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Article
Surfactant-Polymer Formulation for Chemical Flooding in
Oil Reservoirs

Dmitriy Podoprigora, Mikhail Rogachev and Roman Byazrov *

Department of Oil and Gas Fields Development and Operation, Empress Catherine II Saint Petersburg Mining
University, 2, 21st Line, 199106 St. Petersburg, Russia; podoprigora-1990@mail.ru (D.P.); rogatchev@mail.ru (M.R.)
* Correspondence: byazrow97@gmail.com

Abstract: A significant part of oil fields has reached a late stage of development, where
technologies aimed at increasing the oil recovery factor are becoming particularly relevant.
One such technology is surfactant-polymer flooding. To implement this technology, it
is necessary to select a chemical formulation that retains its properties under reservoir
conditions and enhances the efficiency of water flooding. This work presents a laboratory
evaluation of various polymer and surfactant samples to develop an effective chemical
formulation. The results demonstrate that anionic surfactants based on sodium laureth
sulphate and betaine significantly reduce interfacial tension at the oil-water interface of
the target reservoir. Furthermore, when combined with a partially hydrolysed polymer,
the sodium laureth sulphate-based surfactant increases the capillary number by 4500 times
(reducing interfacial tension from 32.77 mN/m to 0.065 mN/m and increasing the viscosity
of the injected agent from 0.5 mPa-s to 4.36 mPa-s). Based on core flooding studies, it
can be concluded that the proposed surfactant—polymer composition increases the oil
displacement factor from the core sample by 0.15-0.24, depending on the injection volume.
The selected formulation can be recommended for application in water flooding at the
target reservoir.

Keywords: enhanced oil recovery; polymer; surfactant; chemical flooding; surfactant-polymer
flooding

1. Introduction

Today, a significant portion of the world’s oil fields has entered a late stage of de-
velopment, characterised by a high water cut, a low recovery factor relative to initial
recoverable reserves, and a slow pace of production [1-4]. One such object, located in the
West Siberian Oil and Gas Basin in Russia, is represented by heterogeneous terrigenous
reservoirs associated with the Alym and Cherkashin formations.

The reservoirs under consideration are characterised by a high degree of heterogeneity
and lithological variability both laterally and vertically. Typically, the overall clay con-
tent and compartmentalisation of the section increase from the crest to the flanks of the
reservoirs. A distinctive feature is the alternation of massive sandstone intervals with thin
interbedded sand—clay sequences within the section. The average effective thickness is
3.7 m, ranging from 1.7 to 8.3 m, while permeability varies from 0.008 to 0.43 um?. The oils
in the AV reservoirs are low-viscosity, with an average viscosity of 2 mPa-s, ranging from 1
to 4.4 mPa-s. The clay content in the productive formation is moderate, up to 15%. The
salinity of formation water varies between 19 and 32 g/L. The average water cut of the
produced fluids is 90%, ranging from 70% to 97%.

Energies 2025, 18, 1814 https://doi.org/10.3390/en18071814
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The AV, development target, which includes the oil-bearing AV /3 and AV, reservoirs,
is the primary focus for the subsoil user in terms of production volumes and available
potential reserves. Although these reservoirs are hydrodynamically connected by more
than 70% and share a common oil-water contact (OWC), they differ significantly in terms
of structural characteristics and reservoir properties. The ratio of permeability values for
these reservoirs varies from 3 to 8 across different fields.

The development of the vast majority of such reservoirs is carried out with reservoir
pressure maintenance through continuous water injection into the formation via injection
wells. However, the efficiency of traditional water flooding in heterogeneous terrigenous
reservoirs, in terms of oil recovery factor, is still considered unsatisfactory [1].

For increasing the level of extraction in mature oil fields, various enhanced oil recov-
ery (EOR) technologies can be applied [2,5]. Some of these technologies aim to improve
the displacement and sweeping efficiency of water, primarily by adding various chem-
ical agents [6,7]. Such methods are commonly referred to as chemical EOR methods,
among which the following main types can be distinguished: polymer flooding, surfactant—
polymer (SP) flooding, and alkaline-surfactant-polymer (ASP) flooding.

The addition of thickening agents (polymers) to increase the viscosity of the displacing
fluid can be implemented in two scenarios [8]:

- When there is an unfavourable mobility ratio between oil and water;
- When the mobility ratio is favourable but the oil viscosity is low in reservoirs with a
certain degree of heterogeneity.

In the first case, inefficient displacement at the macroscopic level is observed, leading to
early water breakthrough followed by a prolonged period of oil production with increasing
water cut [9,10]. This situation is well illustrated by the phenomenon of “viscous fingering”,
which occurs due to the viscosity contrast between oil and water, resulting in the formation
of unswept zones [11]. This issue can also arise when injecting insufficiently viscous
polymer into reservoirs containing heavy oil. The above is clearly described by the mobility
ratio formula, which, under ideal conditions, should be equal to (1):

Aw - kw(Soy) * Mo

M = — =
Ao ko(swi) ’ I/lw

)

Ayp—mobility of water (dimensionless);

Ao—mobility of oil (dimensionless);

ky(s,,)—relative permeability to water at residual oil saturation (dimensionless);

ko(s,;)—Telative permeability to oil at irreducible water saturation (dimensionless);

Ho—Vviscosity of oil, mPa-s;

Hw—Viscosity of water, mPa-s.

In the second case, during conventional water flooding with a favourable mobility
ratio, the presence of high-permeability channels or significant reservoir compartmentali-
sation can lead to a reduction in sweep efficiency, both areal (lateral) and vertical [12,13].
The presence of high-permeability layers can also result in premature water breakthrough.
Under such conditions, increasing the viscosity through polymer flooding can significantly
improve sweep efficiency [14].

In the case of polymer flooding, it is not so much the compartmentalisation of the
reservoir that needs to be considered, but rather the degree of permeability contrast be-
tween its different parts. With a small permeability contrast, polymer flooding can have
a favorable effect by balancing the displacement profile between low-permeability and
high-permeability zones [15]. However, in cases of high heterogeneity (where the ratio
of maximum to minimum permeability is 20 times or more), the polyacrylamide (PAM)
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solution flows will predominantly occur in the high-permeability zone, which is typi-
cally already highly depleted. In such cases, technologies aimed at completely plugging
high-permeability intervals are necessary [16].

Additionally, the value of absolute permeability must be taken into account. The
lower limit, which is approximately 0.1-0.2 um? (the exact value depends on the properties
of the specific polymer), is determined by the ability of PAM molecules to pass through
small pores [17-19]. At lower permeability values, the size of PAM molecules becomes
comparable to the diameter of the pore channels, which can lead to pore plugging.

It is also important to note that, due to various microscopic effects associated with
the viscoelastic properties of polymer solutions, polymer flooding not only improves the
sweep efficiency, but also enhances the oil displacement factor. This refers to the additional
displacement of a portion of oil contained in dead-end pores, residual oil in already swept
pore channels of varying permeability, and oil held by capillary forces [20].

Some studies [21] suggest that the greatest improvement in oil displacement by poly-
mer solutions is attributed to the mechanism of elastic turbulence. This involves the chaotic
redistribution of flows in the boundary layer [22], causing micro-level pressure fluctuations
that, in turn, lead to variations in shear rates and changes in the mobility of oil and water
in zones with increased heterogeneity.

The authors [23] note that a polymer solution with viscoelastic properties displaces a
greater amount of oil than a Newtonian fluid of the same viscosity. Studies [24,25] associate
the reduction in residual oil saturation with the molecular weight of the polymer and the
relaxation time of the molecules during flow in a porous medium.

The pivotal parameter governing the efficacy of polymer flooding implementation is
the viscosity of the injected solution. The primary cause of viscosity loss stems from chain
scission, i.e., the rupture of polymer backbone structures. It is imperative to distinguish
between chain scission and degradation processes, as they entail fundamentally different
physicochemical mechanisms with distinct implications for polymer performance under
reservoir conditions [26].

Degradation refers to the deterioration of material properties—such as polymer sol-
ubility or solution viscosity loss—without the cleavage of macromolecular chains. This
phenomenon arises from alterations in macromolecular conformation, changes in polymer
coil dimensions, modifications to the chemical activity of functional groups, and their
interactions with polyvalent salt ions present in aqueous media.

In contrast, chain destruction entails the rupture and fragmentation of macromolecules
into smaller segments, thereby reducing the polymer’s molecular weight. This process
invariably diminishes polymer solution viscosity. Destruction mechanisms may be thermal,
chemical, mechanical, or biological in nature, each inducing distinct pathways of molecular
breakdown [27].

Elevated reservoir temperatures accelerate the hydrolysis of polyacrylamide. At 50 °C,
PAM hydrolysis proceeds at a negligible rate, with solutions maintaining prolonged sta-
bility irrespective of brine salinity or ionic composition [28]. At temperatures exceeding
70 °C, amide group hydrolysis occurs at a pronounced rate, rendering the polymer sus-
ceptible to polymineral aggression. Consequently, under such thermal conditions, PAM
application remains viable only when formation water contains calcium ions (Ca2") at
concentrations < 200 ppm [29].

Chemical or oxidative degradation predominantly proceeds via free-radical chain reac-
tions. The active centre forms in the polymer backbone through the abstraction of a tertiary
hydrogen atom. Subsequent oxygen molecule attachment generates a peroxide radical,
which may either abstract another tertiary hydrogen or induce chain destruction [30]. In
polymer flooding applications, such free radicals typically form through redox reactions
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between dissolved oxygen and either iron (II) species or hydrogen sulphide (H;S). The
resulting chain scission events reduce the polymer’s hydrodynamic volume, ultimately
leading to viscosity degradation [31].

The mechanical degradation of polymers occurs when macromolecules are subjected
to excessive shear rates or abrupt pressure differentials within pipes, chokes, orifices, or
pumping equipment. This induces molecular chain rupture, consequently diminishing
polymer viscosity [32,33].

Biological degradation can occur in both partially hydrolysed polyacrylamides and
polysaccharides, though with a higher probability in the latter case. The governing factors
include bacterial strains present in solution, pressure, temperature, salinity, and coexisting
chemical species. Biodegradation proceeds more rapidly in low-salinity environments at
moderate temperatures [33].

The degradation challenges posed by high salinity and temperature can be miti-
gated through acrylamide copolymerisation with hydrolysis-resistant monomers, such as
acrylamide-tert-butyl sulfonate (ATBS) [34].

ATBS is synthesised via the Ritter reaction utilising acrylonitrile and isobutylene in
the presence of sulphuric acid and water. This monomer has been extensively investigated
to address amide group stability issues under elevated temperature conditions.

Surfactants can enhance the oil recovery factor through the following two mechanisms:

(1) Reduction ininterfacial tension (IFT) at the oil-water interface;
(2) Alteration of rock wettability.

Interfacial tension can be defined as the force acting between molecules at the interface
of two phases [35], specifically at the oil-water interface.

Reducing interfacial tension contributes to an increase in the capillary number, which
is a dimensionless ratio of viscous forces to local capillary forces:

FV 0
N = B = Geoscosd Q)

Fy—viscous forces;

Fc—capillary forces;

p—viscosity of the displacing fluid, mPa-s;

v—uvelocity of the displacing fluid, m/s;

o—interfacial tension (surface tension), mN/m;

f—contact angle (wettability angle), degrees.

Experimental data show that as the capillary number increases, residual oil saturation
decreases [36].

It is important to note that the chemical substances mentioned above can also be
used in other field operations unrelated to enhanced oil recovery (EOR) technologies. For
example, surfactants can be employed in well-killing operations [37-39] or in technologies
aimed at preventing or removing asphalt-resin—paraffin deposits (ARPD) [40-42]. In
turn, polymers can be used in the preparation of drilling fluids [43,44], for sand control
production [45,46], reducing hydraulic resistance in pipes, and other operations [47].

Surfactants have the ability to dissolve in both water and oil, thereby reducing the
interfacial tension at the oil-water interface to sufficiently low values. This enables a high
capillary number, which helps overcome capillary forces and extract additional oil [48].

The first results of laboratory and field tests of ionogenic surfactants used as additives
in water flooding were published in the USA in the 1940s-1950s. There were more than
30 surfactant injection (water-soluble and oil-soluble surfactants) pilots on different fields
in Russia, but the first one was carried out in 1964 on Arlanskoye field. Aqueous solutions
of OP-10 were used [49].
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To date, over 700 chemical flooding projects have been implemented across diverse
geological and petrophysical environments. Given this study’s specific focus on surfactant—
polymer (SP) flooding technology, Table 1 summarises key operational parameters and
performance outcomes from the most thoroughly documented case studies in the literature.

Table 1. Key characteristics of fields and brief results of the SP flooding implementation.

: . Oil . . o
Field, Reservoir Temperature, . . Salinity, P bility, .
e Coluentry Technology Type ]c?C VixleI?as-lsty’ agl /nLl ¥ errrnneig ility, Porosity Results
1 Romashkino sp Sandstone 25 30 240 1300 023 Pilot is being
Russia [50] carried out
Kharyaga Pilot
2 Russia [51] SP Carbonate 62 0.8-1.1 200 300 0.09 preparation
Increase in oil
Daging production
3 China [52] SP Sandstone 52 12 6 1400 0.26 from 0.2 mt/y
to 4.06 mt/y
Zhonevuan Increase in
4 ney sp Not given 80-90 Not given 120 716 Not given  recovery factor
China [53] by 13.7%
Jilin Increase in
5 China [54] SP Not given 55 Not given 14 163 Not given recg\;elrz Eg(;a/:tor
Liaohe . . ) Increase in
6 China [55] SP Not given 55 Not given 3.5 285.9 Not given rec]c;;/,elrg/ A’lf;a/:tor
Changgin, Increase in
7 e SP Not given 51 Not given 12-26 67 Not given recovery factor
China [56] by 15.1%
Increase in
8 Dagang SP Not given 53 Not given 13.45 675 Not given  recovery factor
China [57] by 13.0%
Algyo sp Sandstone 98 0.64 0.15 70 0.23 Not given

Hungary [58]

As evidenced by Table 1, surfactant—polymer (SP) flooding implementation demon-
strates enhanced ultimate recovery factors, confirming the method’s significant potential
and operational viability.

However, the implementation of surfactant—polymer (SP) flooding technology requires
an individualised approach to develop an effective chemical formulation [59] that is compat-
ible with reservoir fluids and rock, maintains its key properties under reservoir conditions,
and maximises the potential for oil recovery. This article proposes a laboratory program
for the selection and evaluation of a formulation for chemical flooding, and presents the
results of research on the development of a SP composition for the AV reservoir.

2. Materials and Methods

2.1. Experimental Materials and Equipment
2.1.1. Polymer and Surfactant Samples

As part of the research, samples of partially hydrolysed polyacrylamide (HPAM) with
a hydrolysis degree of 20-30%, a molecular weight ranging from 7.3 to 20.3 million Da,
and an acrylamide-tert-butyl sulfonic acid content in the range of 0-15% were considered.
Preliminary screening was primarily governed by the target formation’s petrophysical
properties. Given the elevated reservoir temperatures and compromised rock—fluid charac-
teristics, conventional polymers risk property degradation or formation damage. However,
deploying thermally stable low-molecular-weight polymers necessitates higher capital
expenditures. Consequently, the aforementioned molecular weight and ATBS content
ranges were established to probabilistically optimise polymer selection.
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For surfactant pre-screening, the literature-based prediction of optimal surfactant—
crude oil interactions proves exceptionally challenging under specific reservoir conditions.
Therefore, we evaluated commercially available surfactants with documented field applica-
tions in chemical flooding projects. The surfactants evaluated included the following:

1. Anionic surfactants based on sodium alkylbenzene sulfonate, diethanolamide of lauric
acid, sodium laureth sulphate, dodecylbenzene sulfonate, and alpha-olefin sulfonate;
2. Amphoteric surfactants based on betaine and oleyl betaine.

Detailed information about the chemical reagents used is provided in Tables 2 and 3.

Table 2. Chemical properties of the examined polymers.

Intrinsic Viscosity, ATBS Content, Hydrolysis Molecular Weight,
Polymer dL/g Y % % D}c’egree},’ % 10° Da
FP 3230S 16.21 0 30 7.3
FP 3330S 18.3 0 30 9.3
FP 3630S 27.62 0 30 20.3
FP 5205 SH 20.61 5 20 12.7
FP 5205 VHM 23.32 5 20 16.1
FP 5115 SH 19.84 15 20 11.8

Table 3. Chemical properties of the examined surfactants.

Surfactant Type Chemical Formula
Sodium Alkylbenzene Sulfonate Anionic C1oHp5C¢H4SO3Na
Sodium Alkylbenzene Sulfonate Anionic C16H33C6H,SO3Na
Diethanolamide of Lauric Acid Anionic C1H33NO3
Sodium Laureth Sulfate Anionic CHj3(CH,)11(CH2CH;0)2505Na
Dodecylbenzene Sulfonate Anionic CH3(CH3)19CH,-SO3Na
Alpha-Olefin Sulfonate Anionic C14H»7SO3Na
Betaine Amphoteric CsH11NO;
Oleyl Betaine Amphoteric CyHysNO,

2.1.2. Brine Model

The solutions were prepared using a reservoir water model. The chemical composition
of the brine used for preparing the working solutions is presented in Table 4.

Table 4. Parameters of brine.

Parameter Value
Ca’*, mg/L 940.0
Mg?*, mg/L 96.0

Na*™*K*, mg/L 7753.1

Cl~, mg/L 13,736.88

HCO3™, mg/L 268.4
SO,~, mg/L 1.26

2.1.3. Core Samples and Oil Samples

For the core flooding studies, extracted, dried, cylindrical core samples from the target
reservoir and oil collected from the field’s wells were used.

Cylindrical cores were drilled from reservoir rock samples. The plugs underwent
hydrocarbon extraction using an azeotropic alcohol-benzene mixture (1:3 vol ratio) in a
Soxhlet apparatus, followed by salt removal via distilled water rinsing. Cleaned samples
were oven-dried to constant mass at 105 & 2 °C and stored in desiccators containing
anhydrous calcium chloride.
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Petrophysical characterisation employed an automated system for porosity and per-
meability measurements by Geologica. Following property determination, cores were
vacuum-saturated with crude oil. Initial oil volume was quantified through gravimetric
analysis pre- and post-saturation. Saturated cores were then loaded into core holders and
conditioned at test temperature (57.0 & 0.5 °C) for 24 h.

Table 5 provides information on the core samples used.

Table 5. Information on the core samples used.

Diameter The Mass of

Sample . A1 Mass of 0il Sample
N Leng%h, S(;ﬁr:hf Porg/)suy, Permeal;)lllty, the Dry tlsle Samp(lie Volume, Volume,
cm pl€, ° pm Sample, g aturate mL cm’
cm ’ with Oil, g
Core samples for core flooding studies of polymer solutions
1 3.42 2.98 22.43 0.193 47.45 52.11 5.35 23.85
2 3.37 3.01 21.48 0.172 48.05 52.54 5.15 23.98
3 3.18 2.99 23.24 0.191 45.25 49.77 5.19 22.33
4 3.24 297 23.43 0.189 44.9 49.48 5.26 22.45
Core samples for core flooding studies surfactant polymer solutions
1 3.37 3.02 22.12 0.075 49.15 53.8 5.34 24.14
2 3.17 3.00 24.5 0.116 48.94 53.72 5.49 2241
3 3.07 3.01 25.63 0.069 48.86 53.74 5.6 21.85

2.1.4. Experimental Equipment

The rheological properties of the solutions were studied using a Brookfield DV2T
rotational viscometer (Brookfield Ametek, Middleboro, MA, USA) equipped with a UL
adapter for measuring low viscosity. To accurately evaluate the interfacial tension at the
oil-surfactant solution interface, studies were conducted using the KRUSS SDT 100 ten-
siometer (KRUSS Scientific, Hamburg, Germany) with the spinning drop method. Core
flooding studies were performed using an automated unit, the RPS-812 (CoretestSystem-
sCorporation, Morgan Hill, CA, USA).

2.2. Experimental Methods

The research program for polymer solutions, surfactant solutions, and surfactant-
polymer compositions is presented in Figure 1.

Studies on Polymer Solution Properties
Determination of polymer dissolution time; evaluation of rheological properties of solutions:
viscosity curves as a function of shear rate and polymer concentration; measurement of static
polymer adsorption; assessment of polymer solution stability; determination of polymer

displacement characteristics

Studies on Surfactant Solution Properties
Evaluation of surfactant solubility in injected water; phase behavior of surfactant solutions with
oil; dependence of IFT at the surfactant solution—oil interface on surfactant concentration;
measurement of static surfactant adsorption; assessment of the influence of temperature and

system salinity on IFT at the surfactant solution—oil interface.

Studies on Surfactant-Polymer Formulation Properties

Influence of surfactant and polymer concentration on the key properties of the chemical

composition; core flooding studies

Figure 1. Laboratory tests program (developed by the authors).
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2.2.1. Requirements for Polymers and Experimental Methodology

The main criteria for ranking different polymer grades are as follows:

Compatibility with the reservoir water (absence of lumps or precipitates during
solution preparation). The methodology is based on the periodic visual assessment of
polymer powder dissolution during solution preparation. As the polymer dissolves,
the solution becomes homogeneous, and no polymer particles should remain. The
acceptable dissolution time should not exceed 240 min.

