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characteristics under high-pressure, large-scale conditions remains limited. This study used a self-
developed high-temperature, high-pressure in situ pyrolysis apparatus to conduct convective heating
experiments on tar-rich coal from the eastern Ordos Basin. Temperature and pressure evolution was
analyzed, while the oil and gas products and post-pyrolysis rock samples were characterized using GC/

Edited by Min Li GC-MS, XRD, and CT analyses. The results were then compared with those obtained under conductive

heating. The results indicate a significant enhancement in both pyrolysis efficiency and spatial sweep.
Keywords: The average heating rate reached 2.24 °C/h, which was 3.2 times that under conductive heating;
Tar-rich coal meanwhile, the temperature-field homogenization rate was 5.15 times that under conductive heating,
Convective heating and the effective intense-pyrolysis volume fraction increased from 7.7% to 23.6%. Driven by strong
In-situ pyrolysis dynamic carryover, oil and gas recovery was significantly improved. Oil production began 203 h earlier

Pore structure

Ordos Basin than under conductive heating. The cumulative oil and gas yields reached 24.48% and 92.42%, respec-

tively, which were 12.42 times and 3.27 times the corresponding values under conductive heating.
Reservoir flow conductivity was maintained, with an average permeability of 42.90 mD, 7.96 times the
corresponding value under conductive heating. The local maximum porosity after pyrolysis reached
30.1%, and the area with porosity exceeding 14% accounted for 60%. The upward migration of low-
density oil and gas products was more pronounced. Therefore, a horizontal well configuration with
middle-lower injection and dual top-bottom production is recommended to maximize recovery effi-
ciency. This study establishes a theoretical and experimental foundation for in-situ pyrolysis of tar-rich
coal under convective heating.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coal is an important part of global energy (Wang et al.,
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2016). The traditional way of using tar-rich coal is to mine and
transport it to the surface, then extract oil and gas through
retorting furnace pyrolysis, but this conversion technology
causes severe environmental pollution (Ju et al, 2021). To
reduce environmental damage, underground in-situ pyrolysis
technology was proposed. This technology injects heat into the
coal seam to crack the solid organic matter, producing liquid
and gaseous resources that are subsequently recovered at the
surface for processing (Li et al., 2023). Underground in-situ
pyrolysis is green and low-carbon, can support the green
development of the coal industry, and is a research hotspot in
current tar-rich coal fields (Xu et al., 2023a).

A critical challenge in underground in-situ pyrolysis of tar-rich
coal is achieving efficient heat injection. According to heating
principles, it is mainly divided into four types: conduction heating
(Maloney et al., 1999), convection heating (Smart et al., 2010),
radiation heating (Shamsi et al., 2021), and reaction heating (Guo
et al., 2022). Specifically, convective heating technology injects a
high-temperature heat-carrying fluid into the coal seam, using
direct heat exchange between the fluid and the coal matrix to
accelerate heat transfer and thereby promote oil and gas release.
This technique has garnered significant attention in recent years
due toits distinct advantages, including uniform heating, high heat
transfer efficiency, and favorable conditions for hydrocarbon pro-
duction (Kang et al., 2020a; Shui et al., 2026; Suo et al., 2024a). Our
research group employed a sequential method involving convec-
tive preheating with high-temperature nitrogen followed by the
injection of ambient air to induce oxidative heat generation. This
approach was successfully applied to the in-situ pyrolysis of oil
shale in the Nong'an and Fuyu regions of China (Guo et al., 2023b;
Zhu et al,, 2025a).

Existing research on convective heating for in-situ pyrolysis of
tar-rich coal has primarily relied on laboratory-scale experiments,
focusing on selecting heat-carrier fluids and their underlying
mechanisms. Various heat-carrier fluids have been proposed,
including N3 (Zhu et al., 2022), steam (Kang et al., 2020b; Wang
et al.,, 2021), CO; (Gao et al., 2013), supercritical CO, (Zhao et al.,
2020), and near-critical water (Deng et al., 2011). Among these,
N, serves as an inert medium that effectively prevents oxidation
reactions, yielding high-quality hydrocarbons and maintaining a
high semi-coke yield (Zhao et al., 2012). Steam enhances coal
gasification and accelerates organic matter cracking, thereby
enriching H, and CO concentrations while inhibiting the formation
of oxygenated compounds (Chang et al., 2024; Yang et al., 2021). A
CO, atmosphere promotes coal gasification, reducing semi-coke
yield while increasing pyrolysis gas and tar production (Gao
et al.,, 2013). Supercritical CO, exhibits superior heat and mass
transfer properties, along with substantial dissolution and
extraction capabilities, resulting in a recovery rate significantly
higher than that of nitrogen (Zhao et al., 2020). Near-critical water,
characterized by high solubility, not only promotes the cracking of
macromolecules to enhance hydrocarbon yield but also increases
the hydrogen content in gaseous products via hydrogenation re-
actions (Deng et al., 2011). In addition to the heat-carrier fluid,
temperature (Suo et al., 2024b), pressure (Tian et al., 2025; Zhang
et al., 2024), and flow rate (Liu et al., 2011) constitute critical pa-
rameters influencing pyrolysis efficiency. The primary thermal
decomposition temperature range for tar-rich coal lies between
400 and 550 °C; within this range, elevated temperatures accel-
erate the cracking of organic matter, thereby enhancing hydro-
carbon release (Xu et al, 2024). However, excessively high
temperatures induce secondary cracking reactions, resulting in a
reduction in tar yield and a concurrent increase in gas yield (Qu
et al., 2024). The flow rate directly dictates heat transfer effi-
ciency (Xu et al,, 2019): while high flow rates accelerate heat
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transfer, they are prone to causing thermal heterogeneity, whereas
excessively low flow rates result in insufficient heat supply (Yang
et al., 2023). Pressure is intrinsically linked to temperature varia-
tions; high-pressure environments significantly inhibit volatile
yield and prolong the residence time of tar within the coal seam,
thereby intensifying secondary reactions that lower tar conversion
rates and increase coke production (Chen et al., 2025). Although
existing laboratory experiments have elucidated the effects of
various heat-carrier fluids and physical parameters on convective
heating, research concerning the dynamic evolution of multi-field
parameters during the in-situ pyrolysis of tar-rich coal remains
insufficient. Practical in-situ pyrolysis engineering typically oper-
ates within complex environments characterized by high pressure,
large scales, and long-term multi-field coupling; however, current
studies are largely confined to small-scale laboratory settings or
idealized conditions, leaving a gap in the systematic understand-
ing of temperature and pressure characteristics, hydrocarbon
generation mechanisms, and reaction zone features under these
realistic high-pressure, large-scale conditions. To address this gap,
Part I of this series systematically investigated the in-situ pyrolysis
of tar-rich coal under conductive heating using a large-scale 3D
experimental apparatus. While Part I established a baseline for
temperature evolution and product characteristics, it also revealed
severe engineering bottlenecks: an extremely low heat transfer
efficiency and critical pore blockage caused by the condensation of
heavy components in low-temperature zones, which restricted the
oil yield to a mere 1.97% (Li et al., 2026).

