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Abstract

CO,/Ny-enhanced coalbed methane recovery (ECBM) offers a potential route to improve
coalbed methane production, reduce CHy emissions, and couple gas drainage with low-
carbon coal development. However, the relative roles of adsorption-controlled replacement
and pressure-driven displacement under deep stress conditions remain insufficiently re-
solved. Here, CO, and N, injection experiments were conducted under different vertical
stresses to quantify the evolution of gas flow, breakthrough time, increase in coal gas content,
replacement-displacement ratios, and injection efficiency. Increasing stress compressed
the pore—fracture network, reduced gas transport capacity, and delayed breakthrough
of the injected gas. CO,, because of its strong adsorption affinity, remained dominated
by replacement throughout the injection process. Higher stress enhanced CO, retention
in coal and therefore its potential storage capacity, but it also weakened sustained CHy
recovery by restricting transport. In contrast, N», which adsorbs weakly, rapidly shifted to
displacement-dominated recovery after breakthrough. Although high stress delayed the
formation of connected displacement pathways, N, maintained high injection efficiency.
These results show that stress controls the dominant ECBM mechanism by regulating
adsorption retention, seepage transport, and displacement outflow. The findings provide a
mechanistic basis for selecting injection gases and designing low-carbon ECBM strategies
in deep coal seams.

Keywords: stress; CO, /N>-ECBM,; replacement—displacement effect; injection efficiency;
coalbed methane; low-carbon development

1. Introduction

The efficient development of coalbed methane (CBM) and the coordinated control of
mine gas emissions are increasingly important for safer and lower-carbon coal resource
utilization. CBM is composed mainly of CHy; it is both a valuable unconventional gas
resource and a major contributor to mine safety risks and greenhouse gas emissions when
released directly. Improving CBM recovery can therefore reduce gas-related hazards while
limiting CHy emissions during coal production [1,2].
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As shallow coal resources are depleted, coal mining is progressively moving to deeper
seams, where high in situ stress, high gas content, and low permeability are common. Under
high stress, coal pores and fractures are compressed or closed, restricting gas-flow pathways
and reducing the efficiency of conventional negative-pressure drainage. Technologies that
can enhance gas recovery under deep-seam conditions are therefore needed [3].

Enhanced coalbed methane recovery (ECBM) promotes CH, desorption and migration
by injecting external gases into coal seams. CO; has a strong adsorption affinity for coal
and can preferentially occupy adsorption sites, thereby replacing adsorbed CH4 while
providing a potential pathway for CO, retention and storage. N, is more weakly adsorbed
and more readily migrates through pore—fracture networks; its contribution to CHy4 recovery
is therefore mainly associated with pressure-driven displacement. These contrasting gas
properties imply different low-carbon utilization pathways: CO; injection emphasizes
combined CHy4 recovery and CO, storage, whereas N injection emphasizes rapid pressure-
driven gas drainage [4,5].

CH,4 production during ECBM is not controlled by a single mechanism. Replace-
ment arises primarily from competitive adsorption between the injected gas and CHy
on coal-matrix adsorption sites, whereas displacement is driven mainly by the pressure
gradient created by gas injection, which transports free CH4 and continuously desorbed
CH, toward the outlet. As injection proceeds, the relative contribution of replacement and
displacement evolves with gas type, permeability, adsorption retention, and stress state. In
deep coal seams, stress-induced pore and fracture compression can alter connectivity and
transport pathways, thereby modifying breakthrough behavior, adsorption retention, and
the transition between replacement- and displacement-dominated regimes [6,7].

Previous CO;/N,-ECBM studies have provided important evidence on adsorption
selectivity, permeability evolution, CHy4 production, and gas breakthrough. Nevertheless,
the existing interpretations can be grouped into two competing mechanism models. The
replacement model emphasizes preferential adsorption of the injected gas, especially CO,,
and treats CHy production as a consequence of competitive adsorption and desorption.
The displacement model emphasizes pressure transmission, fracture-flow connectivity,
and mobilization of free or continuously desorbed CHy. These two models are often
discussed separately, which leads to contradictory engineering expectations: CO, should
enhance CHy recovery because of its stronger affinity for coal, yet CO,-induced swelling
and stress-dependent permeability reduction may suppress injectivity; N, has a weaker
adsorption capacity, yet its high mobility may generate a stronger pressure-displacement
effect. Therefore, the key scientific problem is not whether stress affects ECBM, but how
stress shifts the balance between adsorption-controlled replacement and pressure-controlled
displacement [8-10].

Compared with previous work, the quantitative contribution of this study lies in
separating the retained and outflowing fractions of the injected source gas through material
balance, calculating instantaneous and cumulative replacement/displacement ratios, and
identifying the dynamic transition using the dimensionless criterion IIRD = R;/R;. This
framework allows CO, and N, to be compared under identical stress-controlled boundary
conditions and provides a measurable threshold for distinguishing replacement-dominated
and displacement-dominated regimes. The present work, therefore, does not claim that
stress-dependent ECBM has never been studied; rather, it focuses on quantifying how
stress changes the relative dominance of the two mechanisms and the associated gas-
utilization efficiency.

Beyond CHjy recovery, CO,-ECBM is also relevant to geological carbon sequestration
in deep, unmineable coal seams, because preferential CO, adsorption can couple methane
displacement with subsurface carbon storage. These coupled processes are therefore
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important not only for gas-production engineering but also for reservoir engineering and
reservoir science [11-13]. A comparison of representative CO,/N»-ECBM studies and the

quantitative focus of the present work is provided in Table 1.

Table 1. Comparison of representative CO, /N-ECBM studies and the present quantitative focus.