Rheological properties, specifically achieving maximum solution viscosity at mini-
mum concentration. The methodology involves measuring the viscosity of polymer
solutions at various spindle rotation speeds (shear rates) using a rotational viscometer.
Resistance to mechanical degradation. The mechanical stability coefficient is calcu-
lated as the ratio of the viscosity of the degraded solution to the original solution.
The mechanical stability coefficient should be above 0.85. The methodology involves
measuring the viscosity of the polymer solution before and after vigorous stirring
using a paddle mixer at high rotation speeds (2000 rpm and above).

Thermal stability of polymers. This is determined as the ratio of the viscosity of the
solution after heating and prolonged exposure to the viscosity of the original solution
at reservoir temperature. The thermal stability coefficient should be above 0.85.
Compatibility of polymer molecular weight with the reservoir properties. Given the
poor reservoir properties (low-permeability zones), the polymer formulation must
ensure an appropriate flow level (no excessive plugging). The key factor influencing
the free flow of the polymer solution is its molecular weight. According to the
information presented in [8], an empirical correlation between the number-average
molecular weight and the absolute permeability of the rock has been proposed and is
presented in Table 6.

Table 6. Empirical correlation between number and average molecular weight and absolute rock per-

meability.
Average Molecular Weight, Million Da Absolute Permeability, um2

>20 1

18-20 0.75

15-18 0.5

12-15 0.35

8-12 0.2
5-8 0.1
1-5 0.01

It is important to note that Table 6 should be used with caution, as chemical com-

positions and salinity can significantly affect the hydrodynamic volume of the polymer,

sometimes enabling its propagation in lower-permeability layers. During the study, the

most suitable polymer formulations will be tested in core flooding experiments to verify

the compatibility of the molecular weight with the flow properties of the rock.

2.2.2. Requirements for the Surfactant

Based on the review of scientific publications and studies on this topic, the following

key criteria/requirements for surfactants have been formulated [60]:

1.

Good solubility in water under standard (20 °C) and reservoir conditions. The method-
ology is based on a visual assessment of the solution’s appearance during mixing.
Some surfactants form cloudy solutions when dissolved, and in some cases, salting
out or precipitation of the surfactant may occur (Figure 2). The criterion for surfactant
solubility is the preservation of solution transparency for at least 3 days.
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Figure 2. Solubility surfactant in water.

2.

Ensuring a consistently low level of IFT for dispersing trapped oil and washing
residual oil films from the rock. Two approaches are used to evaluate the reduction in
IFT. The first method is based on assessing the phase behavior of surfactant solutions
and oil (determining Winsor types), a rapid method. The second method involves
a quantitative assessment of IFT in mN/m using the spinning drop method, a more
accurate evaluation method.

Low level of adsorption on the rock. The methodology involves keeping surfactant
solutions in contact with the rock (with periodic stirring) for 2 days in a thermal
chamber at reservoir temperature (57 °C). After this period, the solutions are separated
from the rock by centrifugation, and the residual surfactant concentration in the
solution is measured. In this case, concentrations are determined indirectly, based on
the dependence on interfacial tension.

Stability of the surfactant solution across various temperature and salinity ranges. The
methodology involves measuring IFT using the spinning drop method at different
temperatures and salinities.

Next, the compatibility of surfactants and polymers was evaluated. This stage involves

assessing solubility in the water model and evaluating the influence of component concen-

trations on the key properties of the chemical composition (viscosity, interfacial tension).

In the final stage, core flooding studies on the developed composition were conducted.
Core flooding studies were performed in accordance with OST 39-195-86 “Oil. Method for
determining the oil displacement coefficient by water under laboratory conditions” [61].

3. Results and Discussions

3.1. Polymer Studies
3.1.1. Evaluation of Polymer Solubility

Polymer solutions with concentrations of 5000 ppm were prepared at a water temper-

ature of 20 °C using an overhead stirrer at a rotation speed of 300 rpm. The results of the

study are presented in Table 7.

Table 7. Dissolution time of polymers.

Polymer Dissolution Time, min
FP 3230S 60
FP 33305 90
FP 36305 160
FP 5205 SH 120
FP 5205 VHM 140
FP 5115 SH 110
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As can be seen, all the polymer samples under consideration met the solubility crite-
rion: the dissolution time was less than 240 min.

3.1.2. Rheological Curves for Polymer Samples

The results of the studies are presented in Figures 3-8. Figure 9 shows the depen-
dence of the effective viscosity of the polymer solution on concentration (at a shear rate
of 7.34s71).
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Figure 3. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
FP 3230S.
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Figure 4. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
FP 3330S.
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Figure 5. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
FP 3630S.
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Figure 6. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
FP 5205 SH.
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Figure 7. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
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Figure 8. Dependence of effective viscosity on shear rate at various mass concentrations of polymer
FP 5115 SH.
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Figure 9. Dependence of effective viscosity of polymer solution on polymer concentration.

According to the obtained rheological curves, all prepared polymer solutions exhibited
mainly pseudoplastic behavior in the shear rate range from 0.6 to 122.3 s~ L. It is important
to note that studies of polymer solutions using highly sensitive viscometers have shown
that at low shear rates, Newtonian flow predominates. After the first critical value, the
apparent viscosity decreases (pseudoplastic behavior), and upon reaching the second
critical shear rate value, the flow becomes dilatant (increase in apparent viscosity) [25,62].
Once the maximum possible stretching of polymer chains is achieved at high shear rates,
molecular degradation occurs, leading to a reduction in the apparent viscosity of the
solution [63]. Determining the dependence of polymer solution viscosity on shear rate
allows for the further modeling of its movement in the injection system and reservoir,
enabling the selection of the most suitable composition for specific conditions [64].

Given the range of oil viscosity for the target reservoir (1 to 4.4 mPa-s), the viscosity
of the polymer solution should exceed this value. When selecting the concentration, the
viscosity corresponding to the second Newtonian plateau (viscosity at high shear rates)
must be considered. Thus, the target concentrations for the polymers are as follows: FP
3230 S—0.23 wt.%; FP 3330 5—0.23 wt.%; FP 3630 5—0.15 wt.%; FP 5205 SH—0.175 wt.%;
FP 5205 VHM—0.15 wt.%; FP 5115 SH—0.18 wt.%.

3.1.3. Studies on the Mechanical and Thermal Stability of Polymers

During the implementation of polymer flooding technology, mechanical degradation
of the polymer occurs during the injection process (in pump units, perforation intervals, and
near-wellbore zones) due to shear stresses [32,33]. The degree of mechanical degradation
depends on the intensity and duration of shear exposure and must be considered when
designing the technology. Polymer solutions with working concentrations were prepared
using model water. The viscosity of the initial solutions was measured at a temperature
of 57 °C and a shear rate of 7.34 s~!. Then, the solutions (500 cm?®) were stirred at a
mixer speed of 2000 rpm for 10 min, allowed to settle until air bubbles dissipated, and
their viscosity was measured after mechanical degradation. The results of the studies are
presented in Table 8.

Table 8. Results of the study of polymer solution stability / resistance to mechanical degradation.

Parameter FP 3230 FP 3330 FP 3630S FP 5205 SH FP 5205 VHM FP 5115 SH
Initial Concentration, wt.% 0.23 0.23 0.15 0.175 0.15 0.18
Viscosity of Initial Solution, mPa-s 9.9 9.8 10.3 10.2 10.1 9.7
Viscosity of Degraded Solution, mPa-s 8.9 8.7 8.8 9.3 9.1 9.1
Mechanical Stability Coefficient 0.90 0.89 0.85 091 0.90 0.94

12
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Polyacrylamide polymers under reservoir conditions can undergo thermo-oxidative
degradation due to high temperatures and reactive components present in the water, rock,
and the polymer reagent itself. This leads to a reduction in solution viscosity and a deteri-
oration of their technological properties [31]. The thermal stability of the polymers was
evaluated based on the dynamics of viscosity changes under the influence of temperature.
The resistance coefficient to thermo-oxidative degradation was calculated as the ratio of
the viscosity after a specified exposure time to the viscosity of the initial solutions at a fixed
shear rate (7.34 s 1).

The results of the studies are presented in Table 9 and Figure 10.

Table 9. Results of the study of polymer solution stability /resistance to thermo-oxidative degradation.

Parameter FP 3230 FP 3330 FP 3630S FP 5205 SH FP 5205 VHM FP 5115 SH
Viscosity of Initial Solution, mPa-s 9.80 9.70 10.30 10.20 10.10 9.70
Viscosity of Degraded Solution, mPa-s 8.70 8.20 8.00 9.60 9.40 9.40
Thermal Stability Coefficient 0.89 0.84 0.78 0.94 0.93 0.97
11.00
£ 10.00
&
&
g
0 &
£ 750
é ' —o— FP 3230S —e— FP 3330S
| 700 | o Fp3630S FP 5205SH
630 | _e—FP505VHM —e—FP51155H
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Figure 10. Dependence of polymer solution viscosity on exposure time at 57 °C (shear rate 7.34 s~ 1).

As can be seen from the obtained results, polymer solutions containing ATBS
(acrylamide-tert-butyl sulfonic acid) demonstrate better resistance to thermo-oxidative
degradation. The viscosity loss coefficient for the aforementioned polymer solutions does
not exceed 10%.

3.1.4. Evaluation of Polymer Solutions Flowability in Porous Media

Table 10 provides the main information about the polymer solution samples used in
the experiments.

Table 10. Main information on polymer solution samples for core flooding experiments.

. Concentration, Effective Viscosity
N Polymer Sample wt.% (7.34 s-1.57 °C), mPa-s
1 FP 3630 S 0.15 9.8
2 FP 5205 VHM 0.15 9.9
3 FP 5205 SH 0.175 10.1
4 FP 3230 S 0.23 9.9

Figures 11-14 illustrate the dynamics of pressure drop changes depending on the pore
volume injected for the following cases.

13
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Figure 11. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 1).
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Figure 13. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 3).
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Figure 14. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 4).

After all preparatory procedures and placing the core in the core holder, the first stage
of the core flooding experiment involved simulating water flooding of the core by injecting
water at a specified flow rate until oil displacement from the core holder ceased.

In the next stage of the core flooding study, a polyacrylamide solution prepared using
the model injection water was injected, with simultaneous sampling at the outlet of the
model until pressure stabilization. After sampling, the polymer solution was continuously
injected until pressure stabilization was achieved at each flow rate. To assess mechanical
degradation, polymer samples were collected after pressure stabilization at each flow rate.

In the final stage of the experiment, at the minimum rate, the polymer solution was
displaced by injecting water while collecting samples. Thus, the core flooding experiment
can be divided into three main stages:

1. Water injection before polymer solution injection;
2. Polymer solution injection;
3. Water injection after polymer solution injection.

Water, polymer, and surfactant-polymer solutions were injected at a constant rate
of 1 mL/min. The injection rate selection was primarily guided by capillary number.
While the hydrodynamic modelling of reservoir conditions suggested an optimal rate
of 0.1 mL/min, laboratory implementation at this rate would require prohibitively long
experimental durations.

Employing this parameter for capillary number calculation yields a dimensionless
value of 10~7. When recalculated at the experimental injection rate of 1 mL/min, the re-
sulting capillary number magnitude decreases to 10~8. This order-of-magnitude variation
remains methodologically acceptable as it conserves the capillary-dominated displace-
ment regime (Nc < 10~°), thereby preserving the fundamental fluid dynamics governing
the process.

Table 11 presents the main results of the core flooding experiments.

Figure 15 shows the dependence of the RF resistance factor on the value of the molec-
ular weight of the polymer for the same values of the effective viscosity of 10 mPa s (shear
rate 7.34 s~ !, temperature 57 °C).

The resistance factor is an indicator that reflects how many times the mobility of the
displacing agent has changed when switching from a water injection to a polymer solution
injection. Thus, the resistance factor is determined by two main mechanisms: an increase
in the viscosity of the displacing agent and a decrease in relative permeability.

15
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Table 11. Results of the core flooding tests with polymer solutions.

Parameter Exp. 1 Exp. 2 Exp. 3 Exp. 4
Core Sample Length and Diameter, cm 3.2/2.98 3.37/3.01 3.18/2.99 3.24/2.97
Core Sample Porosity, % 22.43 21.48 23.23 23.43
Core Sample Permeability, jm? 0.193 0.172 0.191 0.190
Polymer Sample FP 36305 FP 5205 VHM  FP 5205 SH FP 3230 S
Concentration, wt.% 0.15 0.15 0.175 0.23
Effective Viscosity, mPa-s 9.8 9.9 10.1 9.9
Displaced Oil Volume (by Water), mL 2.6 2.65 2.70 2.9
Displacement Coefficient (by Water) 0.49 0.51 0.52 0.55
Displaced Oil Volume (with Polymer), mL 29 3.00 3.25 3.35
Displacement Coefficient (by Polymer) 0.54 0.58 0.63 0.64
Increase in Displacement Coefficient 0.06 0.07 0.11 0.09
Resistance Factor (RF) 4391 33.02 19.51 12.73
Residual Resistance Factor (RRF) 8.35 417 3.88 4.86
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Figure 15. Dependence of RF on polymer molecular weight for an effective viscosity of 10 mPa-s
(shear rate: 7.34 s 1 temperature: 57 °C).

Additionally, in Figure 15, the red dots indicate the values of the maximum effective
viscosity measured during the studies using a rotational viscometer for each of the consid-
ered polymers. A significant excess of the resistance factor over this value may indicate
excessive retention of the polymer on the rock.

Polymer retention in the porous medium is caused by the following three mecha-
nisms: mechanical entrapment, hydrodynamic retention, and adsorption, as illustrated in
Figure 16.

la}
\ Mechanical |43
O entrapment

Figure 16. Polymer retention in pore volume [65].
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The mechanical entrapment of polymers is caused by the large size of their molecules
relative to the pore size. Therefore, when selecting a polymer, attention must be paid
to the molecular size and the flow properties of the reservoir to avoid channel plugging.
Typically, the influence of this mechanism in rocks (except for low-permeability ones) is
small, and in most practical cases, it can be neglected by properly selecting the polymer
composition [33,66].

Hydrodynamic retention is the least studied mechanism of polymer retention and
depends on the injection rate. As the injection rate increases, hydrodynamic retention also
increases. However, it is worth noting that this component does not significantly affect the
overall level of polymer retention in the pore volume and is not a critical factor for polymer
flooding in field conditions.

Adsorption refers to the interaction between polymer molecules and the solid surface.
This interaction involves the bonding of polymer molecules with elements of the rock,
typically those with low free energy [67].

Thus, polymers with a resistance factor significantly exceeding the maximum effective
viscosity value are not suitable candidates for use in the target reservoir from the perspective
of flowability in porous media.

On the other hand, the increase in the displacement factor for various polymers ranges
from 0.06 to 0.11. Moreover, there is a slight increase in the oil displacement coefficient
with a decrease in molecular weight. The highest increase in the additional displacement
factor is observed for the FP 5205 SH sample.

Based on the obtained results from the polymer studies, the FP 5205 SH sample will
be considered for further testing.

3.2. The Study of Surfactant Properties
3.2.1. Evaluation of Surfactant Solubility

The first stage of laboratory studies involved assessing solubility in model water,
which simulates the composition of the injected water in the target reservoir.

All solutions were prepared with a concentration of 1 wt.%. Solubility was evaluated
at a standard temperature visually over a period of 3 days. The results of the study are
presented in Table 12.

Table 12. Results of surfactant solubility.

Surf Solubility
urfactant 1h 1 Day 2 Day 3 Day
Sodium Alkylbenzene Sulfonate Soluble Sediment Sediment Sediment
Sodium Alkylbenzene Sulfonate Soluble Sediment Sediment Sediment
Diethanolamide of Lauric Acid Soluble Soluble Opalescence Opalescence
Sodium Laureth Sulphate Soluble Soluble Soluble Soluble
Dodecylbenzene Sulfonate Opalescence Opalescence Opalescence Opalescence
Alpha-Olefin Sulfonate Soluble Soluble Soluble Soluble
Betaine Soluble Soluble Soluble Soluble
Oleyl Betaine Soluble Soluble Soluble Soluble

3.2.2. Evaluation of Phase Behavior

As noted earlier, studies on surfactant phase behaviour at the oil-water interface
allow for the assessment of their ability to form microemulsions, which indirectly indicates
improved oil displacement efficiency.

It is believed that in optimal surfactant systems, the IFT at the interface approaches
0.001 mN/m. According to the classification presented in the works of M.L. Surguchev,
when the interfacial tension at the “oil-surfactant solution” interface decreases, four types
of emulsions can form (Figure 17) [14]:
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Figure 17. Types of emulsions [14]: 1—water; 2—microemulsion balanced with oil and water; 3—

oil; 4—microemulsion balanced with water; 5—microemulsion balanced with oil; 6—unbalanced

microemulsion.

Type I: A non-equilibrium solution with a high surfactant concentration, soluble in
both water and oil.

Type II: A solution balanced with oil and soluble only in water. Over time, excess oil
separates from the solution, forming a stable phase boundary. The interfacial tension at
the oil interface is low (0.1-0.001 mN/m), while at the water interface, it is zero. This type
is called a solution with an external aqueous phase, sometimes referred to as the “lower
phase” or oil-in-water microemulsion.

Type III: A solution balanced with water and soluble only in oil, or a solution with
an external hydrocarbon phase, sometimes called the “upper phase” or water-in-oil mi-
croemulsion.

Type IV: A solution insoluble in both water and oil, i.e., balanced with oil and water,
sometimes referred to as the “middle phase”. This solution has very low interfacial tension
at both the oil and water interfaces (0.001-0.0001 mN/m), enabling miscible displacement.

To study the phase behaviour of surfactant solutions at the oil-water interface, equal
volumes of crude oil from the target reservoir and surfactant solutions at a concentration of
1 wt.% were added to measuring cylinders. The studies were conducted at a temperature
of 57 °C and a water-to-oil phase ratio of 1:1.

Figure 18 presents the results of the phase behaviour of surfactants based on sodium
laureth sulphate, oleyl betaine, diethanolamide of lauric acid, and betaine.

As can be seen from Figure 18, surfactant samples No. 1 and No. 4 (sodium laureth
sulphate and betaine) have the ability to form emulsions. Moreover, sample No. 1 forms a
Type IV emulsion, i.e., a solution insoluble in both water and oil. This solution has an IFT
of 0.001-0.0001 mN/m. Surfactant sample No. 4 forms a Type Il solution, characterised
by interfacial tension in the range of 0.1 to 0.001 mN/m. On the other hand, no ability to
form an emulsion with oil was observed for samples No. 2 and No. 3 (oleyl betaine and
diethanolamide of lauric acid).

Figure 19 presents the results of the phase behaviour of surfactants based on dodecyl-
benzene sulfonate and alpha-olefin sulfonate.

As can be seen from Figure 18, the surfactant sample based on dodecylbenzene
sulfonate (left) forms a Type IV emulsion, i.e., a solution insoluble in both water and oil.
This solution has an interfacial tension of 0.001-0.0001 mN/m. The surfactant sample based
on alpha-olefin sulfonate (right) did not demonstrate the ability to form an emulsion with
the studied oil.
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Figure 18. Phase behavior experiment of surfactant samples (based on sodium laureth sulphate, oleyl

betaine, diethanolamide of lauric acid, and betaine) at the oil-water interface.

Figure 19. Phase behavior experiment of surfactant samples (based on dodecylbenzene sulfonate and

alpha-olefin sulfonate) at the oil-water interface.

Table 13 presents the results of the phase behaviour studies of surfactant solutions

and oil.

Table 13. Results of phase behavior studies of surfactant solutions and oil.

Surfactant Type Emulsion Type Interfacial Tension, mN/m Observation
Sodium Laureth Sulphate Type IV 0.001-0.0001 Forms emulsion
Oleyl Betaine None - No emulsion
Diethanolamide of Lauric Acid None - No emulsion
Betaine Type I 0.1-0.001 Forms emulsion
Dodecylbenzene Sulfonate Type IV 0.001-0.0001 Forms emulsion
Alpha-Olefin Sulfonate None - No emulsion
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Solutions that demonstrated the ability to form emulsions will be further investigated

in subsequent tests.

3.2.3. Study of IFT Dependence on Surfactant Concentration

IFT studies at the “surfactant solution-oil” interface were conducted in the concentra-
tion range of 0.1 wt.% to 2 wt.% at the target reservoir temperature. Upon reaching the
target temperature, the system automatically records 10 measurements at 10 s intervals.
The resulting dataset is subsequently processed to generate a report containing averaged
temperature and interfacial tension (IFT) values.

Figure 20 and Table 14 present the results of determining the interfacial tension at the
“surfactant solution-oil” interface for various surfactant samples.
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Figure 20. Dependence of interfacial tension at the “surfactant solution-oil” interface on the logarithm

of surfactant concentration.

Table 14. Results of interfacial tension determination at the “surfactant solution-oil” interface.

