), and (d) display temperature distribution in a 40m x 40m x 20m space. Each map uses a color scale from blue (cool) to red (hot), with distinct patterns indicating temperature variation.]FIGURE 13 | Temperature field distribution diagrams under different heating times. (a) 100 d. (b) 600 d. (c) 1,000 d. (d) 1,500 d.When the heating time reaches 1,000 days, the 500 °C isotherms gradually interconnect. At 1,500 days, the temperature of the coal seam between heaters has all reached above 500 °C, with the average temperature of the coal seam reaching 502.1 °C. This indicates that the in-situ electric heating method can effectively heat the oil-rich coal seam, thereby exploiting oil and gas resources.
3.4.2 Yield variation of three-phase products of in-situ pyrolysis via electric heating method
Based on the yield data obtained from experiments, the cumulative yields of discharged oil, CH4, and H2 from in-situ pyrolysis of oil-rich coal at the industrial scale were derived, as shown in Figure 14. The cumulative yields of liquid fuel and natural gas both continuously increase with heating time, but the growth rate gradually slows down, reflecting the gradual nature of the pyrolysis reaction. Specifically, the cumulative yield of discharged oil increases from an initial 48,099 kg to a final 919,910 kg; CH4 increases from 9.48 × 105 L to 3.23 × 107 L; and H2 increases from 7.86 × 104 L to 2.37 × 106 L. The yields follow the order: CH4 > discharged oil > H2, with significant differences in their scales, consistent with the trends observed in previous experiments.
[image: Three graphs labeled (a), (b), and (c) display cumulative and daily production over time in days. Graph (a) shows a declining daily production with a leveling cumulative curve. Graph (b) features a peak in daily production with a gradually rising cumulative line. Graph (c) depicts a steady increase in both daily and cumulative production. Cumulative production is represented by a black line, and daily production is indicated by red bars.]FIGURE 14 | Variation patterns of major pyrolytic products over time. (A) Discharged oil. (B) CH4. (C) H2.Discharged oil daily production change presents a pattern of first rapid rise then continuous decline: at 200 days reaching peak 2,320 kg, afterward sharply decreasing, after 400 days below 600 kg, after 1,500 days only less than 100 kg, indicating tar generation concentrates in the early low-medium temperature stage; CH4 daily production peak (3.16 × 104 L) appears at 1,100 d, H2 daily production peak appears at 1,900 d, its occurrence time latest, simultaneously daily production lowest, peak only 2,680 L.
4 DISCUSSION
The oil-rich coal sample undergoes significant temperature-dependent changes in gaseous products, liquid products, and residual solids during thermal decomposition in a confined environment. Firstly, for pyrolytic gaseous products: the variation trends of total gas yield and system pressure show a distinct positive correlation with temperature, because elevated temperature promotes coal pyrolysis reactions, releasing more volatile organic compounds from the coal sample and converting them into gaseous products. Thus, the gas generation rate accelerates, increasing gas production. However, when temperature reaches 550 °C, high pressure in the confined system inhibits forward reactions, reducing the gas yield growth rate. Consequently, gas yield exhibits a trend of initial increase followed by decrease. The increase in gas yield does not entirely determine the oil/gas production efficiency of oil-rich coal samples; analysis of specific component contents in the produced gases remains essential. As system temperature rises, the generation rates and proportions of different gas types exhibit significant variations: during low-temperature stages, pyrolysis reactions primarily involve cleavage of oxygen-containing functional groups like carboxyl and carbonyl groups, reactions accompanied by substantial CO2 production, this was confirmed in the work of Li et al. (2018). making CO2 the dominant gas component. With continued temperature increase, oxygen-containing functional groups gradually deplete, slowing CO2 generation. At this stage, cleavage of multiple functional groups coupled with prolonged high-temperature reactions triggers secondary reactions in organic matter, generating abundant CH4. Consequently, CO2 proportion rapidly declines while CH4 proportion surges. Upon further temperature rise, partial CH4 participates in secondary cracking reactions of tar within oil-rich coal, causing a minor rebound in CO2 and a corresponding decrease in CH4 proportion. C2 and C3 gases, as primary products from thermal cleavage of macromolecular structures like aliphatic alkyl side chains and bridging bonds in oil-rich coal, have their proportions mainly governed by macromolecular pyrolysis (Xu et al., 2025). This reaction process intensifies most severely within the 350 °C–400 °C range. Within this interval, rising temperature accelerates aliphatic structure fragmentation, increasing C2 and C3 generation. However, further temperature elevation causes C2 and C3 gases to crack into CH4 and semi-coke, thus reducing C2/C3 proportions while elevating CH4 proportion. When heating oil-rich coal to 600 °C, pyrolysis enters the semi-coke polycondensation stage where tar cracking completes (Wang et al., 2024d; Fu et al., 2023b). Dehydrogenation during polycondensation becomes dominant, producing H2. Additionally, since aliphatic fragmentation and aromatic sidechain cleavage primarily generate hydrocarbon gases and H2 (Wang et al., 2024e), CO shows no significant upward trend. Comprehensive analysis of gas component yields confirms that 550 °C–600 °C constitutes a critical phase for in-situ pyrolysis of lump oil-rich coal, characterized by rising CH4 and H2 yields, establishing it as the optimal temperature window for natural gas extraction.