To fundamentally overcome these limitations, this paper (Part
I) shifts the research paradigm to convective heating. Focusing
on tar-rich coal from the eastern Ordos Basin, China, we upgra-
ded the original conductive heating system to develop a novel,
high-temperature, high-pressure in-situ convective experimental
apparatus. The investigation examines the evolution of temper-
ature and pressure, the mechanisms of product generation, and
reaction zone characteristics during the in-situ conversion pro-
cess. Gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) were employed to analyze the compo-
nents of oil and gas products, while rock pyrolysis, X-ray
diffraction (XRD), and computed tomography (CT) scanning were
integrated to characterize the organic properties, inorganic
mineral evolution, and pore structure of the resulting semi-coke.
Furthermore, the results were compared with data from
conductive heating experiments. This study establishes a theo-
retical and experimental foundation for in-situ pyrolysis of tar-
rich coal.

2. Materials and methods
2.1. Materials

The tar-rich coal samples were collected from a 12.96-m-
thick coal seam at a burial depth of approximately 1500 m in
the eastern Ordos Basin, China (Wang et al., 2019). The basic
properties of the samples are listed in Table 1. Low-
temperature carbonization tests conducted at 550 °C under
an N, atmosphere revealed a tar yield of 9.11% and a gas yield
of 5.75% for the raw samples. Rock-Eval pyrolysis analysis
indicated a free hydrocarbon (S1) content of 8.29 mg/g,
demonstrating the presence of abundant free hydrocarbons.
Meanwhile, the pyrolysis hydrocarbon potential (S2) reached
119.72 mg/g, confirming the substantial hydrocarbon genera-
tion potential of this tar-rich coal(Wang et al., 2025). Miner-
alogical analysis identified kaolinite and tobelite as the
dominant inorganic phases, accompanied by minor occur-
rences of calcite and pyrite.
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Table 1
Basic physical properties of original tar-rich coal.
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Fischer assay analysis, wt% (ad)

Rock-Eval pyrolysis

Inorganic minerals, %

Tar 9.11 S1, mg/g
Gas 5.75 S2, mg/g
Water 3.03

Char 82.11

8.29 Kaolinite 69.58

119.72 Calcite 9.10
Pyrite 1.21
Tobelite 20.11

Note: ad, air-dried basis.

| Y

b o of

(3)

Fig. 1. Schematic diagram of the in-situ convective pyrolysis of tar-rich coal: (1) gas cylinder; (2) air compressor; (3) booster pump; (4) buffer tank; (5) gas flow meter; (6)
preheater; (7) heater; (8) reactor; (9) coal sample; (10) temperature sensor; (11) back pressure valve; (12) product collection tank; (13) hand pump; (14) paperless recorder; (15)

data acquisition.

2.2. Experimental apparatus and procedure for in-situ pyrolysis

This study investigates the in-situ pyrolysis of tar-rich coal
using a self-developed experimental platform. Fig. 1 presents the
schematic diagram of convective in-situ pyrolysis of tar-rich coal.
The experimental apparatus comprises four primary subsystems:
the injection system, the high-temperature and high-pressure
reaction system, the product collection and measurement sys-
tem, and the data acquisition and control system. The high-
temperature, high-pressure reactor has an inner diameter of
710 mm and a height of 1000 mm. Due to the large scale of the
experimental setup, strict full-scale parallel repeat experiments
were not feasible. To ensure the reliability of the results, an in-
ternal consistency verification strategy was adopted. Specifically,
redundant sensors were symmetrically arranged at identical radial
and vertical positions to provide spatially repeated measurements,
thereby validating the stability of the experimental process and
the consistency of the results. Four product outlets are located at
the bottom of the reactor, uniformly distributed along a circum-
ference with a radius of 250 mm from the center. Key internal
components of the reactor include a heater, a heating tube, and a
central tube serving as the gas inlet channel. The heating tube and
the heater are positioned at 100 mm and 200 mm above the
reactor bottom, respectively. To monitor the reactor's internal
temperature field, 12 stainless steel thermowells were installed at
radial distances of 125, 250, and 320 mm from the central axis
along four orthogonal azimuthal directions. A total of 60 temper-
ature sensors were deployed within the reactor. These sensors
were distributed axially at heights of 100, 300, 500, 700, and
900 mm from the reactor bottom, and radially at 125, 250, and
320 mm across four orthogonal azimuthal directions (at 90° in-
tervals). Additionally, the reactor exterior is equipped with trace
heaters and insulation wool to compensate for heat loss, while one
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inlet pressure sensor, one reactor body pressure sensor, and four
outlet pressure sensors were installed on the reactor top. System
pressure was monitored using high-frequency pressure trans-
ducers with a range of 25 MPa and an accuracy of +0.1% of full
scale. A PID system maintained the injection temperature within
+1 °C, while temperature measurements were taken with K-type
thermocouples. Additionally, the outlet gas flow rate was
measured using a wet gas meter. To simplify the geometric model
for analysis, a half-sectional representation of the reactor was used
in the subsequent analysis, as shown in Fig. 2.

The experimental procedure for convective heating comprises
three primary stages, as illustrated in Fig. 3: core preparation,
equipment assembly, and data collection. During the core prepa-
ration stage, tar-rich coal samples were pulverized to a particle
size finer than 120 mesh. A central tube and 12 stainless steel
thermowells were installed within the reactor, and the coal sample
was reconstituted using a layered compaction technique (Xu et al.,
2023b). Specifically, 10 kg of powder was loaded per layer and
compressed at 40 MPa for 10 min, resulting in a cylindrical core
with a diameter of 710 mm and a height of 1000 mm after repeated
operations. In the equipment assembly stage, the reactor lid,
preheater, internal heater, trace heaters, 60 temperature sensors,
and 6 pressure sensors were installed sequentially, followed by
connection of the pipelines, gas booster system, and product
collection unit. Subsequently, airtightness inspections and
permeability tests were conducted on all heating components and
the overall assembly, revealing an initial permeability of 5.12 mD
for the compacted coal sample. During data collection, tempera-
ture and pressure data from the heater, preheater, trace heaters,
and various measurement points were recorded in real time. Oil
and gas products at the outlet were sampled and collected at2-4 h
intervals. Upon completion of the experiment, coring analysis was
performed on the post-reaction coal samples. Throughout the
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Fig. 2. Half-sectional view of the reactor.

convective experiment, the reactor pressure was maintained at
15 MPa, the heater power density was set to 3 kW/m, and the
temperatures of both the heater and preheater were controlled at
500 °C. The average gas injection flow rate was regulated at 300 L/
min. The back pressure was regulated to establish a production
pressure differential of 1-2 MPa, thereby simulating the in-situ
pyrolysis process.