Study Focus

Typical Experimental/
Model Condition

Main Finding Emphasized
in the Literature

Remaining Issue Addressed
Here

CO; adsorption/
desorption and
swelling

Coal samples under gas
adsorption or injection;
deformation/permeability

CO, preferentially adsorbs
and may induce matrix
swelling and permeability

How CO; retention and
swelling-related transport
restriction alter the
replacement-displacement

is of i 1
is often monitored 0ss balance under stress
Whether weak adsorption
Np-assisted drainage ~ Nj or mixed-gas injection; N migrates rapidly and produces only transient

and gas-driving

laboratory and field

enhances pressure-driven

replacement, and when

experiments drainage tests CHy discharge displacement becomes
dominant
Stress-dependent Stress closes fractures, Direct experimental partitioning
Stress/permeability ~ permeability, dual-porosity, delays pressure of retained versus outflowing
and THM models or coupled transport transmission, and changes source gas under identical stress
models permeability boundaries
Packed anthracite sample; Quantifies breakthrough Provides a stress-controlled
vertical stress 1.25 and 12 delay, retained /outflowing comparison of
Present study MPa; CO; and N injection gas balance, injection replacement-dominated CO,

at the same injection
pressure

efficiency, and I1RD
transition index

and displacement-dominated
N, pathways

On this basis, the research gap is defined as follows: existing studies have clarified
many individual controls, but they rarely provide a unified material-balance metric for
determining the relative percentage contribution of replacement and displacement dur-
ing the same injection process. In addition, the transition threshold between the two
regimes and the engineering consequences of the CO, /N, contrast under stress remain
insufficiently quantified.

2. Materials and Methods
2.1. Experimental Samples

Anthracite from the No. 2; coal seam of Huatai Coal Mine in the Zhengzhou mining
area was used. Fresh outcrop coal blocks were immediately sealed and transported to the
laboratory. Sample preparation and characterization followed relevant Chinese national
and industry standards, including MT/T 752-1997 [14], GB/T 212-2008 [15], GB/T 217-
2008 [16], and GB/T 6949-2010 [17]. The raw coal was crushed and sieved to 60-80 mesh.
The sieved material was dried at 105 °C for more than 8 h and then cooled to room
temperature before use. The coal chamber measured 300 mm x 300 mm x 400 mm
(length x width x height). The sample was prepared by layered loading and compaction,
with each layer 100 mm thick. Vertical stresses of 1.25 MPa and 12 MPa were applied
during the experiments. This preparation method allowed the gas-injection tests to be
conducted under controllable and repeatable laboratory boundary conditions. However, it
should be noted that the reconstituted specimen cannot fully preserve the primary cleat
orientation, natural fracture connectivity, bedding structure, and heterogeneity of intact
coal cores. Therefore, the present results are more directly applicable to fragmented soft
coal, tectonically deformed coal, and mining-disturbed coal zones, rather than to intact coal
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seams with well-preserved natural fracture networks. In addition, the two selected stress
levels were designed to represent contrasting low- and high-stress conditions. They were
not intended to establish a complete stress-gradient relationship. Accordingly, the stress-
response trends identified in this study should be interpreted as comparative responses
between two boundary states. The two selected stress levels were intended to represent
contrasting shallow- and deep-seam stress conditions, rather than to construct a complete
stress-gradient series. In this design, 1.25 MPa served as a low-stress reference, while
12 MPa represented a high-stress state, enabling a focused comparison of stress-controlled
ECBM mechanisms under low- and high-stress conditions. Basic coal properties are listed
in Table 2. Here, M,q4 denotes air-dried moisture, A,q denotes ash yield, and V.4 denotes
volatile matter measured at 900 &= 10 °C on an air-dried basis.

Table 2. Basic Parameters of the Coal Sample.

M4 Auq Vad Real Density = Apparent Relative Porosity
(%) (%) (%) (kg/m?) Density (kg/m?) (%)
2.44 12.47 8.43 1720 1650 4.06

2.2. Experimental System

To improve reproducibility, the flow meter, gas chromatograph, and stress-loading
system were calibrated before each experimental series. The flow meter was subjected
to zero and span verification; the gas chromatograph was calibrated using standard gas
mixtures before sample analysis; and the stress-loading system was checked through
preloading and pressure-holding verification to ensure stable stress application throughout
the tests.

The physical simulation system consisted of a stress-loading module, a coal-sample
chamber, a vacuum module, a gas-injection module, a flow-monitoring module, and a
gas-concentration monitoring module. A schematic of the system is shown in Figure 1.

Hydxraulic
pump

Reverse
force frame

High-pressure | ' sensor
*| cylinder

i : - of computer

@
gé Outlet flowmeter
glooseete | 4 -

as pressufie= 0

Gas chromatograph

Figure 1. Schematic of the coal-seam gas-injection simulation system.

2.3. Experimental Procedure

CO; and N injection experiments were conducted independently. Before each test,
the system was evacuated and re-established to the same CHy equilibrium state to eliminate
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cross-gas interference. The uncertainty in the experimental results mainly arises from flow
rate measurement, gas-composition analysis, and pressure control. Before each experimen-
tal series, the flow meter was checked by zero and span verification, the gas chromatograph
was calibrated using standard gas mixtures, and the pressure-control system was verified
through pressure-holding tests. All experiments were carried out under stable labora-
tory temperature conditions, and temperature fluctuation during testing was minimal;
therefore, the influence of temperature changes is not considered in the research process.
During testing, the laboratory temperature was maintained at 25 &= 1 °C. Temperature was
recorded throughout the tests to confirm that no obvious thermal fluctuations occurred
during adsorption equilibrium or gas injection.

(1) The system was first checked for airtightness. After evacuation, CH4 was introduced
until the adsorption equilibrium was reached at 0.7 MPa. In this study, CH4 adsorption
equilibrium was defined as the condition in which the pressure change in the closed
coal chamber was less than 0.01 MPa within 48 h.

(2) High-pressure freeCHy in the chamber was pre-drained until the pressure near the
outlet decreased to approximately 0.1 MPa.

(8) CO, or Ny was injected at an injection pressure of 0.6 MPa to displace CHy. Dur-
ing injection, inlet and outlet flow rates, pressure, gas concentration, and ambient
parameters were monitored.