Sodium Laureth Sulfate Betaine Dodecylbenzene Sulfonate
Concentration, Temperature, Concentration, Temperature, Concentration, Temperature,

Lo IFT, mN/m A5 WL IFT, mN/m AP Lo IFT, mN/m A5
0.1 0.2312 56.9 0.1 0.07361 56.8 0.1 0.47011 56.9
0.25 0.1154 56.8 0.25 0.06422 56.9 0.25 0.37612 56.9
0.4 0.04988 56.9 0.4 0.05423 57.0 0.4 0.11211 56.8
0.45 0.02298 56.9 0.5 0.03599 57.0 0.5 0.09691 56.9
0.5 0.01649 57.0 0.6 0.02211 56.9 0.6 0.08612 56.9
0.7 0.01512 56.9 0.7 0.01923 56.8 0.7 0.08514 56.9
1 0.01462 56.9 1 0.02017 56.9 1 0.03499 57.0

2 0.01407 56.9 2 0.01892 56.9 2 0.03511 57.0

The experimental data demonstrate that all investigated surfactants exhibit signifi-
cant potential for interfacial tension reduction. A systematic IFT decrease was observed
with an increasing surfactant concentration, reaching minimal values within the 0.5-1%
concentration range. An optimal IFT reduction to 0.01-0.1 mN/m substantially enhances
oil displacement efficiency through two synergistic mechanisms: (1) increased capillary
number (Nc) and (2) reduced residual oil saturation in pore spaces. Maximum perfor-
mance is achieved at concentrations exceeding the CMC, where the combined effect of
minimized IFT and enhanced polymer solution viscosity improves both sweep efficiency

and ultimate recovery.
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Based on the obtained results, the critical micelle concentration was determined for
each of the studied surfactants. The CMC for the surfactant based on sodium laureth
sulphate was 0.5 wt.%, for the surfactant based on betaine it was 0.6 wt.%, and for the
surfactant based on dodecylbenzene sulfonate, the CMC was achieved at a concentration of
1 wt.%. Furthermore, for the surfactants based on sodium laureth sulphate and betaine, the
interfacial tension at the “surfactant solution-oil” interface was 2 times and 1.5 times lower,
respectively, compared to the surfactant based on dodecylbenzene sulfonate. Therefore,
only two surfactant samples—based on sodium laureth sulphate and betaine—will be used

for further studies.

3.2.4. Studies of Static Surfactant Adsorption

Table 15 presents the results of static surfactant adsorption studies.

Table 15. Results of static surfactant adsorption studies.

Parameter Sodium Laureth Sulphate Betaine
Initial Mass of Solution, g 51.25 48.11
Concentration, wt.% 0.50 0.60

IFT of Initial Solution, mN/m 0.01649 0.02211

IFT of Solution After Contact with Rock, mN/m 0.10912 0.05012
Final Surfactant Solution Concentration, wt.% 0.28 0.41
Static Surfactant Adsorption, ug/g 1127.5 914.1

The obtained values of static adsorption are 1127.5 ng/g for the surfactant based on
sodium laureth sulphate and 914.1 ug/g for the surfactant based on betaine. These values
can be considered acceptable. Taking into account the obtained values for the CMC and
static surfactant adsorption, it is proposed to increase the working and tested surfactant
concentration in the solution to 0.7 wt.% for further tests.

Several sources note the influence of temperature and salinity on the behaviour of the
“surfactant solution-oil” system. Even a slight shift in temperature within the reservoir
can significantly affect the interfacial tension at the “surfactant solution-oil” interface.
Figures 21 and 22 show the dependence of interfacial tension at the “surfactant solution-oil”

interface on temperature.
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Figure 21. Dependence of interfacial tension at the “surfactant solution-o0il” interface on temperature

for sodium laureth sulfate.
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Figure 22. Dependence of interfacial tension at the “surfactant solution-oil” interface on temperature

for betaine.

As can be seen from the graphs, for the surfactant based on sodium laureth sulphate,
the zone of low interfacial tension is in the temperature range of 50 to 75 °C. On the other
hand, for the surfactant based on betaine, an increase in interfacial tension is observed
when the temperature reaches 65 °C.

During displacement under reservoir conditions, the salinity of the injected agent will
change as a result of contact with the rock and reservoir fluids. To evaluate the influence of
salinity on the system, Figures 23 and 24 show the dependence of interfacial tension on the

salinity of the water used to prepare the solution.
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Figure 23. Dependence of interfacial tension at the “surfactant solution-oil” interface on water salinity

for sodium laureth sulfate-based surfactant at 57 °C.

As can be seen from the presented graphs, the surfactant based on sodium laureth
sulphate maintained low interfacial tension in the salinity range of 15 to 25 g/L for the
preparation water, reaching its optimum (lowest value) at 20 g/L. On the other hand, the
surfactant based on betaine maintained low interfacial tension across the entire studied
range of water salinity, reaching its optimum (lowest value) at 25 g/L.

In practice, this result can be used to modernise the water injection system by util-
ising alternative water sources or by further purifying the currently used water. Such
modernisation would maximise the efficiency of implementing the surfactant-polymer

flooding technology.
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Figure 24. Dependence of interfacial tension at the “surfactant solution-oil” interface on water salinity
for betaine-based surfactant at 57 °C.

Considering the geological and physical characteristics of the target reservoir, par-
ticularly the reservoir temperature, which varies between 50 and 75 °C in different parts
of the formation, only the surfactant based on sodium laureth sulfate will be considered
for further studies. This surfactant demonstrated low interfacial tension across the entire
temperature range under consideration.

3.3. Studies on the Surfactant—Polymer Formulation
3.3.1. Influence of Surfactant and Polymer Concentration on the Key Properties of
the Formulation

When mixing surfactants and polymers, reactions may occur that alter the properties
of the injected chemical agent. The key properties affecting the efficiency of flooding are
the viscosity of the injected agent and the interfacial tension at the “surfactant solution-
oil” interface.

Figure 25 shows the dependence of the effective viscosity of the chemical formulation,
including the polymer FP 5205 SH (concentration 0.15 wt.%) and the surfactant based on
sodium laureth sulphate, at various surfactant concentrations.
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Figure 25. Dependence of effective viscosity of surfactant-polymer solution on shear rate at various

surfactant concentrations.
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Next, Figure 26 presents the dependence between the effective viscosity of the solution
and surfactant concentration at a shear rate of 122.3 s~ and a polymer concentration of
0.15 wt.%. The selected shear rate corresponds to the second Newtonian plateau on the
viscosity vs. shear rate graph (under constant conditions, the effective viscosity should
remain constant with further increases in shear rate).
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Figure 26. Dependence of effective viscosity of surfactant-polymer solution on surfactant concentra-
tion (A logarithmic trend has been added to the dotted line).

As can be seen from the graphs, the influence of the surfactant on the viscosity of the
chemical formulation is minimal. Moreover, as the surfactant concentration increases, the
effective viscosity stabilises.

Figure 27 shows the dependence of interfacial tension at the “surfactant-polymer
solution-oil” interface on the polymer concentration in the formulation. The studies were
conducted using the polymer FP 5205 SH and the surfactant based on sodium laureth
sulphate (concentration 0.7 wt.%) at the reservoir temperature.
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Figure 27. Dependence of interfacial tension at the “surfactant-polymer solution—oil” interface on
polymer FP 5205 SH concentration (A logarithmic trend has been added to the dotted line).
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As can be seen from the presented graph, increasing the polymer concentration in the
chemical composition leads to an increase in interfacial tension. The IFT value changed
by more than 35% with the addition of the polymer. However, the order of magnitude of
the IFT remained the same, meaning the surfactant’s potential did not change significantly.
When injecting the surfactant-polymer formulation, the capillary number will increase by
4500 times (reduction in IFT from 32.77 mN/m to 0.065 mN/m; increase in the viscosity of

the injected agent from 0.5 mPa-s to 4.36 mPa-s).

3.3.2. Core Flooding Studies of the Surfactant-Polymer Formulation

Figures 28-30 present information on the dynamics of pressure drop changes depend-

ing on the pore volume injected for the following cases:

e  Water injection before polymer solution injection;
e  Polymer solution injection;
e  Surfactant—polymer solution injection.
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Figure 28. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 1).
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Figure 29. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 2).
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Figure 30. Dynamics of pressure drop change vs. pore volume injected (Experiment No. 3).

Table 16 presents the results of the core flooding studies of the surfactant—polymer

formulation

Table 16. Results of the core flooding tests with surfactant-polymer solutions.

Parameter Exp. 1 Exp. 2 Exp. 3
Core Sample Length and Diameter, cm 3.37/3.02 3.17/3.00 3.07/3.01
Core Sample Porosity, % 22.12 24.5 25.63
Core Sample Permeability, pm? 0.075 0.116 0.069
Concentration of Polymer, wt.% 0.15 0.15 0.15
Concentration of Surfactant, wt.% 0.7 0.7 0.7
Displaced Oil Volume (by Water), mL 2.9 3.1 2.1
Displacement Coefficient (by Water) 0.54 0.56 0.37
Displaced Oil Volume (with Polymer), mL 0.5 0.6 not evaluated
Displacement Coefficient (by Polymer) 0.63 0.67 not evaluated
Increase in Displacement Coefficient (Polymer) 0.09 0.11 not evaluated
RF (polymer) 11.39 8,05 not evaluated
Displaced Oil Volume (SP), mL 1.2 1.3 0.85
Displacement Coefficient (SP) 0.86 0.91 0.53
Increase in Displacement Coefficient (SP) 0.22 0.24 0.15
RF (SP) 8.62 5.24 1.27
RRF (SP) not evaluated 0.96

In experiments No. 1 and No. 2, the injection of chemical slugs was carried out

continuously until pressure stabilisation and the absence of oil at the outlet of the core

holder. As can be seen from the obtained results, the displacement factor after the injection

of the polymer and surfactant-polymer slug reached values of 0.86-0.91. At the same time,

the increase in the displacement factor after the injection of the polymer slug was 0.09-0.11,

while after the injection of the surfactant-polymer slug, the increase was 0.22-0.24.

It is important to note that during the injection of the surfactant—polymer composition,

the fluid at the outlet of the core holder is presented as an emulsion (Figure 31). After

settling at a temperature of 90 °C, the emulsion separates, and the oil and aqueous phases

are separated from each other (Figure 32).
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Figure 32. Appearance of the measuring cylinders after emulsion separation at 90 °C.

It is important to note that when switching from the polymer solution injection to
surfactant—polymer solution injection, the resistance factor (pressure gradient) decreased
by 2.77-2.82. This is explained by both additional oil displacement and the improved
characteristics of the formulation.

In experiment No. 3, studies were conducted with a limited injection volume of
polymer and surfactant—polymer slugs, equal to 0.5 pore volumes of the core sample.

As can be seen from the results, with a smaller injection volume, the additional
displacement coefficient decreases. It is also important to note that no significant increase
in the resistance factor was observed at the considered injection volumes.

Thus, summarising the results of the core flooding studies, it can be concluded that the
considered surfactant-polymer composition allows for an increase in the oil displacement
factor from the core sample by 0.15-0.24, depending on the injection volume. The selected
formulation can be recommended for application in water flooding at the target reservoir.
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4. Conclusions

1. Inthe West Siberian Oil and Gas Province, there are currently a lot of mature devel-
opment oil fields where the implementation of chemical EOR methods, particularly
surfactant-polymer flooding, becomes relevant.

2. To develop an effective surfactant—polymer composition that retains its properties
under the given geological and physical conditions, and ensures an increase in the oil
displacement coefficient, criteria were established, and a laboratory research program
was proposed.

3. To improve oil recovery from heterogeneous terrigenous reservoirs during water
flooding, a composition was developed consisting of an aqueous solution of an anionic
surfactant (sodium laureth sulphate, with ethyl alcohol as a solvent) at a concentration
of 0.7 wt.% and partially hydrolysed polyacrylamide (of medium molecular weight,
including 5 wt.% sulfonated monomeric additives) at a concentration of 0.15 wt.%.

4.  The addition of an anionic surfactant (sodium laureth sulphate) at a concentration
of 0.7 wt.% and partially hydrolysed polyacrylamide (of medium molecular weight,
including 5% sulfonated monomeric additives) at a concentration of 0.15 wt.% to the
injected water reduces the interfacial tension at the “surfactant-polymer solution-oil”
interface to 0.065 mN/m and increases the effective viscosity of the injected agent to
4.36 mPa-s (at a shear rate of 122.3 s~! and a temperature of 57 °C).

5. When injecting the surfactant-polymer composition, the capillary number increases by
4500 times (with a reduction in interfacial tension from 32.77 mN/m to 0.065 mN/m
and an increase in the viscosity of the injected agent from 0.5 mPa-s to 4.36 mPa-s).

6.  The developed surfactant—polymer composition increases the oil displacement coef-
ficient from the core sample by 0.15-0.24. Thus, the proposed composition can be
recommended for application in water flooding at the target reservoir.

7. Current research involves hydrodynamic modelling incorporating laboratory-derived
parameters. The simulation results will inform the technology implementation design
(including well patterns and pore volume injection requirements), with subsequent
field deployment planned by the operator at a pilot reservoir.
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Abstract: The Zhengzhuang Block in the Qinshui Basin is one of the important coalbed
methane (CBM) development areas in China. As high-quality CBM resources become
depleted, remaining reserves exhibit complex geological characteristics requiring advanced
development strategies. In this study, a multidisciplinary workflow integrating 3D geo-
logical modeling (94.85 km? seismic data, 973 wells), geomechanical stress analysis, and
production simulation was developed to optimize development of the Permian No. 3
coal seam. Structural architecture and reservoir heterogeneity were characterized through
Petrel-based modeling, while finite-element analysis identified stress anisotropy with favor-
able stimulation zones concentrated in southwestern sectors. Computer Modeling Group
(CMG) simulations of a 27-well group revealed a rapid initial pressure decline followed by
a stabilization phase. A weighted multi-criteria evaluation framework classified resources
into three tiers: type I (southwestern sector: 28-33.5 m?/t residual gas content, 0.8-1.0
mD permeability, 8-12% porosity), type II (northern/central: 20-26 m?3/t residual gas
content, 0.5-0.6 mD permeability, 5-8% porosity), and type III (<20 m3/t residual gas
content, <0.4 mD permeability, <4% porosity). The integrated methodology provides a
technical foundation for optimizing well patterns, enhancing hydraulic fracturing efficacy,
and improving residual gas recovery in heterogeneous CBM reservoirs.

Keywords: coalbed methane; geological modeling; stress field modeling; production
simulation; reservoir evaluation

1. Introduction

Coalbed methane (CBM), as a clean and sustainable unconventional resource, plays
a crucial role in the global energy transition and carbon reduction [1,2]. In recent years,
significant advancements have been made in the development of CBM in China [3,4]. The
Zhengzhuang Block in the Qinshui Basin is one of the major CBM development areas
in China. As the scale of development expands and technology advances, high-quality
resources have been largely depleted, leaving behind reservoirs with increasingly complex
geological conditions and presenting considerable challenges for further development [5,6].
Addressing these challenges requires refined three-dimensional (3D) modeling of CBM
reservoirs and numerical simulation of dynamic production to comprehensively under-
stand the distribution patterns, productivity characteristics, and controlling factors of
CBM reservoirs.

Energies 2025, 18, 2617
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Three-dimensional geological modeling technology, as a vital tool for CBM reservoir
characterization [7], integrates multi-source data, such as geological, logging, seismic, well
testing, and reservoir engineering information [8-11]. This enables the construction of high-
resolution 3D structural and property models, providing an in-depth understanding of the
spatial distribution characteristics and accumulation evolution of coal reservoirs [12]. It also
provides a solid foundation for numerical simulation and dynamic analysis of reservoir
development. With the continuous advancement of stochastic 3D modeling theory, the
integration of logging interpretation results and seismic data constraints has become a focal
point in CBM modeling research, aiming to establish comprehensive and high-precision
geological models for coal reservoirs.

Current research primarily focuses on the optimization of geologically favorable zones
through geological characterization, while conventional optimization approaches often
neglect the identification of stimulation-favorable zones [13,14]. To improve stimulation
effectiveness in these areas, it is essential to develop targeted fracturing strategies based
on geostress conditions. Meanwhile, the characterization of residual gas distribution has
emerged as a critical research direction for unlocking future reservoir potential [15,16].
Traditional methods estimate residual gas by simply subtracting cumulative production
from original gas content at the field scale. Although numerical simulation offers greater
accuracy, its application has mostly been restricted to small well clusters due to computa-
tional limitations [17,18]. To enhance prediction accuracy for remaining gas reserves, this
study proposes an integrated approach that combines localized numerical simulations with
broader computational methods. This hybrid methodology utilizes simulation calibration
to improve understanding of the spatial distribution of residual gas, providing a technical
basis for optimizing subsequent development strategies and enhancing recovery.

Therefore, this study focuses on the No. 3 coal reservoir in the southern Zhengzhuang
Block, employing Petrel geological modeling and numerical simulation technologies to
conduct systematic characterization of coal reservoir properties. A comprehensive geo-
logical model was constructed, integrating sub-models for porosity, permeability, and gas
content to identify optimal development zones. Using advanced modeling techniques, the
spatial distribution of geostress magnitude and orientation was analyzed to determine
stimulation-favorable zones for enhanced reservoir modification. Based on this geological
framework, numerical simulations calibrated with historical production data were used to
interpret production dynamics, quantify remaining gas, and evaluate both current produc-
tivity and untapped potential. An integrated evaluation framework was established by
combining development-favorable areas, stimulation-targeted zones, and productivity as-
sessments, ultimately mapping CBM production potential across the study area to support
future planning.

The established models provide a scientific foundation for resource exploitation opti-
mization, delivering the following: (1) A technical framework for optimizing well patterns
and improving recovery strategies; (2) production performance simulations to forecast gas
output and refine extraction plans; and (3) an integrated evaluation system for assessing
economic feasibility. Collectively, these contributions support data-driven decision-making
in CBM field development, particularly in overcoming the challenges of heterogeneous
reservoir stimulation and residual gas recovery [19,20].

2. Geological Settings

The Qinshui Basin, located in North China, is a representative example of a Mesozoic
intracratonic rift basin (Figure 1). Its tectonic and sedimentary evolution can be divided
into three distinct stages. The first stage, spanning the Pennsylvanian to the Late Triassic,
was characterized by prolonged tectonic subsidence and sedimentation. During the second
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stage in the Jurassic, the basin underwent regional uplift followed by subsidence and
subsequent reburial of the strata. The third stage, from the Cretaceous to the present, has
been dominated by continuous uplift and extensive erosion [13,21,22].

(a) E60° ES0° El100° E120° E140° O]

Qinshui Basin | |

(b)

LEGEND

Exploration Town Study
wells area

Figure 1. (a) Map showing the location of Qinshui Basin in China. (b) Location of the Zhengzhuang
Field in Qinshui Basin. (c) Study area with 3D seismic and locations of the exploration wells in the
Zhengzhuang Field (Modified after Wang et al. [23]).

The Pennsylvanian-Permian coal-bearing strata in the basin were subjected to four
phases of tectonic deformation, driven by major orogenic events [24]. The first phase,
during the Late Permian to Triassic, was associated with the Indosinian orogeny, resulting
in compressive deformation under a north-south (N-S) principal stress regime. The second
phase, linked to the Yanshanian orogeny in the Jurassic and Early Cretaceous, intensified
compressional deformation and reoriented the principal stress to a southeast-northwest
(SE-NW) direction. This phase is regarded as crucial for the formation of the basin’s
structural framework. The third phase, during the Paleogene, was driven by the early
Himalayan orogeny, which transitioned the regional stress field to an extensional regime-
oriented northwest-west to southeast—east (NWW-SEE). This extensional stress led to the
formation of major normal faults, particularly in the eastern Zhengzhuang Field. The final
phase, during the late Himalayan orogeny in the Quaternary, saw the stress regime revert
to compression, with a principal stress direction-oriented northeast-southwest (NE-SW).
This compressional regime is believed to be responsible for the closure of many major faults
within the basin [10,24].

As shown in Figure 1b,c, the Zhengzhuang CBM Field, situated in the southern part
of the Qinshui Basin, covers an area of approximately 570 km? and represents a significant
region for coalbed methane development. As shown in Figure 2, the Permo-Carboniferous
coal-bearing strata in this field comprise, from bottom to top, the Benxi, Taiyuan, Upper
Shihezi, and Shigianfeng Formations, with the No. 3 coal seam in the Permian Shanxi
Formation serving as the primary target for CBM production. The No. 3 coal seam is
primarily composed of anthracite, with vitrinite reflectance (Ro, max) values reaching up to
4.3%. The gas generated has reached a total of approximately 300 m?/t from the Jurassic to
Early Cretaceous, with an average gas content of 20.7 m®/t today, indicating a significant
resource potential [23]. The Shanxi Formation, primarily deposited in deltaic environments
such as mouth bars, interdistributary bays, and delta plains, consists of interbedded shale,
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sandstone, sandy shale, and coal. It has an average thickness of approximately 47 m,
ranging from 20 to 90 m. The coal-bearing strata are underlain by early Paleozoic marine
carbonates and overlain by fluvial deposits of the Triassic [25,26]. Among these, the No. 3
coal seam is the primary focus for CBM exploration and extraction within the Zhengzhuang
Field due to its favorable geological and reservoir characteristics.
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Figure 2. Sedimentary characteristics of the coal-bearing strata in the Zhengzuhang Field (Modified
after Wang et al. [23]).

3. Data Sources

The structural interpretation results based on seismic data serve as foundational inputs
for geological modeling. This study utilized 3D seismic data covering an area of 94.85 km?
in the research region to obtain structural morphology information of the target coal seam.
The seismic survey area is located in Zhengzhuang, Qinshui County, Shanxi Province. The
study area generally exhibits a topographic trend sloping from northwest to southeast, and
it is one of the most developed blocks in the Qinshui Basin coalfield.

The study area contains 33 parameter wells and 940 production wells. This research
collected drilling and completion data from the 33 parameter wells for geological horizon
identification. Core observations from 119 core samples were integrated with selected
logging curves—including acoustic interval transit time, density, natural gamma, resistivity,
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and compensated neutron logs—to determine macroscopic coal lithotypes, coal structure,
and rock mechanical properties. Moreover, porosity, permeability, and gas content data
were obtained from the 119 core samples distributed across the 33 parameter wells.