2.3. Analytical methods

The chemical composition of the oil products was analyzed
using an Agilent 7890A gas chromatograph coupled with an Agi-
lent 5975N mass spectrometer (GC-MS). An HP-5MS capillary
column (30 m x 0.32 mm) was employed, with an oven temper-
ature program consisting of a 5-min hold at 50 °C, followed by a
ramp to 280 °C at 10 °C/min, and a final hold of 12 min. Mass
spectrometry was performed at 70 eV, and chemical components
were identified using the NIST 2.0 library. Gaseous products were
analyzed using an Agilent 7890B gas chromatograph equipped
with a flame ionization detector (FID) for detecting C1-Cg hydro-
carbons. A thermal conductivity detector (TCD1) fitted with a
HayeSep A column was utilized to detect inorganic gases,
including CO5, CO, and Nj. A second thermal conductivity detector
(TCD2), equipped with a 5 A molecular sieve column, was explic-
itly dedicated to H; detection. Data collection and analysis were
performed using Agilent OpenLab software; because nitrogen
served as the carrier gas during pyrolysis, it was excluded from
subsequent normalization calculations of gas composition. The
properties of the semi-coke were characterized via Rock-Eval py-
rolysis, XRD, and CT; organic parameters were evaluated using an
0G-2000VA analyzer, for which samples were ground to 200 mesh
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with a sample mass of 10 mg. Parameters SO, S1, and S2 were
obtained using programmed-temperature heating and FID detec-
tion. The mineralogical composition of the semi-coke was deter-
mined using an X'Pert PRO X-ray diffractometer with Cu Ko«
radiation, operated at a maximum voltage of 60 kV, a maximum
current of 55 mA, and a maximum output power of 3 kW. The
goniometer is a sample-holding type, and the 20 angle range is 1°
to 160°. Qualitative and quantitative phase analyses were per-
formed based on diffraction peak intensities and the PDF-2 data-
base. The pore structure of the semi-coke was characterized using
a Nano Voxel 5000 Micro-CT system with a voxel size of 500 nm
and a nominal spatial resolution of 200 nm; data were acquired via
spiral scanning and reconstructed using Avizo software (Zhu et al.,
2025b).

3. Results and discussion
3.1. Temperature and pressure characteristics

Figs. 4 and 5 show the temperature and pressure variation
curves during convective heating. The evolutions of temperature
and pressure exhibited a clear coupling relationship. As shown in
Fig. 4(a), at a radial distance of 12.5 cm, the sample was rapidly
heated during 0-46 h, with an average heating rate of 9.87 °C/h,
and the temperature at 30 cm height reached 586.13 °C at 46 h.
This phenomenon is likely attributed to the exothermic poly-
condensation reactions of coal and local heat accumulation (Hefta
and Schobert, 1986; Wang et al., 2024). Meanwhile, the pressure
difference between the inlet and outlet remained relatively small
at approximately 1 MPa (Fig. 5), indicating that the system was
mainly in the preheating stage and that the pressure response was
primarily governed by the establishment of the internal flow field
and fluid redistribution rather than by large-scale gas generation.

As heating proceeded, the near-well region gradually entered
the active pyrolysis stage. After reaching its first peak at 46 h, the
temperature at 12.5 cm decreased from 46 to 70 h, with an average
cooling rate of —2.47 °C/h, suggesting outward heat transfer from
the high-temperature core and substantial thermal conversion of
local organic matter. In contrast, the temperatures at 25 cm and
32 cm continued to rise (Fig. 4(b) and (c)), indicating progressive
outward propagation of the thermal front. Correspondingly, the
system pressure increased significantly, suggesting that the pres-
sure buildup in this stage was mainly driven by intensified py-
rolysis and the large-scale release of volatiles and pyrolysis gases.

After 70 h, although the booster system failed, pyrolysis
continued to advance. The delayed temperature peaks at 25 and
32 cm indicate that the active pyrolysis zone further expanded
outward and that the distal region gradually entered the effective
pyrolysis temperature range. At the same time, the temperature
difference between 25 and 32 cm gradually decreased, reflecting
progressive homogenization of the radial temperature field.
Notably, the pressure did not vary monotonically with tempera-
ture but showed obvious fluctuations, especially during 70-93 h.
This suggests that the pressure response was controlled not only
by continuous gas generation but also by the dynamic adjustment
of internal transport pathways associated with pore/fracture
development and the migration of gaseous and condensable
products.

During 93-147 h, the system entered a relatively stable slow-
pyrolysis stage. The overall temperature field became more ho-
mogeneous, and the temperatures at different radial positions
tended to converge. Although partial outlet blockage occurred, the
pressure field still showed a generally consistent evolutionary
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Fig. 3. Experimental procedure for the in-situ convective pyrolysis of tar-rich coal.

trend, and the average production pressure differential increased
to 3.5 MPa, indicating that the late-stage pressure behavior was
affected by residual pyrolysis, product migration, and local flow
restriction.

Overall, the high-temperature fluid acted as an efficient heat
carrier during convective heating, resulting in an overall average
heating rate of 2.24 °C/h. Although the outer region exhibited a
delayed thermal response, the radial temperature difference gradu-
ally decreased over time, leading to a more homogeneous temper-
ature field and thereby favoring more efficient and spatially
extensive pyrolysis conversion. Meanwhile, the accelerated heating
process and enhanced fluid migration also intensified the internal
pressure dynamics, with an average pressure differential of 1.31 MPa.