(4) Gas samples were collected by isolated sampling and analyzed using gas chromatog-
raphy. Because the rate of concentration change and the minimum chromatographic
analysis interval varied during the tests, gas sampling was non-uniform in time.

3. Experimental Results
3.1. Effect of Stress on Gas Flow Rate

Inlet and outlet flow rates are key kinetic indicators of source-gas transport, seepage-
channel evolution, and CH, production during CO, /N,-ECBM. The inlet flow rate reflects
how readily the injected gas enters the coal at a prescribed injection pressure and is therefore
related to coal permeability and injectivity. The outlet flow rate integrates gas migration
within the coal, CH4 desorption and release, pressure-driven outflow, and the connectivity
of the pore—fracture network. For deep coal seams, increasing stress compresses pores and
closes fractures, reducing effective flow channels and altering the advance of the injected
gas as well as the transition between replacement and displacement. Flow rate analysis
under different stresses can therefore clarify how stress regulates CO;- and Nj-assisted
CHy recovery [18].

Under CO; injection (Figure 2a), increasing stress markedly reduced both inlet and
outlet flow rates. At 1.25 MPa, the inlet flow rate was initially high and then decreased with
injection time. This behavior indicates that the pressure difference between the chamber
inlet and the coal interior was large at the beginning, allowing CO, to enter rapidly. As
CO; migrated and participated in adsorption replacement, the internal pressure increased,
the inlet pressure difference decreased, and the inlet flow rate declined. The outlet flow
rate increased from a low initial level and then approached a quasi-stable state, indicating
progressive CO, advance, CHy desorption, and outlet discharge.

At 12 MPa, the CO; inlet flow rate was much lower and decreased only slowly with
time, whereas the outlet flow rate remained low for an extended period and increased
only in the late stage. High stress compressed the pore—fracture structure, reduced channel
connectivity and effective permeability, and restricted CO, injection and migration. In
addition, strongly adsorbed CO, can induce coal-matrix swelling. Under high stress, this
adsorption-induced swelling likely further narrows fractures, increases flow resistance,
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and delays gas outflow. CO, injection under high stress, therefore, exhibits pronounced
transport limitation and delayed discharge.

1800 1000
65 —@— Inlet (1.25 MPa) —@— Inlet (1.25 MPa)
—O— Outlet (1.25 MPa) —O— Outlet (1.25 MPa)
~ 1400 4 —— Inlet (12 MPa) ~ 8009 —B— Inlet (12 MPa)
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1 10004 —
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Injection time (min) Injection time (min)
(a) (b)

Figure 2. Effect of stress on inlet and outlet flow rates during gas injection: (a) CO, injection;
(b) N injection.

For Ny injection (Figure 2b), stress also strongly affected the inlet and outlet flow. At
1.25 MPa, the inlet flow rate was high initially and declined rapidly, whereas the outlet
flow rate increased quickly to a relatively high level. Because N is weakly adsorbed, it
mainly migrates through connected pores and fractures and rapidly establishes a pressure-
displacement pathway. At 12 MPa, both the inlet and outlet flow rates were reduced. The
outlet flow rate increased with time, but its stable value remained much lower than that
under low stress. Thus, high stress weakened both the rapid advance of N, and the seepage
discharge of CHy.

Overall, increasing stress reduced inlet and outlet flow rates during both CO, and N,
injection, demonstrating stress-induced degradation of coal permeability and inhibition of
source-gas entry and CHy discharge. The gas-type difference is important: N, flow is gov-
erned mainly by fracture-controlled seepage, whereas CO, flow is affected by the combined
effects of channel compression, competitive adsorption, and adsorption-induced swelling.
Consequently, the reduction in flow and the delay in migration are more pronounced for
CO; under high stress.

3.2. Effect of Stress on Outlet Gas Concentration and Breakthrough Time

Outlet gas concentration and breakthrough time are direct indicators of gas migration,
CH,4 production, and the replacement-displacement transition during CO,/N,-ECBM.
The outlet concentration records the advance of the injected gas within the coal and the
production response of CHy after replacement or displacement. Breakthrough time marks
the first arrival of the injected gas at the outlet and is therefore a key point for identifying
the formation of a connected seepage pathway and the strengthening of displacement. In
deep coal seams, higher stress compresses pore—fracture structures and reduces transport-
path connectivity, thereby modifying diffusion, adsorption, and seepage of the injected
gas [19,20].

Figure 3 and Table 3 show that increasing stress substantially delayed breakthrough
and modified the evolution of the outlet concentration. For CO, injection, increasing
stress from 1.25 MPa to 12 MPa prolonged the breakthrough from 405 min to 675 min, a
delay of 270 min. At 1.25 MPa, CO; began to break through after approximately 405 min,
after which the outlet CO; concentration increased rapidly while the CHy concentra-
tion decreased. This indicates the gradual formation of an effective flow pathway and
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Outlet concentration (%)

the combined contribution of competitive adsorption and pressure-driven transport to
CHy4 release.

100 A

804

60 4

—@—CO, (1.25 MPa)
—O—CH, (1.25 MPa)
401 —m—CO, (12 MPa)

—@—N, (1.25 MPa)
—O—CH, (1.25 MPa)
—E—N, (12 MPa)
—O0—CH, (12 MPa)

100 H

80 1

60

40 1

Outlet concentration (%)

—0— CH, (12 MPa)
20
0
T T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 —200 0 200 400 600 800 1000 1200 1400 1600 1800
Injection time (min) Injection time (min)
(a) (b)

Figure 3. Effect of stress on outlet gas concentration changes: (a) CO, injection; (b) N; injection.

Table 3. Breakthrough time of injected gases under different stresses.