For the numerical simulation of production processes, a typical production zone
containing 27 active production wells was selected for history matching of gas and water
production. These wells commenced production between 2010 and 2012 and had been in
continuous operation for four to five years by the data cutoff in December 2017.

4. Results and Discussion
4.1. Three-Dimensional Structural Modeling

The 3D modeling module of the Petrel geological modeling software was used to
construct the geological model of the No. 3 coal reservoir in the southern Zhengzhuang
Field, based on drilling data and testing results for the No. 3 coal reservoir in the area. The
modeling process included the following steps: First, the top-surface model (Figure 3a)
and bottom-surface model (Figure 3b) of the No. 3 coal seam were constructed. Subse-
quently, fault models (Figure 3c) and collapse column models (Figure 3d) were developed.
Next, planar gridding was performed using the pillar gridding method, ensuring the grid
orientation was generally aligned with the strike of the faults. Considering the practical
requirements of the study, including modeling accuracy and computational efficiency, the
grid size was set to 25 m x 25 m (Figure 3e). Finally, the three-dimensional structural
model of the No. 3 coal reservoir in the study area was completed by integrating the surface
models, fault models, and collapse column models (Figure 3f).
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Figure 3. Three-dimensional geological modeling elements and structural characteristics of No. 3 coal

seam. (a) Top-surface model of the coal seam. (b) Bottom-surface model of the coal seam. (c) Spatial
distribution model of fault systems. (d) Collapse column configuration model. (e) Discretization
grid division (25 m x 25 m resolution). (f) Integrated 3D geological structure model incorporating
lithological interfaces and tectonic features.
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4.2. Modeling of Macroscopic Coal Lithotype

The establishment of a macroscopic coal lithotype model provides critical parameter
constraints for subsequent coal seam attribute modeling. The modeling strategy simu-
lates the spatial distribution of macroscopic coal lithotypes using Sequential Gaussian
Simulation (SGS), with lithotype identification results from borehole locations serving as
foundational data. Previous research has demonstrated quantifiable correlations between
coal lithotype characteristics and corresponding well-logging responses, enabling the quan-
titative identification of lithotypes through logging data interpretation. In this study, the
macroscopic lithotypes of 119 core samples from parameter wells within the study area
were first determined through systematic core analysis, as illustrated in Figure 4a. Given
the established correlation between logging parameters and coal lithotypes, neural net-
work algorithms embedded in Petrel™ were employed to predict lithotypes in non-cored
intervals, with two typical examples shown in Figure 4b.
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Figure 4. (a) Composition of macroscopic coal lithotypes based on core descriptions. (b) Representa-
tive log-derived lithotype predictions in the study area.

The modeling results of the No. 3 coal seam (Figure 5) reveal distinct spatial het-
erogeneity in macroscopic lithotype distribution, dominated by semi-bright coal, which
covers 38.76% of the area and exhibits laterally continuous depositional patterns in the
western and northern sectors. Bright coal constitutes 29.73% of the seam, characterized
by clustered distributions in the northern, southeastern, and southwestern regions, with
isolated occurrences in the central areas, suggesting localized paleo-environmental controls
on woody tissue preservation. Semi-dull coal accounts for 31.51% coverage, displaying
well-connected networks in the southern and central zones, indicative of sustained mineral-
rich or oxidative swamp conditions. Notably, dull coal is nearly absent (<0.01%), reflecting
minimal wildfire events or rapid peat burial during peatification.
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Figure 5. Spatial heterogeneity and distribution of macroscopic coal lithotypes of No. 3 coal seam in
the study area.

4.3. Modeling of 3D Geomechanical Stress

The development of a high-fidelity 3D in situ stress model requires seamless integra-
tion with a pre-constructed 3D geological framework. The workflow follows a five-stage
hierarchical approach (Figure 6): geomechanical grid generation, mechanical property
interpolation, natural fracture network characterization, boundary condition calibration,
and finite element-based stress field simulation.

1. Establishment of 3D geomechanical grid

<

2. Mechanical parameter attribute

modeling
Fault and fracture
simulation
3D in-situ
stress 3. Define pressure, temperature, saturation

modeling of |

reservoir l

4. Set boundary conditions

.
e

Figure 6. Workflow for 3D geomechanical stress modeling.

4.3.1. Geomechanical Grid Generation

A hexahedral-dominant grid architecture (aspect ratio < 3) was developed with pro-
gressive coarsening (scaling factor: 1.5x) from the reservoir core, prioritizing compu-
tational efficiency while maintaining <5% element distortion threshold. Lateral grid
expansion along the I- and J-axes employed symmetric 15-layer scaling (1.5 ratio) with
50 m-thick rigid boundaries to mitigate edge effects, while vertical extension to the surface
(Z = —900 m) ensured smooth cell-size transitions through graded coarsening. Underbur-
den optimization constrained global grid dimensions to 197 x 210 x 44 cells (1,820,280 ele-
ments), balancing aspect ratio compliance (<3) with minimized computational overhead
(Figure 7).
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S

Figure 7. Geomechanical grid of No. 3 coal seam in the study area.

4.3.2. Mechanical Property Interpolation

Well-logging-derived rock mechanical parameterization has emerged as a cost-efficient
methodology that provides continuous sampling coverage, enhanced vertical resolution
(typically at sub-meter scales), and improved compatibility with reservoir-scale geomechan-
ical modeling workflows [27]. This technique leverages multipole array acoustic logging
tools to simultaneously record compressional wave slowness and shear wave slowness
measurements across diverse lithological sequences. Through petrophysical inversion
of these acoustic datasets, critical elastic mechanical parameters (e.g., Young’s modulus,
Poisson’s ratio, and bulk modulus) can be systematically derived.

(1) Poisson’s Ratio (p)

Poisson’s ratio is defined as the absolute ratio of transverse strain to axial strain during
uniaxial or triaxial compression within the elastic deformation stage. It is also termed
the lateral compression coefficient. A higher Poisson’s ratio indicates that the material
undergoes greater transverse deformation relative to longitudinal deformation before
plastic deformation occurs. The formula is:

At5 = 2AE

ﬂ:m 1)

where Atg is shear wave slowness, ps/ft; Atp is compressional wave slowness, ps/f.
(2) Shear Modulus (G)

The shear modulus represents the ratio of shear stress to shear strain within the
proportional limit of elastic deformation under shear stress. It characterizes the material’s
ability to resist shear deformation. A higher shear modulus indicates greater rigidity of the

material. The formula is:

G= Aitg x 10° @)
where G is Shear Modulus, GPa; p is density of coal, g/m?.
(3) Young’s Modulus (E)

Young’s modulus, also termed the longitudinal elastic modulus, is defined as the ratio
of stress to strain within the elastic deformation range. It quantifies a material’s stiffness
and reflects the rock’s ability to resist tensile deformation. The formula is:

BALZ — 4L
E=clae- A2 @)
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where E is Young’s Modulus, GPa.
(4) Bulk Modulus (K)

The bulk modulus is the reciprocal of the compressibility coefficient. The compress-
ibility coefficient measures the relative volume change in a material per 1 MPa increase in
confining pressure at constant temperature. The formula for bulk modulus is:

BALZ — 4L
k=6 3A12 @

where K is Bulk Modulus, GPa.
(5) Compressive Strength (o)

Compressive strength represents the stress value at which a rock undergoes complete
failure under uniaxial pressure. It indirectly reflects the formation fracture strength and is
primarily correlated with the rock’s elastic modulus and clay content through a statistical
relationship. The expression is:

0 = aE(1 — V) + bEV, 5)
4AGR -1
Vin = s ©
GR — GRyy;
AGR = ——— ™ 7
GR — GRpax @

where Vg, is clay content; a and b are empirical coefficients dependent on lithology, which
is estimated at approximately 4.59 and 8.16. GR is gamma logging, API.

(6) Tensile Strength (o)

Tensile strength refers to the ultimate stress at which a rock undergoes complete failure
under tension. It influences formation fracture pressure and is closely related to reservoir
fracturing parameters. It can be approximately expressed as:

oy = 0c/12 (8)

where oy is tensile strength, MPa; o, is compressive strength, MPa.
(7) Cohesion (1) and internal friction angle (¢)

Cohesion describes the intrinsic bonding force between adjacent parts within a rock
(also termed cohesive strength). A commonly used empirical formula is:

1+ 0.78Vy, » 1+u

=10"120.0054 —
° A ( T

©)

The internal friction angle characterizes the frictional properties between rock particles
formed by their mutual displacement and bonding. It is defined as the angle between the
failure envelope and the horizontal axis in a shear strength diagram.

¢ =36.545 — 049527 (10)

where T is cohesion, and ¢ is the internal friction angle.

4.3.3. Modeling of Reservoir Fracture

Seismic amplitude reflects acoustic impedance contrasts at subsurface geological
interfaces. Significant spatial variations in amplitude often correspond to discontinuities
such as faults, fractures, or lithological changes. The amplitude contrast method is highly
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sensitive to abrupt seismic features (e.g., fault zones, high-angle fractures) and effectively
captures subtle seismic signal variations. Figure 8a displays ant-tracking attribute results
derived from amplitude contrast analysis. The ant-tracking volume reveals clear fracture
traces with localized high-density fracture clusters, demonstrating the method’s capability
to delineate fracture systems.

(a) (b)

Figure 8. Ant-tracking attribute (a) and modeling of reservoir fracture (b).

Fracture attributes (including aperture and permeability) in the study area were
quantified using empirical relationships:

A; = L x Normal(0.00001, 0.000002) (11)

Af ? 15
Pf:<3'2808> x 10 (12)

where Ay is the aperture of fracture, cm; L is the length of fracture, cm; and P is fracture
permeability, mD.

After upscaling the fracture attribute volume, a deterministic fracture model is gen-
erated, as shown in Figure 8b. This model integrates key fracture characteristics (e.g.,
orientation, density, aperture, and connectivity) into a structured grid format suitable for
reservoir simulation and engineering applications.

4.3.4. Boundary Condition Configuration

The geomechanical modeling framework requires simultaneous satisfaction of equi-
librium equations, kinematic compatibility, and constitutive relationships, governed by
physically constrained boundary conditions. Initial stress field boundary conditions were
implemented for efficient regional stress tensor reconstruction, with critical input parame-
ters structured as overburden stress magnitude and stress anisotropy ratios.

Given the abundance of well testing and logging in the Zhengzhuang Field, hy-
draulic fracturing was used to obtain the vertical principal stress (o, MPa), maximum
horizontal principal stress (o, MPa), and minimum horizontal principal stress (oy,
MPa) [28]. The calculated results of typical well oy, oy, and oy are shown in Table 1,
which show that maximum and minimum horizontal stress gradient are 0.0344 MPa/m
and 0.0215 MPa/m, respectively.

Table 1. Calculation results of typical well ground stress.

Top Elevation

Well Depth (m) oy (Mpa) oy, (Mpa) oy (Mpa)

(m)
14 1122.3 919.11 42.72 26.40 27.50
15 896.71 815.74 26.23 16.87 21.97
19 559.85 746.89 26.86 15.98 13.72
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Table 1. Cont.

Top Elevation

Well Depth (m) oy (Mpa) o, Mpa) oy (Mpa)

(m)
27 747.05 885.91 22.95 14.77 18.30
30 638.5 633.99 14.75 10.51 15.64
31 601.25 674.06 20.78 13.21 14.73
38 659.95 693.19 30.79 18.87 16.17
39 992.9 597.72 27.24 18.92 24.33
64 1242.4 826.31 4477 27.65 30.44
67 1269.7 924 46.86 29.09 31.11
69 1187.25 1127 29.16 19.19 29.09
76 5154 904.4 28.45 15.97 12.63
78 702.8 1000 20.17 11.88 17.22
80 752.1 941 21.37 13.45 18.43
82 703.8 937 21.09 13.08 17.24
89 521.6 737 22.75 13.47 12.78
102 1102.4 869.4 42.64 25.99 27.01

4.3.5. Modeling of In-Site Stress

Among numerical simulation methods, the finite element method (FEM) is one of the
useful methods to solve geomechanical problems. According to the FEM, the modeling of
0H, 0h, and 0 in the study area are obtained (Figure 9).
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Figure 9. The in situ stress model of the No. 3 coal seam in the study area. (a) Maximum horizontal
principal stress. (b) Minimum horizontal principal stress. (c) Vertical principal stress.
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4.4. Modeling of Reservoir Properties

This study employs a facies-controlled Sequential Gaussian Simulation (SGS) algo-
rithm for attribute modeling (porosity and permeability) of coal reservoirs. Since sedimen-
tary attributes within the same facies in the study area exhibit similar statistical patterns and
value ranges, the modeling process integrates these characteristics to constrain property
parameters layer-by-layer and phase-by-phase during stochastic simulation. This approach
ensures that the attribute models more accurately reflect the physical property distribution
in the study area.

4.4.1. Modeling of Reservoir Porosity

Coal reservoir porosity serves as a fundamental petrophysical parameter governing
methane storage capacity and fluid transport mechanisms in CBM systems. This study
establishes a novel porosity modeling workflow through systematic integration of density
logging measurements. Generally, reservoir porosity can be derived from the relationship
between density logs and porosity values [29], as follows:

Pma — Pb
P Pma — Pf 13)
where ¢ is coal porosity (%); pma is density of rock matrix (kg/m?); p}, is bulk density
(kg/m?); and py is density of pore fluid (kg/m?).

Figure 10 delineates the reservoir porosity distribution of the No. 3 coal seam. As
can be seen, high-porosity zones (8-12%), predominantly distributed across the central-
southern and eastern sectors with robust lateral continuity. Discrete high-porosity anoma-
lies (8-10%) in northern structural culminations further reinforce this lithotype-controlled
porosity pattern. Moderately porous regions (5-7.5%), characterized by intermittent connec-
tivity in central-north and southwestern domains. Marginally porous zones (1.3-4%) along
the northern, southeastern, and western peripheries demonstrate fragmented distributions.
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Figure 10. No. 3 coal seam in the study area. (a) Reservoir porosity model; (b) Permeability

distribution histogram.

4.4.2. Modeling of Reservoir Permeability

The permeability calculation of coal seam mainly focuses on fracture permeability.
Generally, the fracture aperture and fracture spacing are two key parameters for the
calculation of reservoir permeability. The fracture aperture and fracture spacing can be
calculated using the following equations, respectively,

AC

By = ——
TGNy

(14)
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_
9
where /i is the fracture aperture (cm); AC is the difference between deep and shallow
conductivity measurements (S/m); Cp¢ is the mud filtrate conductivity (S5/m); hp, is fracture
spacing (cm); and ¢ is coal porosity (%).

Then, the fracture permeability of No. 3 coal seam was predicted using the Fracture-
Stehfest (F-S) method. The fracture permeability of No. 3 coal seam can be calculated as:

him (15)

RFE x 833 x 10° x h}

Kf = - = RF x 8.33 x 10° x h} X ¢y (16)

where K is fracture permeability (um?); RF is the correlation coefficient, assigned an
empirical value of 0.338 x 10%.

Following permeability calculations for individual wells using Equation (16), the
permeability data were discretized. The permeability model of the No. 3 coal seam was
then constructed (Figure 11) using the SGS method. Model results reveal a tripartite perme-
ability hierarchy: (1) High-permeability sweet spots (0.8-1.0 mD) cluster in the northern
and southeastern structural domains; (2) Moderately permeable corridors (0.5-0.6 mD)
dominate central-south regions; (3) Low-permeability compartments (0.01-0.04 mD) oc-
cupy basin-margin positions (northwest, southeast). The reservoir-scale geometric mean
permeability is 0.35 mD.
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Figure 11. Permeability of No. 3 coal seam in the study area. (a) Reservoir permeability model.
(b) Permeability distribution range histogram.

4.4.3. Modeling of Gas Content

The development of a coal seam gas content model is fundamental for optimizing
CBM recovery strategies. A 3D gas content distribution model of the No. 3 coal seam
was established by integrating field-measured gas content data from boreholes within and
surrounding the study area. As shown in Figure 12, the gas content of the No. 3 coal
seam exhibits a range of 14.03-33.54 m®/t (average 21.7 m?/t), delineating three distinct
domains: high-gas-concentration zones (>28.0 m?/t) dominate the western and south-
eastern structural compartments, intermediate-gas zones (20-28 m3/t) display spatially
sporadic distributions, and low-gas regions (<20 m?/t) form continuous belts in central
and central-northern areas.
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Figure 12. Gas content of the No. 3 coal seam in the study area. (a) Reservoir gas content model.
(b) Gas content distribution range histogram.

4.5. Production Numerical Simulation of Typical Well Group

Due to the large study area, conducting full-field numerical simulations of production
processes would involve excessive computational load and coarse accuracy. Numerical
simulations of production dynamics were conducted using CMG (v. 2021) software based
on the Petrel geological model, focusing on a typical CBM well group in the northern
Dongda 3D area (Figure 13). The study area spans 4650 m x 4675 m and includes 27
production wells. These wells were gradually put into operation between 2010 and 2012,
accumulating 4-5 years of production history. The peak gas production of individual wells
in this area ranged from 500 to 1500 m®/d, with some wells achieving stable production.
The overall drainage—depressurization—desorption-production characteristics of CBM
development were evident.
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Figure 13. Typical CBM well group for numerical simulation.

4.5.1. Numerical Model Setup

The geological model generated by Petrel was imported into CMG’s IMEX simulator,
where reservoir and well parameters were configured. Based on actual reservoir data
and production dynamics research objectives, grid sizes in the I, ], and K directions were
adjusted. The horizontal grid spacing was set to Dx = Dy = 25 m, while the vertical
direction was subdivided into 20 grids. Reservoir properties for the area, derived from
the geological model, are summarized in Table 2. A dual-porosity dual-permeability
(DUALPERM) model was used for initialization, assuming fluid flow in both matrix and
fractures, with interporosity transfer driven by diffusion or Darcy flow depending on
pressure gradients. The model also captures dynamic gas-water interactions, including
CHj adsorption/desorption in the coal matrix based on Langmuir isotherms. For history
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matching, a fixed bottom-hole flowing pressure method was used to match gas and water
production across all 27 wells.

Table 2. Reservoir properties for the study area.

Input Parameters Value
Initial reservoir pressure (Mpa) 4.76-10.89
Permeability (mD) 0.012-1
Porosity (%) 0.0129-0.10
Gas content (m3 /1) 14.1-31.8
Water saturation (%) 100

4.5.2. History Matching

As shown in Figure 14, the simulated cumulative gas and water production of CBM
wells in the block were compared with actual field data. The results indicate relatively large
errors in early-stage production due to operational instability and frequent adjustments in
production strategies, which complicated the matching process. However, the matching
accuracy improved as production stabilized. For cumulative gas production after full-scale
development, the maximum error was 15.2% (i.e., a matching accuracy > 84.8%). For cumu-
lative water production, the maximum error was 11.6% (i.e., a matching accuracy > 88.4%).
Moreover, history matching was performed for gas and water production across all 27 wells.
For each single well, the matching accuracy was high during the stable gas decline phase
but poorer during early production. This discrepancy arose from rapid changes in reservoir
properties and operational adjustments (e.g., drainage rates and gas ramp-up), which
affected the simulation of initial gas and water.

£~ 25,000,000

®

S
°
S
=4
1

O Historical data-cumulative gas
—— Simulated data-cumulative gas

© Historical data-cumulative water
—— simulated data-cumulative water

20,000,000
60,000
15,000,000
40,000 |
10,000,000

20,000
5,000,000 -

Historical data-cumulative gas (m

Historical data-cumulative water (m’)

o

u T T T T 1 T T T T T 1
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Time (day) Time (day)

@) (b)

3

Figure 14. Dynamic History Fitting of Coalbed Methane Well Production. (a) Cumulative gas
production. (b) Cumulative gas production.

4.5.3. Residual Gas Content of Reservoir

Figure 15 illustrates the dynamic changes in reservoir pressure over time within the
simulated area. Reservoir pressure declined rapidly during the early years of develop-
ment but stabilized in later stages. This trend is attributed to two factors: (a) early-stage
production required significant depressurization and drainage to initiate gas desorption,
but limited desorbed gas provided minimal energy support to the reservoir; (b) In later
stages, higher gas desorption rates under lower pressures enhanced energy replenishment,
slowing pressure decline. By the simulated cutoff date, the reservoir pressure at the central
part of the well group had decreased to approximately 3 MPa, demonstrating effective
pressure control by the deployed well pattern. The remaining gas saturation in the study
area was obtained (Figure 16), showing relatively minor variations in gas saturation across
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the overall region. Concurrently, the distribution of residual gas in the study area can be
derived from the gas saturation distribution pattern.
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Figure 15. Dynamic variations in reservoir pressure over time.
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Figure 16. Remaining gas saturation across the simulated area.

4.6. Potential Evaluation of CBM Resources
4.6.1. Residual Resources Assessment

The spatial distribution of residual CBM resources is governed by drainage inter-
ference effects from individual wells. The technically recoverable resources available for
future development adjustments are determined by subtracting well interference-affected
volumes from the total in situ resources within the well pattern. The well-controlled gas
volume can be calculated using drainage area and resource concentration:

Qc =d*Q (17)

where Qg is gas-in-place per well, m?; and d is drainage radius, m.
Using actual production data from the study area, the well-controlled recovery factor
(17) is derived from cumulative gas production (Qg):

_
U_QG

The equivalent residual gas content (V) is calculated by integrating production perfor-

(18)

mance, resource concentration, and drainage control:

QGng

V:0.01><h><p

(19)
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A residual resource distribution map for the No. 3 coal seam (Figure 17) was generated
through Kriging interpolation of the residual gas content. As can be seen, the central and
western margin zones exhibit lower residual resources, while the western and eastern
sectors show higher residual gas concentrations. For large study areas, residual gas content
is determined using the aforementioned calculation method, while for small regions such
as a typical well-group block, CMG numerical simulation results can be applied to refine
residual gas distribution.
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Figure 17. Residual resource distribution of No. 3 coal seam in the study area.