Secondly, for liquid products: during lower temperature stages, organic matter in oil-rich coal undergoes incomplete decomposition (Zhou et al., 2018), producing predominantly higher molecular-weight oils, thus liquid products are dominated by residual oil. When temperature rises to 450 °C, macromolecular organics undergo cracking reactions releasing light oil components, causing discharged oil yield to increase gradually. With the completion of organic cracking reactions and further temperature elevation, secondary reactions of pyrolytic oils generate substantial gases (Xu et al., 2019) while reducing both discharged and residual oil yields–corresponding to the characteristics of pyrolytic gaseous products. Specific analysis of the components in the liquid phase products reveals that, as saturated hydrocarbons primarily originate from the cracking of aliphatic structures (Yang et al., 2023a), the cracking of aliphatic structures intensifies with increasing temperature; the aromatic hydrocarbon component is markedly more pronouncedly affected by temperature, which is due to the fact that aromatic hydrocarbons mainly originate from the cleavage of aromatic side chains and aromatic condensation reactions, and the natural content of aromatics in oil-rich coal is inherently high (Yu et al., 2023), with increasing temperature the cleavage of aromatic side chains and aromatic condensation reactions generate more aromatic oils, and this reaction is more intense in the residual oil; Furthermore, as asphaltenes primarily originate from the condensation reactions of large molecular organic compounds, the temperature range of 400 °C–500 °C promotes the rapid progression of this reaction and accelerates the cracking of asphaltenes into light oils or gases, therefore their content decreases more significantly within this interval; total hydrocarbon chromatographic analysis of the liquid phase products reveals that, as light oil components primarily originate from the cracking of aliphatic structures, with increasing temperature the cracking of aliphatic structures accelerates, generating more light components, while in the high-temperature range, due to prolonged sealed pyrolysis, partial components undergo secondary reactions, at this stage light components decompose, generating hydrocarbon gases, when the primary pyrolysis reaction of the oil-rich coal sample occurs, at this stage heavy components crack into light hydrocarbons through β-position bond scission reactions (Zhao et al., 2025), therefore the proportion of heavy oil decreases, and when the temperature rises to 600 °C, due to prolonged in-situ sealed pyrolysis reactions causing high-temperature recombination of small molecular radicals in the retained oil, combining to form large molecular asphaltenes, the heavy oil component increases again, at this stage the yields of both retained oil and discharged oil significantly decrease, substantial amounts of short-chain coal tar transform into hydrocarbon gases, while the heavy components, due to their better thermal stability, decompose more slowly, further promoting the increase in their proportion; comprehensive analysis can determine the temperature range of 450 °C–550 °C as the optimal temperature window for light oil recovery.
Thirdly, the solid phase products from in-situ pyrolysis are primarily the solid residues generated after oil-gas separation, with increasing temperature the aliphatic side chains, oxygen-containing functional groups, and weak bonds in the coal sample fracture, generating small-molecule gases and tar which escape, resulting in a reduction in the total mass of the char and a gradual increase in the TOC proportion, simultaneously the PC content decreases; furthermore with increasing temperature aliphatic carbon transforms into more stable aromatic structures through cyclization and dehydrogenation reactions (Wu and Zhang, 2019), forming graphitic microcrystals, enhancing the stability of the carbon skeleton, while after high-temperature pyrolysis the inorganic carbon further decomposes causing the TOC content to rise; when the temperature is raised to 400 °C, due to the aliphatic structures fracturing to generate tar and pyrolysis gas, PC participates as a reaction intermediate in radical recombination, therefore its content exhibits significant changes at 350 °C.
Through industrial scale simulation of the oil and gas production from oil-rich coal, the effects in practical engineering applications can be effectively simulated, and the optimal time and temperature for oil and gas production can be sought; according to the simulation results, the peak CH4 production from oil-rich coal pyrolysis occurs at 1,100 d, which is due to the fact that at this time the surface area of the high-temperature zone is the largest, after 1,100 d the pyrolysis of the oil-rich coal reservoir between the heaters is completed, and the growth rate of the high-temperature zone surface area slows down; this indicates that hydrogen generation requires high temperature for promotion, and its active period is short, the reason is similar to that of CH4, both being related to the propagation of the temperature field, which is consistent with the law obtained from the previous experimental findings, reflecting the characteristic that methane is continuously generated during the middle stage of pyrolysis and ultimately reaches its peak.
Overall, the yields of the three-phase products align with the experimental results, and prolonged sealed experiments can effectively simulate the underground in-situ pyrolysis environment; therefore, for practical applications aimed at oil production, it is recommended that the heating time be controlled within 500 days; while during long-term production processes, the gaseous products will become predominant, thus prolnged pyrolysis is beneficial for development and utilization targeting natural gas.
5 CONCLUSION
Through systematic analysis of the pyrolysis behavior of Xiegou oil-rich coal under long-term reaction at different temperatures, this study reveals the distribution laws and reaction mechanisms of pyrolysis products. The main conclusions are as follows:
	1. Total pyrolytic gas yield increases significantly with temperature, with CH4 being the dominant component. CH4 proportion peaks at 550 °C while its yield peaks at 600 °C, establishing 550 °C–600 °C as the optimal temperature window for natural gas extraction.
	2. For liquid pyrolysis products: discharged oil yield peaks at 450 °C, while residual oil yield decreases monotonically with temperature. Within the 450 °C–550 °C interval, discharged oil exhibits high saturates content, indicating this range as the potential temperature window for maximizing light oil recovery.
	3. In solid pyrolysis products: TOC increases and PC decreases with rising temperature, demonstrating enhanced carbon skeleton stability of oil-rich coal during pyrolysis, facilitating oil/gas extraction and utilization.
	4. Industrial scale simulations recommend a 500 days heating period for optimal oil production, extending to 1,900 days for optimal gas production.

This study provides a theoretical basis for the development of in-situ pyrolysis technology for oil-rich coal and is of great significance for promoting the efficient development of coal-based oil and gas resources.
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