Stress CO; Breakthrough Time N; Breakthrough Time
(MPa) (min) (min)
1.25 405 15
12 675 25

At 12 MPa, the outlet CO, concentration remained low until approximately 675 min
and then increased more slowly than under low stress. The corresponding decrease in CHy
concentration was also smaller, and CH, remained relatively high in the late stage. These
results indicate that high stress restricts CO, migration pathways, reduces the rate of CO,
advance, delays breakthrough, and suppresses CH, desorption and discharge.

The pronounced delay of CO, breakthrough under 12 MPa suggests that, in deep coal
seams, field implementation may require higher sustained injection pressure, longer injec-
tion duration, reduced well spacing, or permeability-enhancement measures to establish
effective sweep and reservoir contact. However, any increase in injection intensity should
be balanced against injectivity loss associated with fracture compression and adsorption-
induced swelling. Therefore, the present laboratory results are used here to provide
qualitative design implications rather than direct field-scale values.

Stress also delayed N, breakthrough, but the magnitude of the delay was much smaller.
When stress increased from 1.25 MPa to 12 MPa, N, breakthrough time increased from
15 min to 25 min. This 10 min delay indicates that N, migrates much faster than CO,
and can penetrate the coal within a short period. At 1.25 MPa, N, broke through in the
early injection stage, and the outlet N, concentration increased rapidly while the CHy
concentration decreased sharply. This behavior confirms that Nj-assisted CHy recovery
is dominated by pressure-gradient-driven displacement soon after injection begins. At
12 MPa, the increase in N concentration was slower, but the system still showed rapid
breakthrough and sustained N enrichment at the outlet.

A direct comparison highlights the different stress responses of the two gases. Under
the same stress, the CO; breakthrough occurred much later than the Nj breakthrough:
405 min versus 15 min at 1.25 MPa, and 675 min versus 25 min at 12 MPa. CO, migration
is therefore not governed by pressure gradient alone; it is strongly affected by competitive
adsorption and stress-induced transport restriction. CO, preferentially adsorbs on the
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coal matrix and replaces adsorbed CHy, producing a pronounced adsorption-retardation
effect during migration. Ny, by contrast, is weakly adsorbed and more readily migrates
through the pore—fracture network, leading to shorter breakthrough times and faster
concentration increases.

From the perspective of the replacement-displacement transition, delayed break-
through means delayed formation and strengthening of displacement. Before the break-
through, the injected gas mainly diffuses, adsorbs, and replaces CH4 within the coal. After
the breakthrough, the increasing outlet concentration indicates progressive connection of
the gas pathway and a stronger pressure-displacement contribution. Stress, therefore, shifts
the transition from replacement control toward displacement control to later times. In Nj
systems, this delay mainly reflects the hindered development of pressure-displacement
pathways. In CO, systems, it reflects the combined effects of stress compression, strong
adsorption retention, and possible adsorption-induced swelling.

3.3. Effect of Stress on the Increase in Coal Gas Content

Coal gas content is the total amount of gas stored per unit mass or volume of coal
and is a key measure of coal adsorption and storage capacity. It generally comprises
adsorbed gas, free gas, and dissolved gas. In CBM adsorption and replacement studies,
coal gas content usually refers to the combined amount of adsorbed and free gas. The
increase in coal gas content during injection denotes the incremental gas stored in the coal
relative to the preceding time interval and reflects the combined effects of injected-gas
adsorption, retention, seepage, and CHj release. In the injection-displacement experiments,
this increase was determined by material balance:

Qt = Qin - Qout (1)

where Q; denotes the increase in gas content within the coal body per unit time (mL); Q;,
denotes the volume of gas injected per unit time (mL); and Q.+ denotes the volume of
mixed gas discharged per unit time (mL).

Unlike outlet flow rate or outlet concentration, the increase in coal gas content pro-
vides a material-balance perspective on how much injected gas is retained in the coal and
how much CHy is released. Stress-dependent changes in this parameter, therefore, help
identify how stress regulates adsorption, retention, seepage transport, and the replacement-
displacement transition.

During CO; injection (Figure 4a), the increase in coal gas content rose continuously
with injection time under both stress conditions. This positive growth indicates that,
after entering the coal, CO; not only migrated by pressure-driven seepage but also was
substantially adsorbed on the coal matrix, increasing the internal gas inventory. Compared
with 1.25 MPa, the growth rate at 12 MPa was slower, but the final increase in coal gas
content was higher.

Figure 5 shows that when stress increased from 1.25 MPa to 12 MPa during CO, injec-
tion, the cumulative injected volume changed only slightly, from 827,516 mL to 824,219 mL.
In contrast, cumulative outflow decreased markedly from 243,675 mL to 145,585 mL. The
resulting net gas increase in coal rose from approximately 583,841 mL to 678,634 mL, an
increase of about 16.2%. Thus, high stress restricted rapid CO, outflow, prolonged CO,
residence in the coal, and enhanced adsorption retention, even though fracture compression
reduced the migration rate.
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Figure 4. Effect of stress on the increase in coal gas content during gas injection: (a) CO, injection;
(b) N injection.
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Figure 5. Effect of stress on cumulative injection and outflow volumes: (a) CO, injection;
(b) N3 injection.

Mechanistically, CO, has a strong adsorption affinity for coal. It competes with CHy
for adsorption sites, releases adsorbed CHy, and is itself preferentially retained by the coal
matrix. At low stress, better fracture connectivity allows earlier CO, seepage breakthrough,
so more injected gas leaves with the mixed outflow and less remains in the coal. At high
stress, fracture closure and lower permeability restrict CO, discharge, allowing more CO,
to remain in the coal and participate in adsorption. Stress, therefore, has a dual effect on
CO,-ECBM: it weakens seepage transport but strengthens adsorption retention, leading to
a higher cumulative gas content in the coal [21].

Ny injection exhibited a distinct “increase-decrease—negative” trend (Figure 4b). At
the beginning of the injection, N; entered the pore—fracture system and produced a brief in-
crease in coal gas content. As the injection proceeded, however, weakly adsorbed N, could
not maintain substantial matrix retention. The process became dominated by pressure-
driven entrainment of CH4 and disturbance of adsorption equilibrium. Continuous CHy
desorption and outflow eventually caused the total outflow volume to exceed the injected
N, volume, so the net increase in coal gas content became negative.