4.6.2. Evaluation of CBM Resource Potential

Based on reservoir modeling results, the CBM resource potential was evaluated
through the analytic hierarchy process method, and the details and application exam-
ple of this method can be found in a previous study [30]. The evaluated workflow of CBM
resource potential was displayed in Figure 18. First, three critical assessment projects were
established with weighted importance: reservoir properties (0.3), stimulation potential
(0.3), and residual gas content (0.4), with weights validated through the CBM exploration
and development pilot project of Zhengzhuang Field.

U = 03U + 03U, + 0.4l (20)

where U is evaluated results of CBM resource potential; and Uj, Uy, and U3 are evaluated
scores of reservoir properties, stimulation potential, and residual gas content, respectively.

48



Energies 2025, 18, 2617

. . . Residual
Reservoir Stimulation Gas
properties potentional Gontent
. e Macro-coal Horizontal principal <10 10-20 =20
Porosity femeabiiny lithotype stress differential m3/t m/t m/t

Stimulation
potential analysis

Residual resource
assessment

Original reservoir
assessment

Weigtht: 0.3 Weigtht: 0.3 Weigtht: 0.4

Evaluation of coalbed methane resource potential

Figure 18. Workflow and weights of key parameters for evaluating CBM resource potential.

And then, threshold values statistically derived from data analysis and expert cali-
bration (Table 3) categorized reservoir parameters into Better, Good, and Bad classes. A
tiered scoring system was applied, assigning 1.0, 0.8, and 0.6 points to Better, Good, and
Bad categories, respectively.

Uy = up +up (21)
Uy =01+ 0 (22)
Uz = w (23)

where 17 and u; are evaluated scores for porosity, permeability, and gas content, respec-
tively; v1 and v; are evaluated scores for macro-coal lithotype and horizontal principal
stress differential, respectively; w; is the evaluated score for residual gas content.

Table 3. Weights of key reservoir parameters for evaluating CBM resource potential.

Assessment Projects Reservoir Parameters Better Good Bad
Reservoir properties Porosity >8% 4-8% <4%
Permeability >0.8 mD 0.5-0.8 mD <0.5mD
Stimulation potential Macro-coal lithotype Bright coal Semi-bright coal Semi-dull coal and dull coal
Horizontal principal stress differential >10 MPa 5-10 MPa <5MPa
Residual resource assessment Residual gas content >20m3/t 10-20 m3/t <10 m3/t

Integrated reservoir assessment delineated three CBM prospectively tiers within the
study area (Figure 19). The type I reservoirs, primarily concentrated in the southwestern
part of the study, showcase high residual resources (>20 m3/t) coupled with optimal reser-
voir conditions, including relative high porosity (8-12%) and permeability (>0.8 mD). Type
II transitional reservoirs prospects, across the northern and southern transitional part of the
study area, exhibit moderate porosity (5-8%), permeability (0.5-0.8 mD), and gas content
(10-20 m3/t). Type III marginal reservoirs, constrained by low gas content (<10 m?/t),
demonstrate limited commercial viability without substantial technological intervention.

Integrated reservoir assessment delineated three CBM prospectively tiers within the
study area (Figure 19). The type I reservoirs, primarily concentrated in the southwestern
part of the study, showcase high residual resources (>20 m3/t) coupled with optimal reser-
voir conditions, including relatively high porosity (8-12%) and permeability (>0.8 mD).
Type Il transitional reservoir prospects, across the northern and southern transitional part
of the study area, exhibit moderate porosity (5-8%), permeability (0.5-0.8 mD), and gas
content (10-20 m3/t). Type III marginal reservoirs, constrained by low residual gas con-
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tent (<20 m?/t), low permeability (<0.4 mD), low porosity (<4%), demonstrate limited

commercial viability without substantial technological intervention.
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Figure 19. Evaluation results of CBM resource potential.

5. Conclusions

This study establishes a comprehensive workflow for CBM reservoir evaluation and

development optimization in the Zhengzhuang Block. Key findings include:

)

@)

®)

@)

The 3D geological model effectively characterized spatial heterogeneity of the No.
3 coal seam, identifying semi-bright coal as dominant, with porosity (1.3-12%) and
permeability (0.01-1 mD) variations controlled by fracture networks.

Stress field modeling revealed significant stress anisotropy (oy/o} gradients:
0.0344/0.0215 MPa/m), delineating stimulation-favorable zones in southwestern
structural compartments.

Numerical simulations revealed that 84.8% of cumulative gas production and 88.4% of
water production were matched historically, with residual gas content (14-33.5 m3/t)
concentrated in structurally elevated western and southeastern regions.

A multi-criteria evaluation framework categorized resources into three tiers: Type I,
Type II, and Type III, among which Type I areas are prioritized for future development.
This integrated approach establishes a technical basis for optimizing well patterns,
improving hydraulic fracturing efficiency, and enhancing residual gas recovery in
heterogeneous CBM reservoirs.
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Abstract: Driven by global carbon neutrality goals, biochar has gained significant attention
due to its stable carbon sequestration capabilities and environmental benefits. This research
employs bibliometric tools such as VOSviewer 1.6.16, Citespace 6.2 R6, and Scimago Graph-
ica to systematically analyze 2076 publications from the Web of Science Core Collection
between 2007 and 2024, aiming to clarify the evolutionary trajectory, research hotspots,
and international collaboration patterns of biochar carbon sequestration research while
identifying future knowledge gaps for innovation. Research results reveal a three-stage
developmental characteristic: 2007-2014 was a slow accumulation period for fundamental
mechanism exploration, 2015-2020 was an accelerated expansion period driven by policies
like the Paris Agreement, and 2021 to the present marks an exponential growth phase of
interdisciplinary integration due to global carbon market consolidation. China and the
United States are core producing countries, though inter-institutional deep collaboration
remains insufficient. Research hotspots have progressively shifted from early biochar
preparation and carbon stability to multiple waste materials (such as rice straw and urban
carbon sequestration waste) and co-pyrolysis technologies (significantly emerging since
2022), with machine learning applications in process optimization becoming a nascent
direction. The study recommends increasing cross-disciplinary research funding, estab-
lishing biochar raw material pollution standards, and promoting coordinated policies that
combine biochar carbon sequestration with agricultural efficiency to support global carbon
reduction objectives. Notably, the research’s reliance on the Web of Science Core Collection
may limit coverage of non-English literature and regional studies. By quantitatively analyz-
ing technological evolution and collaboration networks, this study provides a data-driven
framework for optimizing biochar carbon sequestration strategies, helping bridge the gap
between laboratory potential and actual climate emission reduction, and offering focused
action pathways for policymakers and researchers.

Keywords: biochar; carbon sequestration; bibliometrics; multi-waste conversion; co-pyrolysis;
soil carbon sequestration
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1. Introduction

In recent years, under the combined influence of human activities and natural factors,
global climate change has been intensifying, with frequent extreme climate events posing
a severe challenge to the sustainable development of ecosystems and human society,
prompting countries worldwide to actively explore countermeasures [1-3]. The 2015
Paris Agreement proposed controlling the global average temperature rise to within 2 °C
compared to pre-industrial levels, and striving to limit it to 1.5 °C [4], which requires a
significant reduction in greenhouse gas emissions [5,6].

Carbon sequestration technology, as a key negative emission strategy to mitigate
greenhouse gas emissions, shows significant differences among various technological
paths in terms of the sequestration cycle, cost-effectiveness, and environmental synergy.
Geological sequestration, while having a large-capacity advantage, faces challenges in
leak monitoring [7,8]. Mineral carbonation can permanently fix Carbon dioxide (COj)
without leakage risks, but its slow reaction speed and high energy consumption limit
widespread application [9,10]. Ocean sequestration has enormous capacity but may cause
ecological risks [11,12]. In comparison, biochar is reshaping the carbon sequestration
technology landscape with its unique closed-loop carbon cycle characteristics. Biochar is
formed through pyrolysis of biomass under oxygen-limited conditions, creating a stable
aromatic carbon structure [13], with high carbon content and thermal stability [14]. It can
store CO; for hundreds of years [15] and achieve high cost-effectiveness with relatively
low energy requirements [16]. Research indicates that converting 373 million tons of
annual agricultural waste into biochar could capture approximately 550 million tons of
COy [17], highlighting its undeniable potential in carbon cycle regulation. Moreover,
biochar can improve soil structure, enhance nutrient retention capabilities, and regulate
microbial activity, facilitating a win-win scenario for carbon sequestration and agricultural
sustainable development [18,19].

Over the past two decades, biochar has garnered widespread attention in the field
of environmental remediation as an eco-friendly and multifunctional material [20-23].
However, existing research has primarily focused on its role in improving soil fertility and
enhancing soil carbon sequestration, with a notable lack of systematic and comprehensive
analysis of biochar in carbon storage [15]. Biochar is often merely described as a supplement
to soil improvement characteristics, with insufficient in-depth exploration of its potential as
a critical carbon fixation method. As global demand for reducing carbon dioxide emissions
becomes increasingly urgent, and the potential of biochar in reducing greenhouse gas
emissions gains recognition, a review of systematic applications, international research
status, hotspots, and development trends in biochar carbon fixation has become particularly
necessary. Against this background, this study employs bibliometric analysis methods to
provide a unique perspective and comprehensive understanding of the biochar carbon
fixation field, charting a course for future research.

As a crucial tool for quantitatively analyzing the scientific literature structure and evo-
lutionary patterns [24], bibliometrics can precisely identify research hotspot evolution, core
knowledge producers, and interdisciplinary interaction modes through high-frequency key-
word co-occurrence, collaborative network analysis, and temporal mapping [25]. Compared
to methods like meta-analysis focusing on parameter quantitative integration, bibliometrics’
core advantage lies in its macro-scale analysis capability to systematically reveal knowl-
edge network characteristics of technological development trajectories (such as knowledge
flow direction and interdisciplinary nodes) and social network attributes (like institutional
collaboration patterns and national competitiveness landscapes), rather than being limited
to statistical parameter inference.
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This panoramic analysis method is particularly suitable for revealing technological
evolution paths and innovation ecosystem requirements in the biochar carbon sequestration
field. This study integrates global literature from the Web of Science core database, utilizing
VOSviewer, Citespace, and Scimago Graphica to construct co-occurrence networks and
timeline maps for institutions, countries, authors, and keywords. The method of selection
is primarily based on two considerations: first, while quantitative analyses of parame-
ters like biochar application range and pH effects have been established through existing
meta-research, unstructured issues such as technological adoption barriers and research
hotspot migration still require bibliometric revelation; second, technical innovation for
agricultural, waste-source, and nano-structured biochar necessitates establishing a tech-
nological evolution analysis framework from three dimensions: knowledge production
subjects, knowledge transmission carriers, and knowledge dissemination networks.

The research results will provide a theoretical basis for optimizing biochar carbon
sequestration strategies; offer decision-making support for policymakers in balancing tech-
nological feasibility, economic costs, and ecological risks; and identify key interdisciplinary
knowledge integration nodes to guide technological innovation.

2. Materials and Methods
2.1. Data Sources and Retrieval Strategy

This research used the Web of Science Core Collection (WoSCC) as the data source,
as it indexes over 9000 high-impact journals globally [26], covering core fields such as
environmental science and soil science, and is one of the most widely used databases in
bibliometric research. Compared to other databases like Scopus and PubMed, it is widely
considered the most comprehensive and reliable bibliometric analysis database [27,28].
Although databases like Scopus can provide Supplementary Information, Web of Science
has advantages in cross-disciplinary literature coverage and data standardization, making
it suitable for constructing a systematic bibliometric analysis framework. The search
strategy was as follows: TS = ((“biochar” OR “bio-char”) AND (“carbon sequestration”
OR “carbon storage” OR “carbon sink” OR “carbon removal” OR “CO, sequestration” OR
“CO; storage”)) NOT TS = (“geological sequestration” OR “enhanced oil recovery”). The
search was conducted on 22 April 2025.

2.2. Screening Criteria

Based on a systematic retrieval strategy, the earliest retrievable literature dates back
to 2007. Up to now, 2245 related papers have been obtained. Since 2025 data have not
yet been fully included, we excluded 2025 data. We limited the results to “Article” and
“Review Article” published between 2007 and 2024. Because the number of non-English
articles in the literature is very small and lacks representativeness, the language was set to
English. This selection process ultimately formed a core dataset containing 2076 literature
references, laying the foundation for final analysis. The search and analysis process is
shown in Figure 1.

2.3. Data Analysis

This research adopts a multi-tool collaborative analysis method, achieving data visual-
ization through three bibliometric tools. VOSviewer 1.6.16 was selected for co-occurrence
network visualization, leveraging its proven stability in processing large-scale bibliometric
datasets and interpretability advantages in traditional keyword clustering [29]. Although
advanced artificial intelligence support tools excel in processing unstructured data and
predicting research trends, VOSviewer remains irreplaceable in transparent, rule-based co-
occurrence analysis, which is crucial for reproducible bibliometric research. Complement-
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ing VOSviewer is CiteSpace, a Java application developed by Professor Chen Chaomei’s
team, which demonstrates outstanding value in revealing discipline evolution paths and
research hotspot transitions through its longitudinal analysis advantages [30]. Therefore,
the article specifically employs CiteSpace 6.2 R6’s journal overlay mapping, keyword emer-
gence intensity detection, and cited literature emergence intensity detection functions to
systematically reveal the knowledge diffusion trajectory of the research field. To optimize
international collaboration networks, this research introduced Scimago Graphica for spatial
processing, which exhibits significant professional advantages in visualization layout and
interactive analysis of complex networks. Through the collaborative application of these
three tools, co-occurrence networks of institutions, countries, authors, and keywords, as
well as timeline maps, were constructed.

Web of Science Core Collection

OR "carbon removal" OR "CO, sequestration" OR "CO, storage")) NOT TS=("geological sequestration"

TS=( ("biochar" OR "bio-char') AND ("carbon sequestration'" OR "carbon storage" OR "carbon sink"
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A total of 2245 articles were identified ]

.

Paper type: “Article” & “Review Publication Year: 2007-2024, Languages: English, excluded
Article”, excluded articles n=22 excluded articles n=138 articles n=9
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Figure 1. Screening Flow Chart.

3. Results
3.1. Annual Publication Volume Analysis

The development status, knowledge accumulation, and maturity of a research field can
be measured by changes in its literature output [31]. This study systematically retrieved
and counted the annual publication volume of the literature related to biochar carbon
sequestration in the Web of Science Core Collection (WoSCC) from 2007 to 2024, selecting a
total of 2075 papers. Figure 2A shows that the number of papers in the literature exhibits
significant staged characteristics. During the initial accumulation period from 2007 to 2014,
academic interest in this field showed a moderate growth trend, with an average annual
publication of 34.89 papers. After entering 2015, the annual publication volume entered an
acceleration period, with the average annual growth rate increasing by approximately 256%
compared to the previous stage, while maintaining a steady upward trend. Since 2021, the
data curve has demonstrated a notable exponential growth characteristic, with the annual
publication volume breaking through 200 papers, and it is expected to continue growing.
The citation frequency of the literature also shows a steady growth trend. To better display
the increment trend, a fitting method was used to calculate the relationship between the
number of publications and years (Y = 1.275X? — 5122.35X + 5144823.975, R? = 0.9856).
According to this equation, the number of articles will continue to increase (Figure 2B).
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Figure 2. (A) Global publication number and citation count in the field of biochar carbon sequestration
from 2007 to 2024. (B) The red scatter points in the figure represent the actual annual number of
publications from 2007 to 2024, and the solid line is the prediction curve based on data fitting. The
coefficient of determination for the fitted model (R? = 0.9856) indicates that the model can describe the
growth trend of publications with high accuracy, reflecting the continuous and rapid development of

the research field.

3.2. Journal Analysis

The 2075 literature references are distributed across 376 journals, with significant
variations in publication volume. Based on Bradford’s Law, a cluster analysis of the
journal distribution in the biochar carbon sequestration technology field identified 12 core
journals (Table 1). Science of the Total Environment, with 167 published articles, emerged
as the most productive journal, far surpassing others. It primarily publishes research on
comprehensive environmental studies, environmental pollution and remediation, and
environmental technologies and applications, and is considered a top-tier environmental
science journal. Among these journals, 58% have an impact factor (IF) > 5, indicating a high
quality level. The publishers are predominantly from Elsevier, accounting for 58.3% of the
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publications. From a disciplinary perspective, the included journals cover environmental
science, soil science, energy and fuels, agronomy, environmental engineering, and green
sustainable science and technology (Figure 3). Environmental science journals published
the highest number of articles, serving as the primary platform for research findings and

innovative ideas in this field.

Table 1. Top 10 Publication Sources.

Number of . Core Research
Rank Journal Documents IF (2024) Publishers Directions
Science of the . . )
st Total 164 82 Elsevier Environtmental Science;
Environment
Journal of Environmental
2nd Environmental 67 8.0 Academic Management;
Management Sustainability Policies
Cleaner Production
3rd Journal of Cleaner 64 9.7 Elsevier Technologies; Circular
Production E
conomy
4th Agronomy-Basel 59 3.3 MDPI Agronlgmy; Sustainable
griculture
. Comprehensive
5th Sustainability 58 3.3 MDPI Sustainability Studies
Global Change . Climate Change and
6th Biology Bioenergy 48 59 Wiley Bioenergy
Environmental
7th Chemosphere 41 8.8 Elsevier Chemistry; Pollutant
Studies
Bioresource . Bioresource Technology;
8th Technology 40 9.7 Elsevier Bioenergy
. . Biochar Applications;
9th Biochar 39 13.1 Springer Nature Soil Amendment
10th Geoderma 39 5.6 Elsevier Soi\l/ISaence; Land
anagement
Biological Resource
Bioresource . Conversion and
1 Technology 39 97 Elsevier Environmental
Biotechnology
Agriculture :
12 Ecosystems & 38 3.9 Elsevier Agrlcsult?r.a ! ]%)C.i).intem
Environment ustamabriity

Dual mapping overlay is a visualization analysis technique aimed at analyzing, com-
paring, and contrasting publication portfolio characteristics [32]. This method enables
cross-disciplinary attributes between research sources and targets and has been widely
applied in bibliometric research [30]. The journal dual mapping overlay represents the
thematic distribution of journals (Figure 4), with citing journals on the left, cited journals
on the right, and colored paths indicating citation relationships [33,34]. The journal dual
mapping overlay analysis reveals the interdisciplinary knowledge dissemination pattern
of biochar in carbon sequestration research. Three main citation pathways were identi-
fied, reflecting interactions across different disciplines. The citing journals” domains are
(Veterinary, Animal, Science), while the cited journals are (Plant, Ecology, Zoology), (Envi-
ronmental, Toxicology, Nutrition), and (Chemistry, Materials, Physics), with cited journals
converging towards citing journals. Beyond these mainstream citation pathways, other
citation paths exist, albeit with weaker associations. This suggests that biochar research is
developing in a multidisciplinary direction.
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Figure 3. Bar Chart of Subject Distribution. The bar chart illustrates the frequency of subject
classifications assigned to 2076 selected publications. Each publication may correspond to one or
more subject categories; counts represent the total number of occurrences of each subject across all
documents, reflecting the interdisciplinary nature of the dataset.
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Figure 4. Journal Overlay Double Map. In this map, cited journals are displayed on the right side,
while citing journals are located on the left side. Wider lines represent the primary citation pathways,
and different colors of the lines denote connections from different regions.

3.3. Institutional Analysis

Network analysis of the collaboration among 2464 global research institutions reveals
that in the 2076 literature entries analyzed, 15 institutions contributing over 15 papers
accounted for 29.3% of the total literature volume (Table 2). Furthermore, 9 of the top 15 in-
stitutions are from China. Taking the Chinese Academy of Sciences (CAS) as an example, it
comprehensively leads with 116 published papers, 5492 citations, and a Total Link Strength
(TLS) of 104. Total Link Strength represents the sum of link intensities between a node (such
as keywords, authors, countries) and all other nodes, and in institutional collaboration
network analysis, it indicates the total number of joint publications between institutions,
serving as a core metric for measuring network node association intensity.

Notably, while 3/5 of the top 15 institutions by publication volume are Chinese
universities, Chinese institutions generally have lower citation rates. For instance, Cornell
University from the United States, despite having only 25 papers, has 5853 citations, with
the highest citation per paper rate of 234.12 among all institutions.
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Table 2. Top 15 Publishing Institutions.