Fig. 6 shows the cloud map of the temperature field variation
during convective heating. The data were processed using the
Renka-Cline gridding interpolation algorithm implemented in
Origin software (Renka et al., 1984). At 30 h, the temperature in the
12.5-30 region reached 433.1 °C, while the minimum temperature
at the upper periphery was 107.35 °C. By 46 h, the temperature
near the top center exceeded 542 °C, peaking at 586.13 °C, whereas
the minimum temperature at the upper periphery remained at
121.83 °C. At this stage, heat was transferred uniformly upward via
the fluid medium, intensifying thermal gradients across different
locations. At 70 h, heat from the upper central region propagated
further radially and downward; the local maximum temperature
decreased to 507.58 °C, indicating that organic matter in this zone
had undergone pyrolysis, while the minimum temperature at the
upper periphery rose to 198.35 °C. By 93 h, the temperature near
the center declined further; the maximum temperature in the top
12.5-10 region was 472.98 °C, and the temperature in the 32-30
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region exceeded 429 °C, confirming that heat had effectively
reached the upper boundaries. Simultaneously, the temperature in
the 32-70 region exceeded 368 °C, indicating heat transfer to the
bottom boundary. At 134 h, the temperature in the middle and
upper sections of the reactor decreased to approximately 368 °C;
overall, a large area of cooling was observed, indicating that py-
rolysis of organic matter was still in progress. By 147 h, compared
to 134 h, only a minor temperature drop occurred in the central
region, while other areas remained stable. The reduction in
regional temperature gradients led to a uniform temperature field,
suggesting near-completion of the pyrolysis process. During
convective heating, heat transfer was rapid, and the heat carried by
the gas first diffuses to the top, then to the radial and bottom re-
gions, causing the overall temperature to rise rapidly. This fluid-
mediated heat-transfer process significantly expanded the effec-
tive pyrolysis zone and enhanced thermal utilization efficiency.

3.2. Oil and gas generation mechanisms

3.2.1. Recovery of pyrolysis oil and gas

Fig. 7 shows the variations of oil and gas production during
convective heating. A total of 110 liquid samples were collected
during the experiment, yielding cumulative water, oil, and gas
productions of 15.20 L, 11.15 L, and 28.53 m?, respectively. At 30 h,
temperatures in most regions exceeded 136 °C, indicating the
onset of water production at the outlet. At 46 h, when the tem-
perature around the wellbore exceeded 368 °C, oil began to flow
from the outlet. After 101 h, water production ceased, and only
minor amounts of oil were recovered. The increase in gas pro-
duction may reflect both continued primary devolatilization and
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Fig. 4. Temperature variation curves during convective heating: (a) 12.5 cm; (b)
25 c¢m; (€) 32 cm.

partial secondary cracking of heavy hydrocarbons before their
removal from the reactor. During convective heating, cumulative
oil and gas recovery was 24.48% and 92.42%, respectively. This is
mainly due to the high-temperature gas injected, which can
effectively carry a large amount of pyrolysis products out of the
sample, thereby reducing the products' residence time within the
coal and achieving relatively complete product collection.
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Fig. 5. The pressure variation curves during convective heating.

3.2.2. Components of pyrolysis oil

The components of the pyrolysis oil at various stages were
analyzed by GC-MS, with the major components marked with
distinct symbols in the figure. Fig. 8 presents the total ion chro-
matogram (TIC) of the pyrolysis oil collected during convective
heating, showing that the primary constituents include alkanes,
alkenes, aromatics, and phenols, along with other compounds
such as acids, aldehydes, esters, and alcohols. For analytical con-
venience, the oil-production period from 46 to 147 h was divided
into five stages: early, early-middle, middle, middle-late, and late.
Furthermore, based on carbon number distribution and molecular
weight, the oil components were classified into light oil (C < 20)
and heavy oil (C > 20).

Fig. 8(a) presents the ion chromatograms of the pyrolysis oil
during the convective heating. As the reaction progressed, the
proportion of light oil (C < 20) increased from 76.8% in the early
stage to 79.9% in the late stage, while the corresponding heavy oil
(C > 20) decreased from 23.2% to 20.1%; notably, the light oil
content peaked at 97.8% during the middle stage. More than 50%
of the pyrolysis zone reached temperatures exceeding 426 °C.
Analysis of the chromatograms indicates that the peak in light oil
was primarily attributed to the cracking of heavy, long-chain
components into lighter and shorter-chain hydrocarbons.
conversely, from the middle to the late stage, the temperature in
the near-wellbore region remained above 450 °C, resulting in a
subsequent increase in heavy oil (C > 20) to 20.1%. This increase is
attributed partly to aromatization and condensation reactions
that formed higher-molecular-weight polycyclic aromatic com-
pounds. The effective recovery of heavy components (C > 20)
under convective heating is primarily driven by rapid thermal-
fluid carryover. The continuous injection of high-velocity car-
rier gas significantly lowers the local partial pressure of nascent
heavy volatiles, accelerating their desorption and forcefully
sweeping them from the reaction zone before condensation or
secondary cracking occurs (Fuentes-Cano et al., 2018). Coupled
with the improved porosity and permeability in late stages,
which facilitate the extraction of previously generated heavy tars,
this mechanism ensures that a substantial portion of the heavy
oil is recovered directly as primary pyrolysis products. Further
analysis of the chemical components, as shown in Fig. 8(b), re-
veals that the majority of the pyrolysis zone exceeded 426 °C
from the early to the middle stage, while alkane content initially
increased from 6.90% to 15.09% due to the generation of short-
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chain and long-chain alkanes. The aromatic hydrocarbon content
increased from an initial 56.59% to 71.39% by the late stage. While
the content remained relatively stable from the early to middle
stages, a decline was observed during the transition from the
middle to the middle-late stage. This decrease is primarily
attributed to the reaction of aromatics with oxygen-containing
groups to generate phenols, and to cracking, which reduces the
abundance of macromolecular hydrocarbons. However, the con-
tent rebounded in the late stage, driven by alkane aromatization,
phenol dehydroxylation, and the condensation of aromatics into
larger aromatic molecules. Phenols increased from 22.09% in the
early stage to 42.27% in the middle-late stage, as a larger pro-
portion of the pyrolysis zone surpassed 426 °C. This trend is
attributed to the cleavage of C-O bonds in ethers and to the
stabilization of oxygen-containing radicals by hydrogen radicals
(Lu et al., 2024). From the middle-late stage to the late stage, the
drop in phenolic compounds is mainly attributed to the dehy-
droxylation reaction and cracking to generate aromatics. The
persistently low alkene content indicates that saturated
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hydrocarbons predominated over unsaturated hydrocarbons
during product migration. Other compounds were present in
trace amounts; their formation resulted from the decomposition
of oxygenated functional groups, while their reduction was
associated with CO; generation during pyrolysis. Under convec-
tive heating, the pyrolysis oil was dominated by light compo-
nents, while heavy components were also efficiently recovered.
Moreover, its composition exhibited a progressive trans-
formation from aliphatic hydrocarbons and oxygenated com-
pounds toward aromatic compounds.