For N injection (Figure 5b), increasing stress from 1.25 MPa to 12 MPa slightly
increased cumulative injected volume from 199,682 mL to 202,252 mL, while cumulative
outflow increased from 265,911 mL to 295,295 mL. The net gas increase, therefore, decreased
from approximately —66,229 mL to —93,043 mL. Although high stress compressed fractures
and reduced permeability, it also slowed the rapid N, throughflow and increased the

https://doi.org/10.3390/su18136772


https://doi.org/10.3390/su18136772

Sustainability 2026, 18, 6772

10 of 20

contact time between N, and coal. This longer residence time allowed for more complete
pressure-driven CHy release, producing a stronger reduction in coal gas content. To further
quantify the influence of stress on CO, and N, injection behavior, the stress responses
of key variables, including flow characteristics, breakthrough time, gas production, and
injection efficiency, are summarized in Table 4.

Table 4. Quantitative stress response of key variables in CO, and N injection.

Variable CO, CO, CO, Stress N, N, N, Stress
1.25 MPa 12 MPa Response 1.25 MPa 12 MPa Response
Breakthrough +270 min +10 min
time (min) 405 675 (+66.7%) 15 25 (+66.7%)
Cumulative injected 7 5 824,219 —0.4% 199,682 202,252 +1.3%
volume (mL)
Cumulative outflow o o
243,675 145,585 —40.3% 265,911 295,295 +11.0%

volume (mL)

Net gas retained in

583,841 678,634 +16.2% —66,229 —93,043

more negative

coal (mL) by 40.5%
Fm.al. 1n]ect100r1 23 15 -8 per.centage 64 66 +2 per.centage
efficiency (%) points points

Dominant more Displacement Delaved Transition

. Replacement Replacement retention- after the early . Y delayed but
mechanism displacement
controlled stage preserved

These results indicate that stress regulates coal gas content mainly by controlling
the pore—fracture architecture. CO, injection under high stress increases the coal gas in-
ventory because adsorption retention dominates, whereas N, injection produces a low
or negative coal gas content increase because displacement-driven CH, removal domi-
nates. The divergent stress responses of coal gas content reveal the mechanistic contrast
between strongly adsorbed and weakly adsorbed injection gases during the replacement-
displacement transition.

4. Discussion
4.1. Stress-Controlled Transition Between Replacement and Displacement

During CO,/N,-ECBM, injected gas promotes CHy production through coupled
adsorption competition, desorption, and seepage rather than through a single process.
Stress is a fundamental control on deep coal seams because it compresses pores and
fractures, modifies channel connectivity, and regulates gas migration rates. Quantifying
the dynamic transition between replacement and displacement under different stresses is
therefore essential for identifying the dominant recovery mechanism and for optimizing
ECBM parameters for different injected gases [22].

The stress effect can be separated into two coupled structural levels. At the fracture
scale, stress closure reduces fracture aperture and connectivity, which directly lowers
permeability, slows pressure transmission, decreases inlet/outlet flow rates, and delays
breakthrough. This contribution is mainly reflected in the flow rate curves and the evolution
of the outlet concentration. At the matrix scale, stress compression can narrow matrix
pores, particularly micropores and transition pores, thereby increasing diffusion resistance
and slowing the exchange between adsorbed CHy and free gas. This contribution is more
closely related to the delayed desorption response, the increase in coal gas content, and the
persistence of replacement-dominated behavior. Because the present experiment did not
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directly measure pore-size distribution or diffusion coefficients under stress, the relative
contribution of matrix-pore compression is interpreted qualitatively, whereas the fracture-
permeability contribution is constrained by the measured flow and breakthrough responses.

Before the injected gas breaks through the coal chamber, the injected gas remains
within the coal. In this stage, the injected gas disturbs the pre-established CH, adsorption
equilibrium through concentration and partial-pressure differences. According to Dalton’s
law of partial pressures, the fraction of injected gas that replaces CH4 and remains adsorbed
on or retained in the coal matrix provides a basis for quantifying replacement. As adsorption
sites become progressively occupied and injection continues, the flow rate tends to stabilize,
and CHy continues to desorb. A small fraction of the injected gas remains in the coal
and occupies newly available adsorption sites, whereas the remaining fraction migrates
through the coal and carries desorbed CHjy out of the chamber. Following Fick’s first
law and Darcy’s law, the dilution and entrainment caused by high-pressure gas flow are
attributed to displacement. Accordingly, the fraction of injected gas discharged with the
outlet flow provides a basis for quantifying displacement.

The instantaneous replacement ratio and instantaneous displacement ratio were de-
fined as follows:

AV, .

Rr = 5y 100 % @)
AVQ

Ry = 100%

4= gy x 100% 3)

where R, is the instantaneous replacement ratio (%), AV}, is the volume of injected source
gas retained in the coal during a time interval (mL), AV; is the injected source-gas volume
during the same interval (mL), R, is the instantaneous displacement ratio (%), and AV, is
the volume of injected source gas leaving the coal during that interval (mL).

The cumulative replacement and displacement ratios describe the integrated contribu-
tion of the two mechanisms over the entire injection process:

v

Rar = 7’: x 100% ()
v,

Ry = Vz x 100% (5)

where R;; is the cumulative replacement ratio (%), R,; is the cumulative displacement ratio
(%), Vy, is the cumulative retained source-gas volume (mL), V, is the cumulative outflowing
source-gas volume (mL), and V; is the cumulative injected source-gas volume (mL).