T Countries/ S e Citation per
Rank Institution Regions Publication Citation Publication TLS
1st Chinese Academy of China 116 5492 47.34 104
ciences
2nd Zhejiang University China 60 4872 81.20 45
3rd Northwest AL China 52 1713 32.94 27
niversity
Nanjing Agricultural .
4th " University | China 48 2525 52.60 34
5th University of Chinese China 14 2115 48.07 60
Academy of Sciences
6th University of Edinburgh England 38 3248 85.47 30
7th China Agricultural China 30 1235 4117 29
niversity
8th Zhejiang A&F University China 30 1933 64.34 22
9th King Saud University Saudi Arabia 29 2392 82.48 15
10th Shanghai Jiao Tong China 29 2546 87.79 21
niversity
11th University of Florida us. 28 4433 158.32 14
12th University of Western Australia 28 2444 87.29 35
~ Australia
13th Chinese Academy of China 27 768 28.44 24
Agricultural Sciences
14th Aarhus University Denmark 27 1249 46.25 19
15th Cornell University u.s. 25 5853 234.12 22

From the institutional overlay visualization map (Figure 5), among the 37 institutions
with >15 papers, the Chinese Academy of Sciences has the largest node with dense connec-
tion lines, demonstrating high productivity and strong collaborative attributes. Institutions
like Zhejiang University, Nanjing Agricultural University, and Northwest A&F University
form a regional research cluster around the Chinese Academy of Sciences, with most of
these high-intensity collaborations being domestic institutions. Chinese institutions have
relatively less collaboration with high-productivity U.S. institutions such as University of
Florida, University of Massachusetts, lowa State University, and USDA ARS. In terms of
spatio-temporal evolution, U.S. institutions generally emerged earlier in the research, while
Chinese institutions typically emerged later.
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Figure 5. Institutional Timeline Overlay. Each node represents an institution, with larger nodes
indicating more publications, and the node color ranging from blue—purple for institutions that
entered the field earlier to yellow—green for those that joined later.
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3.4. National Analysis

A total of 100 countries have published articles in the field of carbon sequestration,
with 48 institutions screening out >10 articles. China is the country with the most publi-
cations, with a total of 811 papers, followed by the United States (395 papers), Australia
(174 papers), Germany (156 papers), India (154 papers), Canada (100 papers), Italy (94
papers), United Kingdom (87 papers), Pakistan (84 papers), and Republic of Korea (82
papers), with developed countries accounting for 70% (Figure 6). In terms of H-index,
the United States (102) ranks first, followed by China (97), Australia (64), Germany (54),
Canada (46), India (45), United Kingdom (41), Italy (38), Republic of Korea (36), and Pak-
istan (35). In terms of average citations per paper, the top three countries are Republic of
Korea (128.54 citations), Canada (119.3 citations), and Australia (109.67 citations), while
the United States (105.31 citations), United Kingdom (95.46 citations), and Germany (82.37
citations) also demonstrate high research impact (Figure 6). However, China has the lowest
number of citations among the top 10 countries in terms of publication volume (only 51.72).
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Figure 6. Total Publications, H-index, and Average Citations per Publication for Top 10 Countries
from 2007 to 2024.

As shown in Figure 7, China had a low publication volume in the early stage, with a
relatively slow article growth rate from 2010 to 2015. After 2015, it entered a growth phase,
especially after 2020, showing exponential growth. The United States demonstrates a steady
growth trend, reaching its peak in 2023, with a slight decrease in 2024. Australia, Germany,
and India had relatively low publication volumes but experienced small explosive growth
after 2021.

Figure 8 displays the overall landscape of global research collaboration, visualizing the
intensity and nature of cooperation between countries. Countries are represented by circles,
with size indicating the number of published papers. Connection line colors range from
yellow to red, with redder colors indicating higher cooperation intensity. China and the
United States are the two core players, with their interconnecting line being extremely red,
demonstrating the highest cooperation intensity in the global research network. China’s
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total cooperation intensity is 634, while the United States’ total connection intensity is 439,

reflecting a leading international research collaboration. China collaborates closely with

countries like Republic of Korea, Saudi Arabia, and Australia, mostly geographically proxi-

mate nations, with a tendency towards regional research collaboration, as indicated by the

reddish connection lines. Countries collaborating with the United States span across Asia,

Europe, and South America, with a more extensive and international collaboration nature,

as shown by connection lines varying from yellow to red. Both China and the United States

maintain close cooperation with Republic of Korea, with reddish lines highlighting the

tight trilateral collaboration. Europe is the most densely connected collaboration network,

with connection lines among many countries rich in color and predominantly reddish,

reflecting high-intensity multilateral research cooperation, closely related to geographical

proximity and deep academic exchange traditions.
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size indicating the number of papers published. The lines connecting countries range in color from

yellow to red, with more intense red signifying closer collaboration.

62



Energies 2025, 18, 2745

Figure 9’s country time overlay network reveals that the United States and Australia
were the earliest countries to research this field, followed by developed countries like the
United Kingdom, Denmark, and Germany. Developing countries such as China, India, and
Pakistan entered the field more recently.
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Figure 9. National Time Overlay Network. Each node represents a country, with larger nodes
indicating more publications from that country. Countries that entered the field earlier are represented
by nodes with more bluish-purple colors, while those joining later are depicted with more yellowish-
green colors.

3.5. Author Analysis

The study included a total of 8943 authors. According to the screening criteria (>10 pub-
lications and >100 citations), 29 core authors were ultimately identified. After removing
isolated nodes lacking cooperative relationships, the cooperation network contained 27 au-
thors, forming four research clusters with distinctive characteristics (Figure 10). Based on
Price’s law for selecting core authors, if an author’s number of papers M = 0.749+/ Py, they
belong to the core author group, where Pmax represents the number of papers by the most
productive author. Therefore, Table 3 lists the top 4 authors by publication volume. Among
these four authors, Yong Sik Ok from a Korean university has the highest H-index and the
most citations, indicating his greatest influence.

The interaction and collaboration between different clusters are not tight-knit, with
the green cluster showing the most cohesive collaborative relationships, primarily focusing
on research about biochar applications in rice fields and agricultural production [35-38].
The red cluster exhibits relatively low internal collaboration, with its representative scholar
Lehmann Johannes dedicating long-term research to biochar in soil improvement [39,40].
He and Professor Yong Sik Ok are the only authors with collaborations spanning all
four clusters. The yellow cluster centers around Professor Yong Sik Ok, characterized
by notably interdisciplinary research [41,42]. This scholar has not only promoted the
technological transformation of biochar across multiple industries but has also recently
optimized the biochar functional design through machine learning [43—45]. His academic
impact indicators, including publication volume, citation frequency, and H-index, are at the
top level (Figure 11, Table 3). Several authors in the blue cluster have relatively frequent
collaborations, with their research primarily oriented towards biochar applications in water
purification and heavy metal adsorption [46,47].
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Figure 10. Author Collaboration Network. Each node represents an author,

with larger nodes

indicating a higher number of publications, and the thickness of the connections is proportional to

the collaborative relationship between authors.

Table 3. Top 4 Authors by Publication Volume.

Ranking Author Publications Citations H-Index Affiliated Institution
1st Yong Sik Ok 30 7795 145 Korea University
2nd Ondfej Masek 24 1544 49 University of Edinburgh
3rd Tsang, Daniel C. W. 19 1587 129 Hong Kong University of Science
and Technology
4th Cao, Xinde 19 2429 78 Shanghai Jiao Tong University

ﬁ, VOSviewer

Yang, Fan

Figure 11. Author Citation Density Map. Nodes closer to red indicate authors with more citations,

while nodes closer to light green represent authors with fewer citations.
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3.6. Keyword Co-Occurrence

To ensure the accuracy and consistency of research result analysis and avoid potential
biases caused by subtle differences in terminology usage, this study standardized the
keywords found in the retrieved literature. “CO, storage” and “CO, sequestration” were
jointly merged into “carbon sequestration”; “CO,” was merged into “carbon dioxide”;
“climate” and “climate change” were integrated into “climate-change”; and “life cycle
assessment” was merged into “life-cycle assessment”.

High-frequency and high-ranking keywords directly reflect the core research content
and hot issues in the field. By tracking the changes in keyword frequency over time,
research hotspots can be captured and traced. Table 4 shows the top 15 keywords, with
biochar being the most frequent, appearing 1208 times, with a total connection intensity
of 10,736, followed by carbon sequestration, appearing 878 times, with a total connection
intensity of 8004.

Table 4. Top 15 Keywords.

Rank Keywords Occurrences Total Link Strength
1st biochar 1208 10,736
2nd carbon sequestration 878 8004
3rd pyrolysis 388 3560
4th black carbon 341 3345
5th biomass 319 3048
6th soil 301 2705
7th carbon 237 2050
8th charcoal 214 2040
9th nitrogen 213 2018
10th pyrolysis temperature 209 2072
11th stability 202 1948
12th organic—matter 202 1880
13th greenhouse—gas 184 1856
emissions
14th temperature 184 1768
15th adsorption 172 1564

There were 7238 keywords in total. When the keyword threshold was below 15, there
were three clusters, but the large number of keywords was not conducive to in-depth
analysis. Setting the keyword appearance threshold to over 25 times still resulted in three
clusters, but with significantly different keyword distributions. When the threshold was set
between 30 and 60 times, the clusters reduced to two. Upon further increasing the keyword
appearance threshold to 70 times, the keyword clusters returned to three, with significantly
reduced interference keywords. At this point, only core keywords in the carbon seques-
tration field related to biochar emerged, with a total of 54 high-frequency terms identified.
Carbon sequestration and biochar were the most focused keywords. Based on keyword
co-occurrence clustering, current biochar research directions can be divided into three
categories: the red area’s main keywords include biochar, carbon sequestration, pyrolysis,
adsorption, carbon, soil, biomass, waste, etc., indicating biochar technology development
and application; the blue area focuses on black carbon stability mechanisms, with high-
frequency keywords like black carbon, stability, oxidation, mineralization, and mechanisms;
the green area’s keywords include organic carbon, microbial community, greenhouse gas
emissions, and climate change, primarily reflecting organic carbon dynamics and climate
feedback mechanisms (Figure 12A).
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Figure 12. (A) Keyword Co-occurrence Network. Each node represents a keyword, node colors are
related to clustering, node size increases with occurrence frequency, and line thickness is proportional
to collaboration relationships between authors. (B) Keyword Time-Overlaid Network. Each node
represents a keyword, node size increases with keyword frequency, keywords appearing earlier are
closer to blue—purple colors, while keywords participating later shift towards yellow—green colors.

To reveal the temporal evolution trend of research themes, an overlay visualization
map was constructed (Figure 12B). Purple indicates keywords that appeared relatively
early, while yellow represents recently emerging keywords. The overlay visualization
map shows that keywords like charcoal, black carbon, sorption, oxidation, and chemical
properties appear in purple, indicating they emerged earlier; keywords such as removal,
waste, water, straw, quality, and soil organic carbon appear in yellow—green; greenhouse
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gas emissions and mechanisms appear in bright yellow, indicating these themes have
recently attracted increasing attention.

Keyword citation burst refers to keywords with rapidly increasing citation volumes.
Burst detection is a useful analytical method for discovering keywords of special focus from
relevant scientific communities during a specific period [48]. The red portion represents
the time period of citation bursts [49], and keywords with strong burst intensity can
represent research hotspots and frontiers [50]. Using CiteSpace to explore keywords
with strong burst intensity from 2007 to 2024, Figure 13 lists the top 25 keywords in the
biochar carbon sequestration field. These represent rapidly growing topics in biochar
research. By analyzing the 25 high-burst-intensity keywords between 2007 and 2024, a clear
evolutionary path in carbon sequestration research emerges. Early research centered on
black carbon and charcoal, with burst intensities of 51.98 and 47.05, respectively, reflecting
the academic community’s strong interest in carbon stability mechanisms. Keywords like
oxidation (intensity 12.92) and bioavailability further revealed black carbon’s resistance
to decomposition in the environment. These foundational studies provided theoretical
support for subsequent applications.
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black carbon 2007  51.982007 2017
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bioenergy 2009 4.97 2009 2012 . coe——
oxidation 2010 1219212010 2016 pn i——
soils 2010 7:82020110) . 20| 8 o —
bioavailability 2010 5:292010) 20116 o e
energy 2010 422010 2013 e —
soil carbon 2011 4512011 2015 P R
growth 2007 4472013 2014

soil amendment 2010 4.812014 2017 e e
activated carbon 2010 4.652014 2017 e e
amendments 2011 4592015 2017 P —
fertility 2009 4442015 2016 e
pyrogenic organic matter 2016 4712016 2019 T
wood 2007 4.77 2017 2018

sorption 2012 4182017 2018 B —
paddy 2018 5432018 2020 —
aggregate stability 2018 4.68 2018 2021 —
rice straw 2019 6.86 2019 2022 ———
waste water treatment 2019 4492019 2022 ——
biomass pyrolysis 2009 4291201191 2020 e e
municipal solid waste 2018 5.64 2022 2024 J—
co pyrolysis 2022 4.6 2022 2024 —
straw biochar 2022 4.36 2022 2024 —

Figure 13. Top 25 Keywords with Highest Citation Burst Rates. Red segments indicate the start and
end years of sudden increase duration.

From the early 2010s, the research focus gradually shifted to agricultural practices.
Keywords like soil carbon and soil amendment significantly increased in frequency, indicat-
ing biochar research transitioned from laboratory stages to field trials. Scientists conducted
application research on straw biochar in rice field systems, verifying carbon sequestration
effects and collecting scalable application data. Between 2022 and 2024, keywords like rice
straw, municipal solid waste, and co-pyrolysis remained active, showing research moving
towards multi-waste collaborative conversion. Specific examples include co-pyrolysis
technologies applying rice straw biochar with municipal waste. Simultaneously, key-
words like sorption and aggregate stability continued to appear, involving optimization
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of biochar’s physicochemical properties. Early high-frequency terms like bioenergy and
chemical property had relatively shorter active periods. Current research expanded to
exploring microbial community influences on organic carbon decomposition and observing
relationships between biochar application and greenhouse gas emissions, encompassing
comprehensive ecosystem-level impact assessments.

3.7. Co-Citation Analysis

When two papers appear simultaneously in the citations of a third paper, they are
considered to have a co-citation relationship [51]. Important publications typically attract
significant attention and interest, which can be reflected through citations [52], and co-
citation analysis serves as a crucial method for detecting specific domain structures and
evolutionary pathways [53]. This article generated a literature co-citation visualization
map using VOSviewer software (Figure 14) and listed the top 10 co-cited papers using Cite
Space (Table 5), with only the first authors cited. In the biochar research field, a series of
foundational literature collectively constructs the knowledge landscape. While all these
papers are related to biochar, they focus on different perspectives.

Table 5. Top 10 Co-Cited References.

First Author Article Journal Year Co-Citation Total Citation
Biochar physicochemical Environmental

Tomezyk, A. [54] ~ Properties: pyrolysis Science and 2020 115 1606
temperature and feedstock Bio/ Technology
kind effects
Biochar stability in soil:

W v pewanavieol L Clebichnse s

frocts P P & 8y 8y

e
Biochar effects on soil Soil Biology and

Lehmann, J. [40] biota—A review Biochemistry 2011 101 4017

Lehmann, J. [56] Ell;)tfg:;é?l climate change Nature Geoscience 2021 93 433
Biochar stability assessment Science of The

Leng, L.J. [57] methods: A review Total Environment 2019 76 469
Biochar application to low

El-Naggar, A. [41] i?fﬁiﬁz :g:isi ;?’}ivtflﬁef Geoderma 2019 75 727
prospects
Soil carbon sequestration and

Smith, P. [58] biochar as negative emission gilooll())al Change 2016 70 658
technologies 8y
Biochar, soil and land-use
interactions that reduce Science of the Total

Borchard, N. [59] nitrate leaching and N,O Environment, 2021 69 361
emissions: A meta-analysis
A quantitative review of the Agriculture

Jeffery, 5. [60] effects of biochar application g sy stems & 2011 65 1917

. p pre y Environment

using meta-analysis
Sustainable biochar to Nature

Woolf, D. [61] mitigate global climate change =~ Communications 2010 65 1761
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Figure 14. Co-Citation Network of Literature. Each node represents a literature source, node size
is positively correlated with citation frequency, each color represents a cluster, and the thickness of
connections between nodes is proportional to the co-citation frequency.

Tomczyk et al. (2020) [54] systematically revealed the influence of pyrolysis tempera-
ture (300-700 °C) and raw material type on biochar’s physicochemical properties, finding
that high temperatures significantly enhance specific surface area and ash content while
reducing volatile matter and CEC. Woody material-based biochar demonstrates higher
carbon sequestration and pollutant adsorption potential due to high carbon content and
porous structure, while manure-based biochar is more suitable for soil improvement due to
high ash content and CEC. Wang et al. (2016) [55] conducted a meta-analysis of 128 isotope
tracing studies, revealing biochar’s dual-pool decomposition mode in soil, showing an
overall negative priming effect on soil organic carbon mineralization but significantly pro-
moting mineralization in sandy soils, quantifying biochar’s long-term carbon sequestration
potential and environmental factors” impact on its stability.

Lehmann’s team, from a microbial ecology perspective, first unveiled biochar’s porous
structure’s regulatory mechanism on rhizosphere microbiota, discovering its promotion
of beneficial microbial colonization through allelopathic substance adsorption [56]. Leng
et al. (2019) [57] systematically reviewed biochar stability assessment methods, proposing
a multi-dimensional evaluation system combining elemental analysis, thermal oxidation
stability, and molecular markers, finding high correlation between H/C ratio and mineral-
ization model results, and recommending thermal oxidation stability indicators to improve
prediction accuracy.

El-Naggar, through field trials and meta-analysis, systematically demonstrated
biochar’s potential to enhance nutrient utilization efficiency in low-fertility soils, innova-
tively proposing the “designed biochar” concept to optimize material performance [38].
Smith et al. (2016) [58] examined biochar from a negative emissions technology perspective,
proving its synergistic benefits in carbon sequestration and soil improvement through life
cycle assessment. Borchard et al. (2019) [59] meta-analyzed 88 studies, finding biochar can
reduce N,O emissions by 38% and NO3 ™ leaching by 13%, with particularly significant
effects in paddy and sandy soils, though diminishing over time.
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Jeffery et al. (2011) [60] meta-analyzed 16 studies, discovering biochar generally
increases crop yield by 10% on average, with effects significantly influenced by soil pH
and texture. Poultry manure-based biochar showed the best performance (28%), while
solid biochar demonstrated negative effects. Woolf et al. (2010) [61] proposed that biochar,
through sustainable biomass pyrolysis and soil sequestration, could achieve an annual
12% greenhouse gas emission reduction potential, with century-long benefits significantly
higher than direct biomass power generation.

All research focuses on biochar’s carbon sequestration potential and its environmen-
tal/agricultural synergistic benefits, serving climate change mitigation and sustainable
development goals.

3.8. Analysis of Highly Cited References

Highly cited literature is a direct reflection of academic recognition of research achieve-
ments. According to Price’s law and ESI database standards (top 1% in citation frequency),
such literature often possesses high theoretical innovation or practical guidance value. By
analyzing the citation networks of these publications, one can reveal knowledge diffusion
paths and the formation mechanism of academic influence. Therefore, this article selected the
top 20 publications (top 1% in citation frequency) for analysis (Table 6). Among these, 10 are
review articles and 10 are research articles, with review articles ranking relatively high.

From the temporal distribution perspective, research on biochar began in 2007, with
research enthusiasm significantly increasing around 2010 (five papers in 2010). That
year had a high number of related publications. Research remained active in 20142015
(three papers in 2014, three papers in 2015) and continued to follow up until 2020, indicating
sustained attention to biochar research over the past decade. In terms of research content,
numerous publications extensively discussed biochar applications in environmental and
agricultural fields. On one hand, they focused on its function as an adsorbent in treating soil
and water pollutants, with some of the literature specifically exploring biochar’s application
in soil and water pollution management [42,62,63]. On the other hand, they examined
how preparation conditions (such as pyrolysis temperature) influence its physicochemical
properties [54,64]. Simultaneously, many publications analyzed biochar’s effects as a soil
amendment on soil properties, plant growth, and microbial communities, including the
agronomic value of green waste biochar as a soil improver [65-71]. Additionally, several
review articles systematically summarized biochar’s preparation, modification, properties,
and environmental applications, reviewing research progress and future directions [72-76].

The overall research formed a coherent narrative from fundamental property explo-
ration to practical application potential, consistently focusing on biochar’s applications
in pollution management and soil improvement, providing solid theoretical support and
directional guidance for subsequent in-depth research.

Reference literature burst detection is another method to track and capture research
hotspots. References with the highest citation counts indicate special attention during a
specific period and are typically considered the foundational research frontier of a field [77].
Figure 15 shows the top 25 references with the strongest citation bursts. The article “Bio-
char Sequestration in Terrestrial Ecosystems—A Review” has the earliest burst time, while
“Biochar effects on soil biota—A review” has the highest burst intensity. Both are from the
same author; Lehmann J. Tomczyk’s work “Biochar physicochemical properties: pyrolysis
temperature and feedstock kind effects” began bursting in 2020 and continues until 2024.
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Table 6. Top 20 Most Cited References.

First Author Article Journal Year Cited Times Document Type
Biochar as a sorbent for
Ahmad, M. [42] contaminant management in Chemosphere 2014 3762 Review
soil and water: A review
Dynamic Molecular Structure  Environmental
Keiluweit, M. [78] of Plant Biomass-Derived Science & 2010 2453 Article
Black Carbon (Biochar) Technology
Organic and inorganic
contaminants removal from B
water with biochar, a ioresource .
Mohan, D. [62] renewable, low cost and Technology 2014 1985 Review
sustainable adsorbent—A
critical review
Preparation, modification and Lof Cl
Wang, J.L. [72] environmental application of Journal of Cleaner 2019 1684 Review
. . Production
biochar: A review
Biochar physicochemical Environmental
Tomezyk, A. [54] {’mpemf& Py“ﬂsm stock Science and 2020 1671 Review
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Table 6. Cont.
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4. Discussion
4.1. Evolutionary Stages of Biochar Technology

In this era of information explosion, keeping up with industry frontiers and under-
standing the latest research findings is increasingly challenging [82]. To present a global
scientific output study of biochar from 2007 to 2024, this paper employs bibliometric analy-
sis to provide a novel method for organizing the knowledge structure of specific research.