3.2.3. Components of pyrolysis gas

Gas chromatography was employed to analyze the pyrolysis gas
composition, revealing that the primary constituents include CO»,
CHg4, Hj, and HaS, alongside minor amounts of CoH4 and CyHg;
gases containing two or more carbon atoms are collectively
designated as C,-Cg. Fig. 9 shows the component of pyrolysis gas
during convective heating. The CO, content initially decreased,
then increased, and then decreased again. Before 38 h, the tem-
perature across most of the pyrolysis zone had exceeded 136 °C.
The increase in CO; content was mainly related to the release of
physically adsorbed CO,. As the heating progressed to 62 h, tem-
peratures in localized regions exceeded 484 °C. The increase in CO,
content is mainly associated with the thermal cracking of
oxygenated functional groups, such as carboxyl and carbonyl
groups; as pyrolysis proceeded, the CO, content gradually
decreased after 89 h (Guo et al., 2023a). The CHy4 content initially
increased rapidly, then decreased, and subsequently rose again,
becoming the main gas component. From 6 to 62 h, the rise in CHy
was linked to aliphatic side-chain cracking; however, from 62 to
97 h, while the majority of the pyrolysis zone was consistently
maintained at temperatures above 426 °C, CH4 content showed a
downward trend, accompanied by an increase in C;—Cg content,
which may be caused by the rapid cracking of long-chain hydro-
carbons in tar-rich coal at high temperature.

After 97 h, the CH4 content showed an upward trend again, and
C,—Cg showed a downward trend again, which may be related to
the secondary cracking of long-chain hydrocarbons in tar-rich coal
at high temperature (Guo et al., 2023c). The H; content showed a
trend of first rising and then declining. The initial rise between 6
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Fig. 9. Component of pyrolysis gas during the convective heating.
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and 38 h is likely due to the breakage of aliphatic C-H bonds and
hydrogenated aromatic structures during early pyrolysis. The rise
of H, content after 62 h is related to the semi-coke poly-
condensation dehydrogenation reaction. Beyond 97 h, although
the temperature in the near-wellbore region was sustained above
450 °C, the H; content decreased, indicating that the pyrolysis
reaction tended to end as the semi-coke had transformed into a
hydrogen-poor structure through polycondensation, depleting
available active hydrogen sources and significantly reducing the H,
generation rate (Kang et al., 2025). The H,S content remained
relatively stable, with a slow increase in the later stages, possibly
linked to the high-temperature release of inorganic and organic
sulfur. Convective heating enhanced gas mobility and accelerated
pyrolysis resulting in the concentrated release of gases such as CO,
and CHy, relatively low H; content, and significant generation of
secondary cracking products.

3.3. Characteristics of the reaction zones

3.3.1. Evolution characteristics of pore structure

Fig. 10 shows CT images of different zones of convective
heating, and the porosity of the sample was 3.63%. The pore size
of the original sample ranged from 0.68 to 84.39 pm. Based on
equivalent diameter, the pore structure was categorized into
three different size ranges: <1 pm, 1-10 pm, and >10 pm. In these
images, pores are color-coded by size: red denotes pores with
diameters >10 pm, purple indicates diameters between 1 and
10 pm, and green represents pores <1 pm. Combined with the

A
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Vertical direction, cm

o

>10 pm

g

1-10 ym

A
3

100 pm

v

Radial direction, cm

Fig. 10. CT images of different zones after convective heating.
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statistical results of pore number and pore diameter distribution
in different zones in Fig. 11, as the radial distance increased, both
the size and number of pores decreased significantly, and the
pore size distribution also narrowed. In the regions 12.5 cm and
25 cm from the wellbore, pyrolysis was strong, leading to a
dense, blocky, or flaky distribution of pores >10 pm and the
formation of highly interconnected seepage channels. The pro-
portion of pores >10 pm reached 8%, and the maximum pore
diameter was 245 um. In the outer regions of 32 cm (such as 32-
10, 32-30, 32-90), it only showed a small number of isolated,
slender cracks, pore size distribution narrowed significantly, the
proportion of pores >10 pm was less than 2%, the maximum pore
diameter was 75 pm, mainly <10 um pores, corresponding to
significantly reduced pyrolysis intensity. In the vertical direc-
tion, the region from 30 to 70 cm is the main pyrolysis zone.
Pyrolysis was most complete within the 30-50 cm range, where
local coalescence of 1-10 pm pores into those >10 pm was
observed. In contrast, pore-scale features in the 10 cm and 90 cm
end areas decreased significantly, with mostly scattered cracks
and isolated small pores, and the pore-size distribution was
mostly <1 pm, mainly due to spatially nonuniform pyrolysis (Xu
et al,, 2021). In summary, gas flow during convective heating
accelerated heat transfer, creating a radially concentrated,
vertically oriented high-temperature pyrolysis reaction zone
near the center and within the middle section (Geng et al., 2017).
The significantly enhanced connectivity makes this zone the
primary pathway for oil and gas migration and production. In
contrast, significant heat attenuation occurred in the outer and
bottom regions, where the pore structure remained dominated
by pores <1 pm. Additionally, fluid migration played a key
physical role in pore expansion by enhancing the uniformity of
heat transfer, facilitating the removal of pyrolysis products, and
maintaining relatively high pore pressure, thereby reducing
effective stress and promoting pore expansion, connectivity
enhancement, and local pore development during convective
heating (Guo et al., 2026; Li et al., 2024).

The permeability throughout the convective heating process is
calculated using Eq. (1), which is derived from Darcy's law for
compressible fluids:

QoPou In (5—;)

K=—7——3 (1)
wh(P? — P3)

where Qg is the gas flow rate, m3/s; Py is the reactor pressure, Pa; y
is the gas viscosity, Pa-s; de and d,, are the outer and inner di-
ameters, respectively, m; h is the medium thickness, m; Py and P
represent the inlet and outlet pressures, respectively, Pa; and K is
the permeability, m?.

Fig. 12 shows the variation curve of permeability during
convective heating. At 36 h, as temperatures across most regions
exceeded 136 °C, the permeability reached 30.84 mD. This initial
thermal elevation promoted the decomposition of organic matter,
the release of moisture, and the early formation of volatiles,
thereby inducing the formation of initial micropores and localized
thermal fractures. At 46 h, as the average temperature in the near-
wellbore region exceeded 454 °C, the coal entered a pronounced
pyrolysis stage. This phase was marked by the onset of oil pro-
duction and a continuous increase in permeability. By 101 h, with
temperatures throughout the pyrolysis zone exceeding 426 °C, the
permeability peaked at 81.43 mD. According to the effective stress
principle, the elevated pore pressure significantly reduced the
effective stress acting on the coal matrix, thereby mechanically
promoting the dilation of pores and fractures. This permeability
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Fig. 11. Pore number and pore diameter distribution at different zones after convective heating.

peak closely coincided with the stage of intensive oil and gas
expulsion, indicating that both organic-matter pyrolysis and
structural expansion had reached their maximum extent. Subse-
quently, the permeability began to decline. This reduction is pri-
marily attributed to the migration, retention, and localized
redeposition of heavy components within the newly evolved pore
network (Xu et al., 2023b). By 147 h, although the overall reactor
temperature was sustained above 368 °C, the permeability had
decreased to 12.70 mD. The average permeability was 42.90 mD
during convective heating. The injected fluid improved heat-
transfer uniformity and promoted the timely removal of pyrolysis
products. Furthermore, the fluid flow in the pores sustained
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elevated pore pressure and consequently preserved high flow
conductivity.