To strengthen the quantitative interpretation, the transition index was defined as
IIRD = R;/R;. The percentage contribution of each mechanism can therefore be expressed
directly by Rr and Rd at each time interval or cumulatively over the injection period.
To avoid purely qualitative statements such as “replacement dominated” or “displace-
ment dominated”, the transition threshold was identified by IIRD = R;/R; = 1, namely
Ry = R; =50%. A value of IIRD below unity indicates that CH, recovery is mainly pro-
duced by adsorption-controlled replacement, whereas a value above unity indicates that
pressure-controlled displacement has become the dominant contributor.

Figure 6a shows the evolution of instantaneous replacement and displacement ratios
during CO; injection. Under both 1.25 MPa and 12 MPa, the displacement ratio never ex-
ceeded the replacement ratio, indicating that CO,-ECBM remained replacement-dominated
throughout the test. Stress mainly delayed the development of displacement.
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Figure 6. Effect of stress on the dynamic transition between replacement and displacement: (a,b) CO,
injection; (c,d) Ny injection.

In the initial stage, the instantaneous replacement ratio was 100%, and the instanta-
neous displacement ratio was 0% under both stresses. CO, had not yet formed a connected
seepage pathway and was retained within the coal. Because CO, has a stronger adsorption
affinity for coal than CHy, it preferentially occupied adsorption sites and released adsorbed
CHj4. CH4 production in this stage was therefore controlled by competitive adsorption
replacement, with no effective displacement contribution.

After CO; advanced through the sample and began to break through, the instan-
taneous displacement ratio increased, and the replacement ratio decreased. Part of the
injected CO, migrated through fracture pathways and entrained CH4 while replacement
continued in the matrix. Nevertheless, the replacement ratio remained much higher than
the displacement ratio, showing that replacement remained the dominant mechanism.

At 12 MPa, the instantaneous replacement ratio remained close to 100% for a longer
period and decreased only slowly in the late stage. High stress compressed fractures
reduced effective connectivity and suppressed pressure transmission and seepage advance.
Adsorption-induced coal-matrix swelling associated with CO, may further narrow fracture
space, favoring CO; retention and adsorption replacement over displacement. The CO,
system, therefore, exhibited sustained replacement dominance and delayed displacement
development [23-25].

The cumulative ratios in Figure 6b further confirm this behavior. Under both stresses,
the cumulative replacement ratio remained far above the cumulative displacement ratio. At
low stress, the cumulative displacement ratio increased slightly in the late stage, indicating
a limited supplementary contribution of displacement as CO, migrated. At high stress, cu-
mulative displacement increased even less, and cumulative replacement remained near the
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dominant level, confirming that stress suppressed the seepage-displacement contribution
of C02

Ny, injection showed a different pattern (Figure 6¢). The N system displayed a clear
transition from replacement dominance to displacement dominance, and this transition was
more sensitive to stress. In the initial stage, before the N, breakthrough, the instantaneous
replacement ratio was 100%, and the displacement ratio was 0%. Because N, adsorbs much
more weakly than CO, [26-28], its competitive adsorption contribution was limited and
short-lived.

After N; breakthrough, the system entered a stage of rapid replacement attenuation
and rapid displacement growth. Weak adsorption limited N retention in the matrix, while
its greater mobility allowed it to migrate through fracture pathways and drive CHy out
under the pressure gradient. At 1.25 MPa, the displacement ratio increased quickly, and
the replacement ratio declined rapidly, indicating an early shift from replacement control
to displacement control.

In the late stage, the instantaneous displacement ratio exceeded the replacement
ratio. At 1.25 MPa, displacement approached near-complete dominance because connected
fractures enabled effective N, throughflow and pressure-driven CHy transport. At 12 MPa,
N still completed the transition to displacement dominance, but the transition point shifted
to later times. High stress closed fractures, compressed pores, and lowered permeability,
thereby slowing N, advance and pressure transmission. Stress thus delayed but did not
prevent displacement dominance in the N, system. The cumulative ratios in Figure 6d show
the same behavior at the whole-process scale: N,-ECBM eventually became displacement
dominated, but higher stress shifted the cumulative transition to later times.

Together, Figure 6a—d reveal a gas-type-dependent transition pathway. CO,, as a
strongly adsorbed gas, fully occupies adsorption sites and competes strongly with CHy;
even after breakthrough, replacement remains the dominant contribution. Increasing
stress further restricts CO, migration through fracture compression and adsorption-related
swelling, suppressing displacement. Ny, by contrast, cannot sustain strong replacement
because of its weak adsorption. It exhibits only a brief replacement-dominated stage before
mobile N; flows through fractures and displaces CH4 under a pressure gradient. High stress
delays the establishment of this displacement pathway but does not alter the late-stage
dominance of displacement [29,30]. Thus, stress-controlled replacement-displacement
transition is gas-type specific: CO, follows a sustained replacement-dominated pathway,
whereas N, follows a replacement-to-displacement transition pathway.

Using the I'IRD criterion, CO, did not reach the transition threshold within the tested
period under either stress level; thus, its displacement contribution remained secondary
even after breakthrough. For Ny, IIRD exceeded unity after breakthrough, indicating a
measurable transition from a short replacement stage to a displacement-dominated stage.
High stress shifted this transition to a later injection time by delaying flow path connection
and pressure transmission.

4.2. Stress Response and Mechanism of Replacement—Displacement Efficiency

The preceding section quantified how stress controls the dominant relationship and
transition between replacement and displacement. This transition also determines how ef-
fectively the injected gas contributes to CHy recovery. Replacement efficiency, displacement
efficiency, and total injection efficiency were therefore analyzed to evaluate the utilization
of the injected gas and to clarify the different stress responses of strongly and weakly
adsorbed gases.

Replacement efficiency was defined as the ratio of CH, produced by replacement to
the injected source-gas volume within a time interval. Displacement efficiency was defined
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as the ratio of CHy produced by displacement to the injected source-gas volume. Total
injection efficiency was defined as the ratio of the total outflowing CHy volume to the
injected source-gas volume:

AV ,CH. o
E,;= #{4 x 100% (6)
_ AVcn, o
— A‘/CH4 o,
E = AV, * 100% (8)

where E, ; is the replacement efficiency (%), AV, cy, is the CHy volume produced by
replacement during a time interval (mL), E;; is the displacement efficiency (%), AV cp,
is the CH4 volume produced by displacement during that interval (mL), E; is the total
injection efficiency (%), AV cp, is the total outflowing CHy4 volume (mL), and AV; is the
injected source-gas volume (mL).