The literature growth in this field exhibits a clear three-stage characteristic (Figure 2):
The initial stage (2007-2014) had an average annual publication volume of less than 29 pa-
pers, reflecting that technological R&D was still in the exploratory stage. The research focus
during this period was on basic scientific verification, such as the launch of the CSIRO
farmland carbon sequestration experiment in Australia in 2007 [83]. The release of the
European Union’s White Paper “Biochar Climate Mitigation Potential” in 2009 [84] led to a
year-on-year surge of 225% in the number of publications in 2010, reflecting the academic
community’s systematic exploration of biochar carbon sequestration mechanisms driven
by policy.

The acceleration stage (2015-2020) saw an average annual output increase to 117 pa-
pers, a threefold increase compared to the previous stage. This shift is significantly corre-
lated with the implementation of the Paris Agreement. In 2015, the Paris Agreement listed
biochar as a negative emission technology option [4], and the literature growth entered an
accelerated channel. Key industrialization events such as the breakthrough in pyrolysis
technology by Germany’s Pyreg company in 2016 [85] and the development of Cool Terra
nano-char in the United States in 2017 [86] promoted the extension of research topics to
engineering optimization and carbon metrology methodologies. The establishment of the
AgriProve carbon trading platform in 2018 further triggered explosive growth in carbon
credit accounting model research. The significant increase in citation frequency during
this stage further confirms the strengthening effect of technological maturity on academic
influence.

During the outbreak stage (2020-2024), the accelerated integration of the global carbon
market after 2021 directly triggered high-speed growth in the number of publications.
Combining the annual growth trend chart of the top 5 countries (Figure 7), it is not difficult
to find that China contributed the main growth momentum. This is directly related to
the top-level design of the “dual carbon” strategy—special central government financial
support, green financial policy innovation, and the directed allocation of scientific research
resources [87-91] have formed systematic support for technological breakthroughs. This
institutional advantage may provide sustained momentum for the development of the field.

4.2. Heterogeneity and Institutional Logic of Sino—U.S. Scientific Research Output

China and the United States far surpass other countries in scientific paper output,
being the most productive nations in the field. While their overall collaboration frequency
ranks high, deep cooperation between core research institutions remains limited (Figure 9).
The Chinese Academy of Sciences, despite establishing a broad international collaboration
network, primarily concentrates its cooperation intensity with domestic top-tier universities.
Collaboration with U.S. institutions like University of Florida, University of Massachusetts,
Iowa State University, and USDA ARS is comparatively minimal (Figure 5), a “shallow
collaboration” phenomenon potentially linked to differences in research evaluation systems
and institutional technology transfer mechanisms.

The two countries contribute approximately 60% of global research outcomes but
demonstrate differentiated development paths. Chinese research institutions have achieved
scale superiority in total paper volume, yet the United States maintains leadership in
research impact (such as the H-index) (Figure 7). Examining average citation frequencies,
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China ranks relatively low internationally. While China leads in total paper count, each
paper receives fewer citations compared to the U.S., primarily due to four factors: Extensive
Chinese research faces barriers from language limitations and insufficient international
promotion, struggling to enter global academic systems. Chinese institutions have low
representation in top-tier international journals, and domestic scholars tend to cite domestic
literature, constraining international citation volume. International collaborations remain
concentrated among few elite institutions, and Sino-U.S. cooperation has diminished
due to policy influences, narrowing knowledge exchange channels [92]. High retraction
rates in international journals, data fabrication issues, and domestic evaluation systems
emphasizing paper quantity further impact international credibility [93].

Improvement requires multiple approaches: expanding international collaboration
networks by deepening engagement with European and American institutions, exploring
partnerships with emerging research countries like India and Brazil, and encouraging schol-
ars with international backgrounds. Increasing English-language paper proportions, sup-
porting internationalized journals like Research (co-established by the Chinese Academy of
Sciences and U.S. partners), and utilizing open-access platforms to enhance paper visibility
are further approaches. Additional approaches include reforming research evaluation
standards by reducing paper quantity assessments, increasing support for originality and
long-term research, and strengthening academic integrity oversight.

4.3. Insufficient Author Collaboration Seriously Impedes Knowledge Dissemination

The current author collaboration network in the biochar carbon sequestration field
exhibits significant clustering characteristics, accompanied by insufficient cross-cluster
cooperation. Through author co-occurrence analysis (Figure 10), it can be seen that 27 core
authors form four relatively independent research clusters. However, except for a few core
scholars like Professor Yong Sik Ok and Lehmann Johannes, inter-cluster collaboration
lines are sparse. Research teams have relatively close internal cooperation, but there is little
interaction and collaboration between different teams, with knowledge mostly circulating
within their own small circles and cross-team interaction and knowledge sharing being
relatively limited.

This collaborative mode’s limitations have created a dual impediment to field de-
velopment. First, knowledge dissemination faces barriers, making it difficult to achieve
cross-fusion of frontier achievements in specific sub-domains, such as biochar stability
mechanisms, pyrolysis process optimization, and machine learning-driven material design,
through inter-cluster collaboration. Second, the risk of redundant research increases, as each
cluster independently explores common methodological issues like carbon sequestration
efficiency assessment and environmental risk modeling, failing to establish a standardized
research framework.

To address the problem of insufficient collaboration between author clusters, a rou-
tine collaborative network can be established, leveraging regional advantageous research
institutions. For example, using institutions like the Chinese Academy of Sciences and
Cornell University as pivots, regional alliances can be formed by combining universities
and research institutes in Asia, North America, and other regions. By regularly hosting
“Interdisciplinary Biochar Forums” and other activities, geographical and disciplinary
boundaries can be broken down, promoting face-to-face communication among authors
from agriculture, materials, environmental, and other clusters. This approach can help new
discoveries in soil microbiology and frontier achievements in machine learning material
design collide and generate collaborative innovation, effectively resolving knowledge
dissemination barriers and redundant research challenges.
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4.4. Technical Hotspots and Trends in Biochar Carbon Sequestration

In keyword burst detection (Figure 13), black carbon and charcoal show particularly
high burst intensities, with values quite close to each other. Their colors are also the
darkest in the keyword time overlay graph (Figure 12B), indicating an especially early
appearance. By consulting the literature, this may be because in early biochar research
(2007-2016), the “biochar” concept was not yet unified and was often mixed with terms like
“charcoal” and “black carbon”. For example, historically remaining combustion residues in
natural soil (such as black carbon) were once classified as precursors of biochar [94]. Their
outbreaks ended in 2016 and 2017, respectively, which may be related to the publication
of the “Standardized Product Definition and Product Testing Guidelines for Biochar for
Soil” (Version 2.1) by the IBI in 2015 (International Biochar Initiative. Standardized Product
Definition and Product Testing Guidelines for Biochar That Is Used in Soil) [95]. This
guideline specified the organic carbon content, preparation conditions, and functional uses
of biochar from a technical standard level, marking the definition of biochar as authoritative
and globally applicable.

The basic principle of biochar carbon sequestration is to convert unstable organic car-
bon in biomass into highly stable aromatic structures through thermochemical conversion,
and reduce its decomposition and release in the environment through physical and chemi-
cal interactions, thereby achieving long-term carbon storage [96]. Laboratory cultivation
experiments show that biochar’s mean residence time (MRT) is 617-2829 years, with a half-
life of approximately 1400 years [97], but the actual carbon sequestration age is significantly
influenced by field environmental aging, microbial activity, and soil heterogeneity [98]. For
instance, in a long-term field trial in Germany, high-dose biochar (40 Mg ha~') was applied
to sandy soil, combined with digestate or compost. Results showed that initial soil organic
carbon (SOC) storage increased by 61 Mg ha~!; but after four years, due to insufficient
soil physical protection, 38 Mg ha~! of SOC disappeared. Nine years later, SOC storage in
biochar-improved soil was only 7 Mg ha~! higher than the control group, and black carbon
storage almost returned to its original level [99]. This indicates that in sandy soil, biochar’s
physical stability is insufficient for long-term carbon sequestration, and the actual carbon
sequestration effect may be far lower than theoretical expectations.

In the keyword overlay diagram, the highlight yellow of “climate change” and “green-
house gas emissions” demonstrates that biochar production and improvement have been
increasingly applied to mitigate global climate change, a trend driven by the international
policy of the 2015 Paris Agreement [3], as well as China’s growing influence in global
climate governance. China’s proposal of the “dual carbon” target (carbon peaking and
carbon neutrality) in 2020 further promoted the practical application of biochar in climate
governance. Biochar’s function in achieving carbon neutrality is primarily through carbon
fixation and emission reduction [100,101].

Combining keyword burst detection (Figure 13) and keyword network co-occurrence
(Figure 12A), biochar stability has long been a focus of attention. The preparation raw ma-
terials are a crucial factor affecting biochar stability [102]. Keyword burst detection shows
that keywords like “wood”, “rice straw”, “waste water treatment”, and “municipal solid
waste” burst after 2017 (Figure 13), with “straw biochar” specifically bursting after 2022.
This indicates that biochar raw materials are currently transitioning from single sources to
diverse waste materials, including crop residues [103], forestry residues [104], municipal
solid waste [105], sewage sludge, manure [106], and biomass oil distillation residues [107].
This transformation is driven by rapid industrialization, widespread environmental pol-
lution concerns, and the need for proper waste disposal. In 2015, the United Nations
Environment Programme (UNEP) proposed integrating lifecycle methods with circular
economy [108], emphasizing policy tools that cover the entire chain. This compelled cities
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to seek alternative treatment solutions, with biochar production being preferred due to its
carbon sequestration and resource recycling functions. Through comparison with other
recent bibliometric analyses on biochar, we found that Karki (2024) [109] and Hao et al.
(2025) [110] both proposed applications of biochar in waste management, although they
only studied biochar’s application in specific types of waste. Particularly, Hao et al. (2025)
focused on tea leaf waste, which was not detected in our keyword co-occurrence network
(Figure 12A) or keyword burst detection (Figure 13). However, their findings are consis-
tent with our current conclusions, both discovering that biochar has received widespread
attention and significant enhancement in applications across various waste types.

However, this transformation also has drawbacks. The diversification of raw materials
means varying pyrolysis temperatures and carbon fixation capabilities [111], leading to
wide-ranging pH, specific surface area, and ash content indicators [112,113], making it
challenging to develop universal industry standards. More seriously, it may risk pollutant
migration. For instance, biochar produced from urban wastewater and municipal solid
waste may contain excessive heavy metals [114], which could cause soil pollution when
applied as fertilizer [102,115]. While the International Biochar Initiative (IBI) emphasizes
raw material sustainability, it has not clearly defined pollutant thresholds [116].

In the highly cited literature, several articles investigate the impact of pyrolysis on
physicochemical property stability (Table 6). The latest burst in literature detection is
Professor Tomczyk A’s article “Biochar physicochemical properties: pyrolysis temperature
and feedstock kind effects”, which is still ongoing (Figure 15). This indicates that the
academic community has recently been particularly focused on pyrolysis technology. Co-
pyrolysis, with the latest keyword burst (Figure 13), suggests that co-pyrolysis technology
for biochar has received significant attention in recent years. This is likely closely related to
the diversification of biochar raw materials. Co-pyrolysis is a technique of heating multiple
biomass or waste materials under oxygen-deficient conditions, which can significantly
improve biochar quality, including enhanced carbon fixation capacity [117,118]. Marquez
et al. (2024) [119] conducted a bibliometric analysis of pyrolysis and concluded that
co-pyrolysis has become a hot topic of comprehensive research since 2018, a conclusion
consistent with ours.

However, we did not find co-pyrolysis literature among highly cited references. This
may be because co-pyrolysis is a recently emerging technology, and the literature citations
take time to accumulate. Despite this, it remains an emerging technology currently con-
strained by raw material complexity, pollution risks, yield and energy efficiency trade-offs,
and technological promotion challenges [120], requiring further process optimization and
long-term benefit verification.

Soil is the largest terrestrial carbon reservoir [121,122], with surface soil storing about
two-thirds (approximately 1500 Pg) of global carbon, which is three times the atmospheric
carbon pool [55,123]. Therefore, any slight changes in the soil carbon reservoir can have
tremendous impacts on global greenhouse gas emissions [124]. The co-occurrence keyword
graph showing connections between biochar and soil, soil organic carbon (Figure 12A)
demonstrates that biochar is a core technology for soil carbon sequestration, making
significant contributions. Numerous studies indicate that biochar application can reduce
soil greenhouse gas emissions [87]. When applied as a fertilizer, biochar can also suppress
methane (CHy) and nitrous oxide (N,O) release.

In addition to preserving substantial carbon sinks, the keyword burst detection (Figure 13)
reveals that keywords like Soil, Soil carbon, amendments, and fertility emerged around 2010,
with high burst duration and intensity. This suggests that biochar applications in soil were
among the earliest areas of focus. The burst time of bioavailability coincides with soil, indicat-
ing scholars’ particular interest in biochar’s impact on soil microbial communities. Wang et al.
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(2024) [125] pointed out that new eco-fertilizers prepared from organic raw materials have
attracted widespread attention and application in recent years. As a soil amendment, biochar
can enhance soil carbon sequestration capacity [126], making it a continuing research hotspot.
The dark-blue keywords related to soil in the keyword time overlay diagram (Figure 12A)
further confirmed this perspective.

Gross’ meta-analysis synthesizing 64 studies and 736 treatments demonstrated that
biochar application increases soil organic carbon storage by an average of 29% (field trials),
with even higher carbon storage in experiments lasting over 5 years [127]. However, Han
et al. (2013) [128] found that while biochar application can provide significant soil carbon
sequestration, it also involves considerable uncertainty. The mechanisms underlying
biochar’s initial effects on soil carbon sequestration remain unclear [129].

Biochar technology represents an emerging interdisciplinary frontier and trend. Its dis-
ciplinary distribution spans environmental science, soil science, energy and fuel, agronomy,
environmental engineering, and green sustainable science and technology, with environ-
mental science being the most prominent (Figure 3). The biochar analysis in Figure 4 reveals
deep interactions across environmental science, chemistry, and earth sciences, and even
includes limited pathways involving psychology, education, socioeconomics, economics,
and political science. This indicates a shift from single technological research towards
comprehensive eco-economic system regulation.

Professor Yong Sik Ok from a Korean university has become a core leader in biochar
research through exceptional publication volume, citation frequency, and H-index (Table 3).
With the highest collaboration intensity, his emerging research directions potentially rep-
resent future development trends. His team has recently focused on machine learning
(ML)-driven biochar technology optimization [43—45]. In the current era of internet big
data and artificial intelligence (Al), machine learning demonstrates significant potential in
biochar preparation process optimization, performance prediction, and application scenario
expansion, marking an important future development direction.

5. Conclusions

This study employs bibliometric analysis to assess the current status and research
prospects of international cooperation in biochar carbon sequestration. The analysis in-
cludes a comprehensive evaluation of the distribution of publication years and the iden-
tification of prolific authors and their institutions, international collaboration patterns,
publication sources, high-frequency keywords, and related citation rates. This method aids
in identifying and exploring research hotspots and emerging trends in the field. Future
research directions should closely address the key gaps identified through bibliometric
analysis: (1) Focus on the growth potential of research related to “biochar-microorganism
interactions” and form interdisciplinary teams, leveraging the high-producing author
groups identified through quantitative analysis, to elucidate the underlying microscopic
mechanisms, thereby filling the current knowledge gap. (2) Biochar carbon sequestration
research has progressively advanced from early mechanistic exploration to engineering
applications, currently focusing on waste resource utilization and technological innovation.
However, constrained by factors such as raw material diversity and the imperfect long-term
carbon sequestration monitoring system, the field faces practical challenges such as a lack
of standards. In the future, researchers can utilize improved machine learning models
to assist in biochar preparation and conduct tests in complex soil systems to screen for
biochar suited to specific application scenarios. This will help to thoroughly clarify the
mechanisms and influencing factors of biochar carbon sequestration, and then accurately
predict the environmental impact of biochar’s life cycle. (3) At the policy level, there is a
need to expedite the establishment of thresholds for heavy metals and other pollutants in
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raw materials, support “biochar + agriculture” demonstration projects, and promote it as
an important technical pathway to achieve carbon neutrality.

Researchers should leverage these insights to prioritize high-impact collaborations,
advocate for standardized assessment frameworks, and involve policymakers in scaling
biochar from pilot studies to climate mitigation strategies. By bridging these gaps, the
field can transition from fragmented findings to systematic, globally coordinated carbon
sequestration solutions.

6. Limitations

This research has certain limitations in terms of data sources and analytical methods.
On the data source side, the study is based solely on the Web of Science database, without
incorporating Scopus, patent databases, or regional academic resources. This approach may
overlook research outcomes from non-English or non-mainstream journals, and the data
are limited to 2024, with non-English literature excluded, which affects the comprehensive-
ness, timeliness, and cultural diversity of the conclusions. Additionally, the international
collaboration network analysis relies exclusively on bibliometric data, without integrating
non-literature factors such as funding support or policy guidance, thus providing limited
insight into the driving mechanisms of collaboration modes. Furthermore, while widely
used analysis software like Vosviewer and Citespace were employed, these methods cannot
fully exploit the data potential as digital technologies advance. Future research could
consider developing or utilizing more advanced analysis software and Supplementing
Data from alternative databases or custom data sources to optimize the study.
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Abstract: COy-enhanced coalbed methane recovery (CO,-ECBM) represents a promising
pathway within carbon capture, utilization, and storage (CCUS) technologies, offering
dual benefits of methane production and long-term CO, sequestration. This review pro-
vides a comprehensive analysis of CO,-ECBM from a full-chain perspective (Mechanism,
Practices, and Outlook), covering fundamental mechanisms and key engineering prac-
tices. It highlights the complex multi-physics processes involved, including competitive
adsorption—desorption, diffusion and seepage, thermal effects, stress responses, and geo-
chemical interactions. Recent progress in laboratory experiments, capacity assessments, site
evaluations, monitoring techniques, and numerical simulations are systematically reviewed.
Field studies indicate that CO,-ECBM performance is strongly influenced by reservoir
pressure, temperature, injection rate, and coal seam properties. Structural conditions and
multi-field coupling further affect storage efficiency and long-term security. This work also
addresses major technical challenges such as real-time monitoring limitations, environmen-
tal risks, injection-induced seismicity, and economic constraints. Future research directions
emphasize the need to deepen understanding of coupling mechanisms, improve moni-
toring frameworks, and advance integrated engineering optimization. By synthesizing
recent advances and identifying research priorities, this review aims to provide theoretical
support and practical guidance for the scalable deployment of CO,-ECBM, contributing to
global energy transition and carbon neutrality goals.

Keywords: CO,-ECBM; CCUS; site suitability assessment; numerical simulation;
environmental risk; energy security
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1. Introduction

Global climate change represents one of the most critical challenges facing modern
human society, with greenhouse gas emissions—particularly CO,—widely recognized
as a primary driver of global warming [1-4]. In light of the progress of international
climate agreements, such as the Paris Agreement, achieving net-zero CO, emissions and
global carbon neutrality has emerged as a widely shared consensus among the global
community [5-7]. Against this backdrop, the central challenge facing countries worldwide
is how to effectively control carbon emissions while ensuring the security of energy supply.

CCUS is regarded as a key pathway for facilitating the low-carbon transition of en-
ergy systems. CCUS enables the efficient capture of CO; from industrial sources and
achieves significant emission reductions through secure geological storage or resource
utilization [8-13] (Figure 1). CO,-ECBM represents a synergistic pathway within the
broader framework of CCUS, simultaneously targeting enhanced coalbed methane recov-
ery and long-term CO; geological storage. This technology involves injecting CO, into
coal seams, where it preferentially adsorbs onto the coal matrix due to its stronger affinity
compared with methane. This competitive adsorption mechanism displaces the adsorbed
CHy4, enabling its extraction, while securely storing CO, within the coal structure. As
a result, CO,-ECBM offers the dual benefits of energy production and greenhouse gas
mitigation [14-16]. Compared with conventional coalbed methane extraction methods,
CO,-ECBM offers multiple advantages. It causes minimal disruption to the geological
formation, enables efficient methane release, and exhibits strong environmental compati-
bility and long-term storage stability. These characteristics make CO,-ECBM a promising
technological bridge between energy development and climate mitigation. Globally, many
coal-bearing regions are characterized by low permeability, complex pore structures, and
limited methane desorption capacity, which often result in low recovery rates using tradi-
tional CBM extraction techniques—hindering their commercial viability [17-19]. In such
contexts, CO,-ECBM demonstrates clear technical and economic advantages, particularly
in deep and complex coal seams where conventional methods fall short. This approach
not only provides a sustainable pathway for CBM resource development but also offers
reliable geological space for CO, sequestration.

CO, injection atarig
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Figure 1. Schematic diagram of selected pathways for carbon dioxide capture, utilization, and storage.
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In recent years, CCUS technologies have witnessed rapid advancement, with
CO,-ECBM emerging as a focal point of interest across both academia and industry. Re-
search on this technology spans multiple scales, ranging from the fundamental mechanisms
of gas adsorption and the dynamics of diffusion and seepage to field experiments and
engineering demonstrations (Figure 2) [20-22]. CO,-ECBM is currently transitioning
from foundational studies to pilot-scale implementations, and is poised to move toward
large-scale deployment. Nevertheless, this technology still faces numerous scientific and
engineering challenges. This paper begins with a review of the fundamental mechanisms
of CO,-ECBM, and, drawing on the recent research conducted by our team, systemati-
cally summarizes the current progress and practical developments. It further explores
global engineering demonstrations, key influencing factors, and potential future trends.
The objective is to provide a comprehensive reference for the ongoing optimization and
implementation of CO,-ECBM, and to lay a solid foundation for its eventual large-scale

application.
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Figure 2. Global distribution of selected CCUS demonstration projects.