Fig. 13 presents cloud maps of porosity and permeability
after convective heating. High-porosity regions are mainly
concentrated in the near-well high-temperature zone, where
the maximum porosity reaches 30.1% in the 12.5-30 cm interval.
Overall, porosity in the central region generally exceeds 14%,
accounting for approximately 60% of the total volume. In
contrast, pore development in the distal edge regions (e.g., 32-
10 and 32-90) is much weaker, with a minimum value of only
0.54%. These results indicate that the temperature field is the
primary controlling factor for pore expansion. More intense
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Fig. 12. Permeability variation during convective heating.

pyrolysis and volatile release in the near-well high-temperature
zone significantly promote pore development, whereas pore
growth is clearly limited in the low-temperature peripheral
region. Combined with permeability cloud maps and quantita-
tive analysis, the results further show that pore development is
reflected not only in increased porosity but also in the formation
of  effective  seepage channels. Driven by the
injection-production pressure differential, the directional
sweeping effect of the convective fluid enhances pore-network
connectivity. It induces the development of high-permeability
structures with a degree of directional anisotropy. As a result,
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the high-porosity central zone shows good spatial consistency
with the high-permeability core zone, where local permeability
exceeds 400 mD. This coupled evolution of pore expansion,
connectivity enhancement, and directional seepage structure
significantly reduces flow resistance and transport tortuosity,
thereby facilitating the rapid removal of primary oil and gas
products from the high-temperature reaction zone (Zhu et al.,
2026). Consequently, the retention, condensation, and further
secondary reactions of heavy components are suppressed to
some extent, which is favorable for improving the overall oil and
gas recovery efficiency.

3.3.2. Evolution characteristics of organic matter

Fig. 14 shows the distribution cloud map of organic matter after
convective heating. High S1 values were concentrated mainly in
the upper region, with a maximum of 42.23 mg/g. This indicates
that the oil and gas products generated by pyrolysis exhibit a
pronounced tendency for upward migration. During pyrolysis, the
generated oil vapors and gases migrated through the evolving pore
network, similar to conductive heating. However, the carrying and
displacement effects of the convective fluid make this migration
and accumulation effect more pronounced. Relatively high S2
values were observed mainly in the upper and lower regions. The
maximum value of S2 at the top can reach 95.06 mg/g. This phe-
nomenon is related to the incomplete conversion of organic matter
at low temperatures. Additionally, the maximum S2 value at the
bottom reached 44.18 mg/g. This accumulation is partly attribut-
able to the local temperature remaining below 368 °C; more
critically, it may also be related to the enrichment and retention of
heavy components that are difficult to crack as they move down-
ward with the fluid. Convective heating facilitates efficient pyrol-
ysis of organic matter with minimal blockage. However,
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Fig. 13. Cloud maps of porosity and permeability after convective heating.
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incomplete cracking may still occur in localized low-temperature
regions.

3.3.3. Evolution characteristics of inorganic minerals

Fig. 15 shows the distribution cloud map of inorganic minerals
after convective heating. Neither pyrite nor tobelite was detected
in the sample, suggesting that these minerals were extensively
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transformed under the present experimental conditions. Within
the 300-600 °C range, tobelite transforms into an amorphous
aluminosilicate via deammoniation and dehydroxylation reactions
(Eq. (2)); convective heating significantly accelerated this
decomposition, resulting in the complete conversion of tobelite
(Zhang et al., 2016). Kaolinite undergoes dehydroxylation between
450 and 600 °C to form metakaolinite (Eq. (3)) (Liu et al., 2015),



Y.-W. Li, C.-F. Zhu, Y.-]. Zeng et al.

resulting in the destruction of its crystal structure and the disap-
pearance of its characteristic diffraction peaks. The pyrolysis in the
area around the wellbore is sufficient, where the relative content
of kaolinite was significantly lower than in distal areas, consistent
with the high-temperature thermal evolution characteristics of
this zone. Pyrite thermally decomposed completely into pyrrhotite
(Eq. (4)) (Boyabat et al., 2004). Pyrrhotite (Feq1S12) is thermally
stable up to approximately 600-700 °C. Its content peaked at 9.94%
in the 12.5-50 cm region. Calcite has high thermal stability, and no
decomposition products were detected. Its content change is
mainly affected by relative enrichment. In summary, the high-
temperature fluid in convective heating promoted the decompo-
sition of tobelite, kaolinite, and pyrite, leading specifically to the
extensive transformation of tobelite.

NH,4Al, (SI3A1)O]0(OH)2 — Al,05 - xSi0, + NH3 + H,0 (2)
A125i205 (OH)4 d A125i207 + 2H20 (3)
FeS, — Fe;1S12 +S1 (4)

3.4. Discussion

3.4.1. Migration mechanisms during in-situ convective pyrolysis of
tar-rich coal

Fig. 16 shows the tar-rich coal in-situ pyrolysis migration
mechanism during convective heating, compared to conduc-
tive heating. Convective heating utilizes high-temperature
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fluids as heat carriers, while the advancement of the pyroly-
sis front shares similarities; however, convective effects
significantly alter pore evolution and product migration pat-
terns. The process can be divided into three stages: (a) ther-
mal expansion and release of the light component. When the
temperature is below 300 °C, thermal expansion of the coal
matrix triggers thermal fracturing, initiating the gradual
release of volatiles. In the near-wellbore region where tem-
peratures exceed 400 °C, organic matter undergoes pyrolysis,
generating hydrocarbon gases and light oil that migrate,
converge, and are ultimately produced. Additionally, fluid flow
within the pores provides structural support, inhibiting pore
throat closure after pyrolysis and thereby maintaining high
permeability. (b) rapid pyrolysis stage. As the near-wellbore
temperature rises above 450 °C, kerogen pyrolysis intensi-
fied, substantially increasing the generation of oil vapors and
hydrocarbon gases and further expanding the pore-throat
structure. Concurrently, temperatures in most of the central
heating zone exceed 400 °C, promoting deep pyrolysis of
kerogen. The well-connected pore network ensures the effec-
tive migration and output of pyrolysis products toward the
bottom production well. (c) stable pyrolysis stage. With tem-
peratures in most regions exceeding 400 °C, kerogen un-
dergoes deep pyrolysis and structural reorganization. This
stage involves polycondensation reactions that form macro-
molecular coke, alongside the secondary cracking of heavy
pyrolysis products into smaller molecules. Some macromo-
lecular products condense in the low-temperature zone,

leading to local pore blockage and reduced reservoir
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Fig. 16. Schematic of product-generation and migration mechanisms during in-situ convective pyrolysis.
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permeability. Owing to fluid convection, entrainment, and
displacement, the overall permeability remains higher. Addi-
tionally, certain pyrolysis products migrated upward because
of their lower density, leading to accumulation at the top. By
injecting high-temperature fluids, convective heating enables
rapid heat transfer, effectively overcoming the limitations of
conductive heating and preventing overly concentrated heat
near the wellbore, thereby significantly enhancing overall
pyrolysis efficiency. The fluid-carrying effect not only pro-
moted the release of oil and gas products but also alleviated
pore blockage caused by macromolecular polycondensation.
However, in the low-temperature bottom area, some macro-
molecular compounds may remain, which need to be consid-
ered in the optimization of future exploitation regimes.