Figure 7a,b shows that, during CO, injection, replacement efficiency was consistently
much higher than displacement efficiency. CH, recovery in the CO, system was therefore
controlled mainly by adsorption replacement. At 1.25 MPa, replacement efficiency and
total injection efficiency first increased and then decreased with time. In the early stage,
CO, preferentially occupied adsorption sites and promoted the desorption of adsorbed
CHy, leading to a rapid increase in replacement efficiency. As the injection continued, the
amount of readily replaceable CHy4 decreased, and part of the CO; began to break through
and discharge, causing replacement efficiency and total efficiency to decline. Displacement
efficiency remained low throughout and increased only slightly in the late stage, confirming
the limited contribution of pressure-driven displacement for CO; [31].

At 12 MPa, CO, replacement efficiency and total injection efficiency increased more
slowly, while displacement efficiency remained low. High stress compressed pores and
fractures, reduced flow-channel connectivity, and increased CO, transport resistance, lim-
iting both the effective diffusion range and the breakthrough process. Strong adsorption
also promoted CO; retention and could induce matrix swelling [32,33], further reducing
seepage space. Increasing stress therefore restricted pressure-driven displacement and
weakened the sustained ability of CO, to promote CHy production.

As shown in Figure 8, the final CO; injection efficiency decreased from 23% at
1.25 MPa to 15% at 12 MPa, demonstrating a clear stress-induced inhibition of CO,-assisted
CHy recovery.

Ny, injection exhibited a contrasting efficiency response. Figure 7c,d show that N, re-
placement efficiency increased rapidly at the beginning and then declined quickly, whereas
displacement efficiency increased and became the main contributor. Because N; adsorbs
weakly, it cannot remain on adsorption sites for long periods; its CHy4 recovery effect is
controlled mainly by gas migration and free-gas discharge under a pressure gradient. At
1.25 MPa, relatively open seepage channels allowed N to break through quickly, and
the recovery process shifted from limited initial replacement to pressure-driven displace-
ment dominance.

At 12 MPa, high stress compressed pores and fractures and reduced permeability, but it
did not substantially reduce final N injection efficiency. Because N is weakly adsorbed, it
produces little adsorption, retention, or matrix swelling. Moreover, the slower throughflow
under higher stress extended the residence time of N, in the coal, allowing more complete
contact with CH, and sustained pressure-driven displacement. Final N, injection efficiency
increased slightly from 64% at 1.25 MPa to 66% at 12 MPa (Figure 8), indicating that N, can
maintain high CHy-recovery efficiency under high stress.
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Figure 7. Effects of stress on replacement efficiency, displacement efficiency, and total injection
efficiency: (a,b) CO; injection; (¢,d) N, injection.
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Figure 8. Final injection efficiencies of CO, and N, under different stresses at the end of injection.

These efficiency results show that stress affects CO, and N; through different mecha-
nisms. In the CO, system, stress-induced pore—fracture compression and adsorption-related
swelling restrict migration and reduce sustained recovery, causing injection efficiency to
decrease. In the Nj system, weak adsorption and limited swelling allow the process to re-
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main displacement-controlled; the longer gas residence time under high stress can improve
injected-gas utilization. CO;-assisted CHy4 recovery is therefore adsorption-replacement
dominated and stress sensitive, whereas Nj-assisted CHy recovery is pressure-displacement
dominated and less adversely affected by stress.

The CO, results indicate a clear trade-off between CHy recovery and storage potential
under high stress. When stress increased from 1.25 MPa to 12 MPa, the net gas retained in
the coal increased from approximately 583,841 mL to 678,634 mL, whereas the final injection
efficiency decreased from 23% to 15%. This suggests that high-stress conditions favor CO,
retention and potential sequestration but penalize short-term methane recovery. Under in
situ conditions, long-term storage stability may benefit from strong adsorption retention,
whereas swelling-induced permeability loss and stress-related compaction may gradually
reduce injectivity and effective sweep. Based on the above results, the stress-regulated
replacement-displacement transition during CO, /N»-ECBM is conceptually summarized
in Figure 9. To further clarify the gas-specific response under stress-controlled ECBM
conditions, the performance characteristics of CO, and Nj injection are summarized and
compared in Table 5.

Dominant response
replacement controlled
delayed breakthrough
CO, storage potential

CO, pathway strong
adsorption affinity
retention + swelling

Increasing stress
fracture closure +
matrix-pore

compression lower
permeability

Field design gas
choice +
pressure/stress
optimization

N, pathway weak Dominant response

adsorption high
mobility limited
swelling

displacement controlled
rapid breakthrough high
CH, recovery efficiency

Figure 9. Conceptual synthesis of the stress-regulated replacement-displacement transition during

CO,/N,-ECBM.

Table 5. Summary comparison of CO, and N; performance for stress-controlled ECBM.

Item CO; Injection

N, Injection

Engineering Implication

Adsorption-controlled

Dominant mechanism
replacement

Pressure-controlled
displacement after the
early stage

Select CO, for storage-oriented
schemes and N for
drainage-oriented schemes

Breakthrough

behavior Long delay; 405-675 min

Rapid breakthrough;
15-25 min

CO, requires longer
contact/sweep time; Nj
requires control of early gas
breakthrough

Transport restriction and
adsorption retention
increase

Stress effect

Transition delayed, but
mobile displacement
remains strong

Deep seams need different
pressure schedules for CO,
and N,

Potential swelling narrows

Swelling/permeability fractures and reduces

Limited swelling; mobility

CO, injection should be coupled
with permeability enhancement

role injectivity remains high or staged injection
Primary benefit CHy repla(;ernent plus CO, High CHfl recovery Gas choice should follow the
retention/storage efficiency recovery-storage trade-off
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The higher overall efficiency of N, mainly arises from its weaker adsorption and lower
swelling tendency. A larger fraction of injected N, remains mobile within the pore—fracture
network and contributes directly to pressure-driven transport of CHy toward the outlet. In
contrast, a substantial portion of injected CO; is retained in the coal matrix, and part of the
injection effect is consumed by adsorption retention and swelling rather than sustained
CHjy-producing throughput, resulting in lower short-term overall efficiency. For deep, high-
stress coal seams, CO, injection must account for permeability loss caused by compaction
and swelling, whereas N, injection can better exploit pressure-displacement advantages to
maintain high recovery efficiency.

4.3. Stress-Response Scaling and Numerical Comparison

To provide a quantitative model beyond the conceptual comparison, the stress re-
sponse of representative variables was described by a normalized power-law form:

Y(0)/Y(00) = (6/00)",

where Y is a measured response variable, o is the applied vertical stress, o9 = 1.25 MPa is the
low-stress reference, and f3 is a stress-sensitivity exponent. For the present two-stress-level
dataset, 3 was calculated by:

B = In[Y(12 MPa)/Y(1.25 MPa)] /In(12/1.25).

This expression provides an empirical scaling relation for interpolation between the
tested stress states and for comparing the stress sensitivity of CO, and N, pathways.

Table 6 shows that CO, and N; have different stress-response signatures. The negative
(3 values for CO, cumulative outflow (—0.228) and final efficiency (—0.189) indicate that
higher stress suppresses CO; transport and CHy-producing throughput. By contrast,
N, shows a very small positive {3 for final efficiency (+0.014), meaning that the final N,
utilization efficiency was nearly insensitive to the tested stress increase. The positive
B of CO, retained gas (+0.067) supports the interpretation that high stress favors CO,
residence and storage potential, whereas the larger positive (3 for the magnitude of N net
gas decrease (+0.150) indicates stronger pressure-driven CHy removal under the high-stress
test. These numerical results support the mechanism classification derived from ITRD:
CO; follows a retention-dominated replacement pathway, whereas N, follows a mobile
displacement pathway after early breakthrough.

Table 6. Numerical stress-sensitivity comparison based on empirical power-law scaling.

Stress-Sensitivity

Variable Yat1l25MPa  Yat12MPa Relative Change Exponent B
CO, breakthrough time (min) 405 675 +66.7% +0.226
N, breakthrough time (min) 15 25 +66.7% +0.226
CO; cumulative outflow volume (mL) 243,675 145,585 —40.3% —0.228
N, cumulative outflow volume (mL) 265,911 295,295 +11.0% +0.046
CO; net gas retained in coal (mL) 583,841 678,634 +16.2% +0.067
N, net gas decrease magnitude (mL) 66,229 93,043 +40.5% +0.150
CO;, final injection efficiency (%) 23 15 —34.8% —0.189
Ny final injection efficiency (%) 64 66 +3.1% +0.014
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5. Conclusions

This study examined stress-controlled CO, and Nj injection for CHy recovery us-
ing physical simulation experiments and quantified the dynamic partitioning between
adsorption-controlled replacement and pressure-controlled displacement. The main con-
clusions are as follows:

(1) Increasing stress compressed the pore—fracture structure, weakened gas seepage
capacity, reduced inlet and outlet flow rates, and delayed injected-gas breakthrough.
CO, breakthrough time increased from 405 min to 675 min, whereas N, breakthrough
time increased from 15 min to 25 min. The absolute breakthrough delay of CO, was
much larger, confirming that CO, migration is more strongly controlled by adsorption
retention, swelling-related flow resistance, and stress compaction.

(2) Coal gas-content evolution revealed opposite gas-utilization pathways. Under CO,
injection, the net gas retained in the coal increased from approximately 583,841 mL
to 678,634 mL as stress increased, indicating enhanced CO, retention and storage
potential. Under N injection, the net gas balance became more negative, from approxi-
mately —66,229 mL to —93,043 mL, indicating stronger pressure-driven CH4 removal.

(3) TheIIRD = R;/R; criterion clarified the transition threshold between replacement
and displacement. CO; did not reach IRD = 1 within the tested period and therefore
remained replacement dominated. N, exceeded this threshold after breakthrough
and shifted to displacement dominance; higher stress delayed but did not prevent
this transition.

(4) The final injection efficiency reflected the recovery-storage trade-off. CO, efficiency
decreased from 23% to 15% under higher stress because pore—fracture compression
and adsorption-induced swelling restricted sustained CHy-producing flow. N effi-
ciency remained high, increasing slightly from 64% to 66%, because weak adsorption
and limited swelling allowed pressure displacement to remain effective.

(5) For engineering design, CO, is more suitable for storage-oriented ECBM, where long
residence time and retention are required, whereas N, is more suitable for rapid
drainage-oriented ECBM. Injection pressure, well spacing, and injection duration
should be adjusted according to stress regime, breakthrough time, outlet gas composi-
tion, and the I'IRD transition state.

The present conclusions are subject to several methodological limitations. First, the
experiments were conducted using reconstituted coal rather than intact cores, so the effects
of primary cleats, bedding, and natural fracture networks were not fully reproduced. Sec-
ond, only two stress levels were considered, and the results therefore describe the contrast
between low- and high-stress boundary conditions rather than a continuous stress-scaling
relationship. Third, replicate tests and direct pore-structure/permeability measurements
under stress were not included in the present experimental design. Therefore, the reported
replacement—displacement ratios, breakthrough times, and injection efficiencies should be
regarded as apparent values under the present controlled laboratory conditions. Future
work should include intact-coal experiments, multi-level stress loading, repeated tests,
direct permeability and pore-structure monitoring, and field-pilot validation.
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