3.4.2. Comparison between convective and conductive heating for
in-situ pyrolysis of tar-rich coal

The core of in-situ pyrolysis of tar-rich coal depends on effi-
cient heat injection and smooth product output. Although
convective and conductive heating share similarities in
advancing the pyrolysis front, they differ in heat transfer
mechanisms, the evolution of temperature and pressure fields,
product characteristics, and reservoir properties (Wang et al.,
2024). Conductive heating relies primarily on thermal conduc-
tion within the coal matrix; however, the low thermal conduc-
tivity of tar-rich coal limits heat transfer rates, resulting in
prolonged heating cycles. As shown in Fig. 17(a), conductive
heating required 482 h to complete pyrolysis, with an average
heating rate of only 0.70 °C/h. It also generated steep tempera-
ture gradients, leading to overheating in the near-wellbore re-
gion and pronounced thermal lag in the distal areas. In contrast,
convective heating uses a high-temperature fluid as a heat car-
rier, substantially enlarging the heat-transfer interface through
fluid-solid exchange and promoting deeper heat penetration. As
a result, the average heating rate increased from 0.70 to 2.24 °C/
h, corresponding to a 3.2-fold increase, while the pyrolysis
duration decreased from 482 to 147 h (a reduction of
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approximately 69.5%). To further quantify these spatial and
thermal advantages, the effective pyrolysis volume fraction
(Vefr) and the temperature-gradient decay rate were introduced.
Here, Veris defined as the ratio of the volume with temperatures
above 429 °C to the total effective reactor volume. A temperature
of 429 °C was experimentally identified as the threshold for
intense pyrolysis. Under conductive heating, Ve reached only
7.7% at the stage of strongest pyrolysis (342 h). By contrast, the
high-temperature convective fluid significantly expanded the
affected region, increasing Ve to 23.6%, corresponding to a 3.06-
fold enlargement of the intense pyrolysis zone. More impor-
tantly, convective heating accelerated the homogenization of
the temperature field (Shui et al., 2024). Under conductive
heating, the temperature gradient decreased from a peak of
1021.0 °C/m at an average rate of 3.9 °C/(m-h), and 221 h was
required to reach the specified homogenization criterion. Under
convective heating, however, the decay rate increased to 20.1 °C/
(m-h), which was 5.15 times the value under conductive heating.
Within only 101 h, the relative homogenization amplitude
reached 95.7%, indicating that the steep thermal gradients were
effectively mitigated in less than half the time required under
conductive heating. These quantitative results demonstrate that
the superiority of convective heating is not merely reflected in
faster heating and earlier hydrocarbon production, but more
fundamentally in its ability to substantially enlarge the effective
pyrolysis zone and accelerate temperature-field homogeniza-
tion. In addition, as shown in Fig. 17(b), fluid injection signifi-
cantly altered the pressure field. The strong displacement effect
of convective heating, synchronized with oil, gas, and water
production, was observed as a function of heating rate, as shown
in Fig. 17(c); rapid production was achieved within 147 h. In
contrast, conductive heating did not initiate oil generation until
249 h, representing a delay of 203 h compared to the convective
heating. The cumulative oil and gas yields from convective
heating were 12.42 and 3.27 times those from conductive
heating, respectively. Under convective heating, the dominant
flow direction of the thermal fluid dictates the high spatial
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Fig. 17. Comparison between conductive and convective heating: (a) temperature; (b) pressure; (c) oil and gas production; (d) pyrolysis oil component; (e) pyrolysis gas

component; (f) permeability.
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overlap among the preferential heating, pyrolysis, and pore-
enhancement zones. This flow-oriented guidance not only gov-
erns the spatial distribution of pyrolytic reactions but also drives
the early production of hydrocarbons through efficient carrying
effects, thereby significantly shortening the overall recovery
cycle.

As shown in Fig. 17(d) and (e), the product compositions from
convective and conductive heating exhibit stark differences,
fundamentally stemming from the distinct residence times of
primary pyrolysis products in the high-temperature zone.
Compared to conductive heating, convective heating exerts a
powerful inhibitory effect on secondary cracking and retention
reactions by significantly shortening this residence time. Under
conductive heating, the lack of fluid carryover results in the slow
expulsion of heavy tar. This prolonged high-temperature expo-
sure forces primary macromolecules to undergo severe sec-
ondary cracking (yielding light hydrocarbons and gases) and
retention reactions (such as aromatization, polycondensation,
and coking). This is evidenced by the higher content of light
components in the conductive-heating oil and the significant
increase in Hy content during its later stages. Conversely, the
rapid sweeping effect of convective heating enables the instan-
taneous extraction of heavy products upon their generation (Zhu
et al.,, 2026). By fundamentally blocking secondary thermal
cracking pathways and effectively preventing product retention
and condensation within the pore network, convective heating
yields a higher heavy oil content. Correspondingly, its gas pro-
duction is dominated by CH4 with negligible H, content, firmly
confirming that the thermal fluid facilitates the timely extrac-
tion of macromolecular products while suppressing severe late-
stage polycondensation. As shown in Fig. 17(f), convective
heating maintained an average permeability of 42.90 mD, which
was 7.96 times the value measured under conductive heating
(5.39 mD). Furthermore, the local maximum porosity reached
30.1% after convective heating, compared to 9.36% for conduc-
tive heating. Convective heating established high-conductivity
channels conducive to subsequent exploitation. Analysis of the
upper regions reveals elevated S1 values for both heating
methods, indicating the upward migration and accumulation of
low-density hydrocarbons. Notably, convective heating achieved
a significantly stronger top-enrichment effect. Its peak S1 value
reached 42.23 mg/g, 2.08 times that of conductive heating
(20.35 mg/g), demonstrating a clear advantage in facilitating the
upward migration of light hydrocarbons. Conversely, conductive
heating resulted in severe heavy residue accumulation at the
reactor base, evidenced by a peak S2 of 119.68 mg/g. This value is
2.71 times higher than the 44.18 mg/g observed under convec-
tive heating, a stagnation that fundamentally restricts the
continuous expulsion of oil and gas. Furthermore, convective
heating significantly accelerated the thermal decomposition and
phase transformation of inorganic minerals, as highlighted by
the complete conversion of tobelite. Under convective condi-
tions, the peak pyrrhotite content reached 9.94%, 4.46 times
greater than that under conductive heating (2.23%), while
kaolinite contents remained comparable (95.24% vs. 94.57%).
The high-temperature fluid effectively drives these mineral-
phase transformations, creating optimal conditions for pore-
network evolution and subsequent fluid flow. Ultimately, by
synergistically enhancing both heat and mass transfer, convec-
tive heating delivers markedly superior pyrolysis efficiency and
product recovery. This approach ensures uniform heat injection
while facilitating unimpeded product extraction, thereby
significantly enhancing the overall efficiency of in-situ pyrolysis
of tar-rich coal.
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3.4.3. Engineering practice guidelines

Based on the evolution of the temperature field, product
migration behavior, and pore-structure development observed
in large-scale three-dimensional physical simulation experi-
ments, some preliminary engineering implications can be
drawn for the in-situ pyrolysis of tar-rich coal under
convective heating. In terms of well-layout design, the
experimental results indicate that both the high-temperature
fluid and volatile pyrolysis products exhibit a clear upward
migration tendency during convective heating, resulting in a
more pronounced enrichment of low-density hydrocarbons in
the upper part of the coal seam. Therefore, a multistage
fractured horizontal well configuration may be preferentially
considered for field application. In this configuration, the in-
jection/heating well is preferably located in the middle-to-
lower part of the coal seam to enhance vertical heat and mass
transfer efficiency. In contrast, production wells may be
located at both the top and bottom of the coal seam. The
upper production well facilitates the recovery of light hy-
drocarbons enriched in the upper zone. In contrast, the bot-
tom production well helps discharge accumulated fluids from
the lower zone, reducing the risk of heavy-residue retention
and local blockage. In terms of key engineering parameters,
the experimental results show that when the temperature in
most regions of the coal body exceeds 426 °C, organic matter
pyrolysis is significantly accelerated and the post-pyrolysis
pore structure becomes better developed, which is favorable
for oil and gas generation and migration. Therefore, consid-
ering both pyrolysis effectiveness and engineering feasibility,
a field operating temperature range of 426-500 °C is recom-
mended as a preliminary reference.

It should be noted that the above engineering implications
should be interpreted with caution, because scale effects be-
tween the experimental system and actual subsurface opera-
tions are unavoidable. Although the present system reproduces
the essential features of in-situ pyrolysis, including unsteady
convective heat transfer, fluid-driven product migration, and
reservoir-level pressure conditions, significant differences
remain between the sub-meter experimental model and field-
scale reservoirs. These differences are mainly reflected in
three aspects. First, fluid migration distances in the field may
extend from tens to hundreds of meters. Such long-distance
migration may enhance the secondary cracking of heavy tar
during prolonged high-temperature residence, thereby
reducing heavy-oil yield while increasing the proportion of
lighter oil and gas (Wang et al., 2022). It may also increase the
risk of downstream condensation, local blockages, and a decline
in dynamic permeability. Second, unlike the nearly adiabatic
boundary of the physical model, actual reservoirs are bounded
by roof and floor strata that act as large, continuous heat sinks,
leading to greater boundary heat loss. Third, whereas the
experimental medium is relatively homogeneous and favors a
more uniform thermal sweep, field reservoirs are inherently
more heterogeneous, which can strongly control fluid flow and
induce fingering, preferential channeling, premature thermal
breakthrough, and unheated dead zones. Therefore, the present
results are more suitable for revealing the relative mechanistic
advantages of convective heating over conductive heating,
particularly in terms of enhanced heat transfer, enlargement of
the effective pyrolysis zone, and improved product migration
conditions, rather than serving directly as field-design criteria.
Although this study demonstrates the clear mechanistic ad-
vantages of convective heating, key engineering parameters,
such as well spacing, injection—production pressure differential,
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and fluid flow rate, still need to be optimized on a case-by-case
basis, in combination with reservoir heterogeneity and nu-
merical simulation.

4. Conclusion

This study used a self-developed high-temperature and
high-pressure experimental apparatus to conduct in situ py-
rolysis experiments on tar-rich coal under convective heating,
systematically investigating the temperature and pressure
evolution, oil and gas generation mechanisms, and charac-
teristics of the reaction zones, followed by a comparative
analysis with conductive heating. The main conclusions are as
follows.

(1) Convective heating significantly enhanced both pyrolysis
efficiency and spatial sweep. The average heating rate
reached 2.24 °C/h, which was 3.2 times that under
conductive heating; meanwhile, the temperature-field ho-
mogenization rate was 5.15 times that under conductive
heating, and the effective intense-pyrolysis volume fraction
increased from 7.7% to 23.6%. Fluid flow facilitated rapid
radial heat transfer and deeper penetration, resulting in an
effective pyrolysis zone that was significantly superior to
that of conductive heating. Internal pressure fluctuations
were significant, with an average pressure differential of
1.31 MPa.

(2) Convective heating significantly enhanced oil and gas re-
covery, driven by the strong dynamic carryover effect. The
onset of oil production occurred 203 h earlier than in the
conductive heating case. Cumulative oil and gas yields
reached 24.48% and 92.42%, which were 12.42 times and
3.27 times the corresponding values under conductive
heating, respectively. The pyrolysis oil contained a higher
content of heavy components (C > 20), while CH4 domi-
nated the gas component with negligible H,.

(3) The supporting effect of the fluid effectively maintained
reservoir conductivity. The average permeability during the
heating process was maintained at 42.90 mD, which was
7.96 times the value under conductive heating; the local
maximum porosity after pyrolysis reached 30.1%, and the
area with porosity exceeding 14% accounted for 60%, form-
ing good seepage channels conducive to oil and gas
migration.

(4) High-temperature fluids significantly promoted inorganic
mineral decomposition and product migration. Convective
heating accelerated the decomposition of tobelite, kaolinite,
and pyrite, with tobelite being extensively transformed.
Low-density hydrocarbon products exhibited a pronounced
upward migration tendency, with free hydrocarbon (S1)
enrichment at the top reaching 42.23 mg/g. The maximum
measured S2 value in the lower region was 44.18 mg/g,
suggesting that convective heating helped reduce the
retention of heavy products in low-temperature regions.
These results preliminarily suggest that a well configuration
involving injection in the middle-to-lower section and
production from both the upper and lower sections may
improve recovery efficiency.
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