2. Mechanisms of CO;-Enhanced Coalbed Methane Recovery

CO,-ECBM enhances methane recovery and enables carbon sequestration by injecting
carbon dioxide into coal seams. The core mechanisms primarily involve two interrelated
processes: adsorption-desorption behavior and diffusion—seepage transport. A schematic
diagram of the CO,-ECBM mechanisms is shown in Figure 3.

The adsorption-desorption mechanism is fundamental to CO,-ECBM. Coal exhibits a
stronger adsorption affinity for CO, than for CH4. Upon CO; injection, a distinct competi-
tive adsorption effect occurs—CO; displaces CHy4 previously adsorbed on the coal surface,
thereby enhancing CHy desorption. Concurrently, the increase in CO, concentration and
the decrease in CHy concentration within the free gas phase disrupt the original adsorption—
desorption equilibrium, further promoting CHjy release. To quantitatively describe this
competitive adsorption behavior, the Ideal Adsorbed Solution Theory (IAST) is widely
adopted. IAST provides a thermodynamic framework for predicting the multicompo-
nent adsorption equilibrium based on pure-component isotherms, assuming the adsorbed
phase behaves as an ideal solution. This approach enables accurate estimation of CO,
and CHy4 uptake under varying pressure and composition conditions without requiring
extensive multicomponent experiments. By incorporating IAST into gas adsorption mod-
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eling, researchers can more effectively characterize selective adsorption phenomena and
optimize injection strategies. The extended Langmuir model is a theoretical framework
for describing the competitive adsorption of multicomponent gases on solid surfaces. It
modifies the classic Langmuir single-component model to account for the complexity of
gas mixtures, where each component competes for the same adsorption sites. Adsorption
is influenced by both the component’s own properties and the presence of other gases,
with the model incorporating partial pressures and adsorption affinities to capture these
interactions. This approach enables accurate prediction of gas adsorption behavior in
porous media under complex conditions, such as CO, sequestration and methane recovery
in coal seams. Overall, this process not only facilitates methane desorption and recovery,
but also results in the sequestration of CO, in an adsorbed state within the coal matrix,
establishing a synergistic “displacement-sequestration” mechanism [23-25].
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Figure 3. Mechanistic diagram of CO,-ECBM.

In addition, the diffusion-seepage process governs the transport pathways and migra-
tion efficiency of desorbed methane and injected CO,. The desorbed CH,4 molecules must
diffuse through micropores into the cleat and fracture system, and then migrate via seep-
age flow toward the production wells to enable effective extraction. During this process,
injected CO; not only functions as a displacement agent but also establishes a localized
pressure gradient that helps overcome the intrinsic low permeability of coal seams, thereby
improving gas mobility. Notably, the common phenomenon of “compaction-induced
permeability reduction” during conventional methane extraction can be mitigated under
continuous CO; injection. The sustained pressure around the wellbore helps preserve coal
structure integrity, prevents pore closure, and ultimately enhances both permeability and
flow capacity [26,27].

In summary, the CO,-ECBM process integrates coupled mechanisms of adsorption—
desorption and diffusion-seepage: adsorption-desorption enables selective gas separation
and long-term CO,; sequestration, while diffusion-seepage promotes CH, displacement
and recovery. This synergistic mechanism typically enhances methane production by
around 20-30% compared with conventional CBM methods, with CO; retention efficien-
cies after 10 years generally ranging from approximately 70% to 90%, depending on
reservoir conditions.
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3. Current Development of CO,-ECBM Technology
3.1. Experimental Research Progress on CO,-ECBM

Experimental research on CO,-ECBM aims to elucidate the adsorption, desorption,
diffusion, and seepage mechanisms of CO, within coal seam media at both microscopic
and macroscopic scales, thereby assessing its effectiveness in enhancing coalbed methane
recovery and carbon sequestration capacity. Current experimental efforts mainly focus on
the characterization of reservoir properties in coal seams and surrounding rocks, simulation
of CO; sequestration mechanisms, and the evaluation of permeability and injectivity during
the injection process [28-30].

Representative coal and surrounding rock samples are used to perform comprehensive
rock mechanics and petrophysical property tests. With the aid of triaxial loading appara-
tuses, low-field nuclear magnetic resonance (LF-NMR) instruments, various gas adsorption
analyzers, mercury intrusion porosimeters, and scanning electron microscopes (SEMs), key
mechanical parameters such as elastic modulus, shear modulus, and Poisson’s ratio, along
with physical properties including density, porosity, permeability, specific surface area,
pore size distribution, pore volume, and CO; adsorption capacity, can be quantitatively
determined. Figure 4 presents mercury intrusion porosimetry results to characterize the
pore size distribution of coal samples—an effective method for evaluating pore structure.
These experiments are crucial for understanding the heterogeneity of reservoir properties
across different geological formations and their influence on CO, migration behavior.
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Figure 4. Pore size distribution of coal samples based on mercury intrusion porosimetry.

In terms of sequestration mechanisms, experimental studies are typically conducted
under simulated reservoir conditions (e.g., temperature, pressure, and water saturation) to
investigate three types of physical simulation experiments: adsorption-based, dissolution-
based, and mineralization-based CO, sequestration. Adsorption experiments employ
high-pressure gas adsorption/desorption systems to evaluate the adsorption capacity and
characteristics of CO, on coal or rock surfaces and within pores. Dissolution experiments
are conducted using CO,—water—rock reaction vessels to examine the dissolution behavior
of CO; in pore water and its subsequent reactions with minerals. Mineralization experi-
ments focus on observing the formation, transformation, and stability of newly generated
minerals after reactions, in order to assess the long-term sequestration potential.

Moreover, to evaluate the injectivity and evolution characteristics of CO, in coal
seams, particular attention must be paid to geochemical effects and volumetric stress—strain
responses [31-33]. For instance, CO; injection simulation systems are used to monitor
volumetric strain, fracture development, and permeability changes in rock samples during
the injection process. These observations, combined with analytical techniques such as
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X-ray diffraction (XRD) and inductively coupled plasma optical emission spectrometry
(ICP-OES), allow for detailed analysis of changes in fluid composition and provide a
comprehensive understanding of the geochemical and mechanical responses induced by
CO; injection. Figure 5 presents the modifications in ion concentrations and trace element
compositions that are observed across different samples following geochemical interactions.
The data indicate that notable alterations in both major ion concentrations and trace element
profiles do occur, suggesting that geochemical interactions have a definitive impact on the
chemical properties of the samples.
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Figure 5. Combined concentration changes of major ions and trace elements before and after reactions.

In summary, these experimental studies not only elucidate the multiscale physico-
chemical behavior of CO, within coal seams, but also offer robust experimental support for
the assessment of CO, storage capacity, suitability evaluation of CO,-ECBM, numerical
simulation research, and injectivity analysis.

3.2. Current Research on CO,-ECBM Storage Capacity Assessment and Suitability Evaluation

In recent years, extensive research has been conducted by scholars to evaluate the
storage capacity of CO,-ECBM, leading to the development of assessment models that
encompass three primary sequestration states: adsorbed, dissolved, and free-phase. These
models quantitatively describe the geological sequestration potential of CO; in coal seams
through theoretical calculations and calibration with experimental data. According to
widely accepted approaches from previous studies, CO; sequestration in coal seams pre-
dominantly occurs in the adsorbed phase, followed by dissolved and free phases, with the
adsorbed phase typically accounting for the largest proportion [34-38]. Specifically, the
assessment models are generally expressed in the following form [39]:

Mear = ScarPearMeoai (mah +my+ mf) (1)

where M, is the CO, storage capacity in t; S¢ is the CO; storage coefficient in the coal
reservoir; per is the CO, density under standard conditions (101.325 kPa, 273.15 K), equal
to 1.977 kg/m3; M, is the proven coal reserves in t; mg, is the amount of CO;, stored in
the adsorbed state per unit mass of coal in m3/t; m; is the amount of CO, stored in the
dissolved state per unit mass of coal in m3/t; and myg is the amount of CO; stored in the
free state per unit mass of coal in m3/t.

For a unit mass of coal, the CO, sequestration potential in the adsorbed state within
the reservoir can be expressed as [37-39]:
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where p is the pressure of the deep coal reservoir, corresponding to the CO, adsorption
pressure in MPa; T is the critical temperature of CO,, 304.21 K; Z is the compressibility fac-
tor of CO; (dimensionless), which can be estimated through multiparameter interpolation;
pc is the critical pressure of CO,, 7.383 MPa; T is the temperature of the deep coal reservoir,
also the CO; adsorption temperature in K; and mey is the excess adsorption capacity of CO,
per unit mass of coal in m3/t, which can be calculated using the Dubinin-Radushkevich
(D-R) adsorption model [37-39]:

Mex = Mo (1 B pf>ED[ln(gi)]2 + kpf (©))
Pa

where m is the maximum CO, adsorption capacity per unit mass of coal determined from
adsorption experiments in m3/t; prand p, are the densities of free-phase and adsorbed-
phase CO; under the actual pressure and temperature conditions of the coal reservoir in
kg/m?; D is the adsorption constant (dimensionless); and k is a constant related to Henry’s
law (dimensionless).

The CO; density in the coal reservoir is a function of pressure and temperature,
expressed as pg = f(p, T), and can be further expressed as [37-39]:

p

Ps = 13 6¢7)RT @)

where = p./ps is the reduced density of CO, (dimensionless), with p. being the critical

density of CO, (0.45 x 1073 kg/m?); and T = To/T is the reduced temperature (dimension-

less). ¢(J,7) denotes the Helmholtz free energy, which is governed by both temperature
and density [37-39]:

P(0,7) = ¢°(6,7) +¢'(6,7) (5)

where ¢°(3, T) represents the Helmholtz free energy of the ideal fluid; and ¢!(J, ) denotes
the residual Helmholtz free energy of the real fluid.

In coal reservoirs, the solubility-based CO, storage potential per unit mass of coal is a
function of the coal seam porosity, water saturation, coal density, and the solubility of CO,
in water, and can be expressed as [37-39]:
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where ¢ is the coal porosity in %; Sy, is the water saturation of the coal seam in %; S¢sr is

the solubility of CO, in coal seam water in mol/cm?; and p,,, is the coal density in kg/m?.

According to Boyle-Mariotte’s law, and taking into account the gas saturation of the

coal seam, the free-phase CO, storage potential per unit mass of coal in the reservoir can
be expressed as [37-39]:
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where S, is the gas saturation of the coal seam in %; py is the standard atmospheric pressure;

@)

Ty is the temperature under standard conditions; and p,;s,, is the apparent density of coal
inkg/ m?.

To address the issue of CO, geological storage suitability, researchers generally ad-
vocate for the establishment of a comprehensive evaluation index system that integrates
multiple dimensions and hierarchical levels [40—45]. This system should fully consider key
factors such as reservoir security, storage capacity potential, and socio-economic accept-
ability. Reservoir security serves as the foundation for the sustainable operation of storage
projects, and is primarily determined by regional crustal stability and caprock integrity.
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For crustal stability, assessments typically involve evaluating peak ground acceleration,
historical seismic activity intensity, and the spatial distribution of active faults to deter-
mine the overall structural stability of the area. Caprock conditions, including lithology,
thickness, continuity, and burial depth, directly affect the sealing performance and migra-
tion risk of CO;. In terms of storage capacity, the scale of the structural unit, reservoir
physical properties, and theoretical storage potential are the core evaluation components.
The area and thickness of the structural unit define the spatial boundary conditions of
the storage site. Reservoir development conditions—such as thickness, porosity, and
permeability—determine the CO, injectivity and effective storage capacity. Storage poten-
tial usually refers to the estimated geological storage volume and storage capacity per unit
area, reflecting the resource base of CO, geological storage in a given region.

In addition, the feasibility of CO,-ECBM must also consider socio-economic conditions,
particularly carbon source distribution and public acceptance. Economically, proximity to
large-scale CO, emission sources helps reduce transportation costs and project complexity.
Meanwhile, the level of public acceptance may influence the implementation and sustain-
ability of engineering operations. Therefore, when constructing a CO,-ECBM suitability
evaluation framework, it is essential to integrate technical, geological, and economic fac-
tors into a unified system. Figure 6 illustrates the suitability evaluation index system for

CO,-ECBM constructed by the authors.
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Figure 6. Evaluation indicators for CO,-ECBM suitability assessment.

In practical suitability analyses, researchers often adopt a combination of the Analytic
Hierarchy Process (AHP) and Fuzzy Comprehensive Evaluation (FCE). This approach
enables the construction of a multi-level hierarchical model consisting of a target layer, a
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criterion layer, and an index layer. Expert judgment matrices are used to determine the
weight of each indicator. Coupled with regional geological data, monitoring records, and
sampling results, this method provides a quantified, comprehensive evaluation to offer a
scientific basis for CO,-ECBM suitability assessments.

3.3. Monitoring Technologies and Regulatory Frameworks for CO,-ECBM

In response to the urgent need for CO, leakage and migration surveillance, numer-
ous researchers have conducted in-depth investigations into surface deformation and
environmental changes induced by CO, injection [46-52]. At present, a widely recog-
nized strategy among Chinese scholars involves an integrated air-space-surface-downhole
remote sensing-based monitoring system [53] (Figure 7).

[ Air and Space ]

Monitoring of Surface Micro-Deformation and Environmental
Changes Using Remote Sensing Technology

[ Surface ]

Passive Seismic-Based Surveillance of
Near-Surface Dynamics in Production Well Arrays

[ Downhole ]

Integrated Multi-Horizon Fluid Sampling
Thermodynamic Surveillance System

Multi-Azimuth Multicomponent Time-Lapse
VSP Analysis Technique

Figure 7. Air-space-surface-downhole integrated monitoring system.

Within the air and space segment, large-scale monitoring relies on optical and radar
satellite platforms to acquire long-term, high-resolution InNSAR datasets. These datasets
enable all-weather tracking of surface micro-deformation and vegetation-related environ-
mental dynamics, thereby revealing CO, migration patterns and their potential ecological
impacts. Simultaneously, unmanned aerial vehicles (UAVs) equipped with optical and
thermal infrared sensors are employed for targeted, rapid surveillance of the injection
zone. These systems can acquire surface models and high-resolution imagery, while also
detecting potential leakage hotspots and anomalous reactions in a timely manner, ensuring
real-time and accurate monitoring. The integration of satellite-based remote sensing and
UAV observations provides both macro and micro perspectives on the CO, storage site,
forming a critical technological foundation for continuous and dynamic monitoring of CO,
migration and environmental responses at the regional scale.

For surface-based monitoring, long-term surveillance of production well arrays com-
bined with passive seismic-based surveillance of near-surface dynamics enables the effec-
tive detection of fracture propagation and surface deformation induced by CO; injection.
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With the aid of advanced passive seismic fracture tomography, subsurface rupture events
and the evolution of CO, plume fronts can be directly visualized. This provides crucial
empirical data for understanding fluid behaviors and fault activation during the storage
process. This technique also overcomes the limitations of traditional surface monitoring in
terms of signal-to-noise ratio and resolution, significantly enhancing the ability to identify
and provide early warnings of CO; leakage risks.

In the downhole monitoring system, long-term deployment of fiber-optic sensors along
high-angle wells allows for real-time, stratified gas—water sampling and precise tracking
of temperature and pressure changes. Additionally, a multi-azimuth multicomponent
time-lapse VSP analysis technique is introduced to quantify subsurface fluid dynamics and
structural deformation responses. This system not only provides real-time feedback on the
in-well CO; storage status, but also—through the interpretation of time-lapse datasets—
helps reveal the spatial distribution and evolution of CO, migration under multi-physics
coupling conditions. Together, these insights offer robust data support and scientific
guidance for the optimization of CO,-ECBM deployment strategies.

In parallel with technological advancements, many countries, including China, the
United States, and Australia, have progressively improved their policy support and man-
agement frameworks to promote the safe and orderly implementation of CO,-ECBM. These
frameworks generally emphasize the importance of long-term environmental monitoring,
risk prevention and control, and accountability mechanisms throughout the project lifecycle.
In China, relevant departments have begun to explore coordinated regulatory approaches
that integrate environmental supervision, project approval, and data reporting, aiming
to enhance oversight efficiency and project transparency. The integration of advanced
monitoring technologies with a sound governance structure plays a key role in improving
risk management, fostering public trust, and facilitating the sustainable and large-scale
development of CO,-ECBM projects.

3.4. Advances in Numerical Simulation of CO2-ECBM

Coal seams are characterized by strong heterogeneity and generally low permeability,
making efficient CO, injection and enhanced CHy recovery the key technical challenges of
CO,-ECBM. Numerical simulation has become a powerful tool to reproduce the production
history of coalbed methane wells, quantitatively assess the potential of CO,-ECBM, and
support the optimization of engineering schemes and evaluation of CHs enhancement
strategies. Due to its low cost and short research cycle, numerical modeling has attracted ex-
tensive attention in recent years. Research efforts have increasingly focused on developing
and improving multi-physics coupled models to accurately describe the complex processes
occurring within coal reservoirs, including gas adsorption, diffusion, seepage, heat transfer,
geomechanical evolution, and geochemical reactions [54-59]. Early commercial simulators
were primarily based on partial differential equations governing adsorption and flow
fields. These models could effectively simulate isothermal adsorption and diffusion of
gases within the coal matrix, as well as fluid flow in the fracture network. However, they
often neglected the coupled effects of temperature fields, geostress variations, and mineral
dissolution/precipitation reactions, thus limiting their applicability under the complex
conditions of deep coal seams.

To address these limitations, our research team has recently developed a fully coupled
adsorption-hydro-thermo-mechanical-chemical (AHTMC) model [57-60]. This type of
model integrates equations of energy conservation, fluid dynamics, and geomechanics
to comprehensively capture the interactions among multiple physical fields during the
CO,-ECBM process [60]. In the AHTMC framework, adsorption behavior is typically
described using a modified Langmuir isotherm, while gas diffusion within the coal matrix
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is governed by Fick’s law. Fluid transport in the fracture system is modeled using a combi-
nation of Darcy’s law and gas slippage effects. To characterize thermal responses driven
by temperature fluctuations, the model incorporates terms for thermal conduction and
convection, alongside thermodynamic effects such as adsorption heat release, dissolution
exothermicity, and endothermic deformation of coal rock. The geomechanical response
is modeled using the theory of poroelasticity, fully considering reservoir deformation re-
sulting from changes in fluid pressure, temperature, and adsorption-induced strain. Some
advanced models further integrate the dynamic dissolution of CO, and CH, in formation
water to refine the representation of CO; storage mechanisms in water-bearing coal seams.

Currently, finite element platforms such as COMSOL (Comsol multiphysics 6.2) multi-
physics have emerged as important tools for simulating fully coupled CO,-ECBM processes.
Their modular and flexible multi-physics environment allows researchers to construct and
solve highly complex models with ease. In parallel, advancements in finite difference and
open-source simulation platforms are providing new pathways for tackling multiscale
and multi-physics coupling challenges. Overall, the scope of numerical simulation in this
field has evolved from single-field representations to multi-physics coupling, while the
application frontier has expanded to include the quantitative evaluation of key performance
indicators—such as CHy recovery efficiency and CO, adsorption capacity These efforts offer
substantial data support for engineering design and risk assessment in real-world projects.
Despite these advances, numerical simulation in CO,-ECBM still faces major challenges,
including high model complexity, intensive computational demands, and difficulties in
obtaining accurate reservoir parameters. Future research should aim to further optimize
model architecture, reduce computational costs, and validate simulations through field
data, thereby enhancing their utility in guiding the engineering deployment and large-scale
application of CO,-ECBM technology.

4. Global Demonstration Projects of CO,-ECBM

Overall, CO,-ECBM technology remains in the exploratory engineering stage both
internationally and in China. A number of pilot projects have been carried out globally,
which have, to some extent, demonstrated the technical feasibility of CO,-ECBM for both
long-term CO, sequestration and enhanced coalbed methane recovery [61-67] (Table 1).
Although research in this field began earlier in several countries, and some projects have
progressed to pilot-scale or limited commercial operation, the majority are still in the
field-testing phase.

As early as 1995-2001, the United States initiated the first CO,-ECBM field trial at
the Allison Unit in the San Juan Basin. The project employed multi-well co-production
techniques and successfully enhanced CBM recovery. This large-scale trial covered an area
of approximately 1.295 x 10 m?, with four CO; injection wells and 16 production wells,
and a cumulative CO; injection volume of 336,000 t [68,69]. Another prominent effort
in the San Juan Basin, located in New Mexico, targeted the Upper Cretaceous Fruitland
Formation, which has an average depth of approximately 900 m [70]. This test, initiated in
1995, aimed to assess the carbon sequestration potential of the Fruitland coal seams. The
reservoir was categorized into four distinct subregions based on geological and production
characteristics. The pilot area was located in a high-pressure, high-yield CBM zone. In
addition to the San Juan Basin, other demonstration projects in the United States have been
conducted in the Illinois and Appalachian Basins. These projects involved unmineable
coal seams and lignite blocks, as well as the application of advanced technologies such
as horizontal drilling and pre-fracturing, thereby contributing valuable field data and
engineering experience to the development of CO,-ECBM.
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China’s research and engineering application of CO,-ECBM started relatively late,
but has developed rapidly in recent years with the support of national key scientific and
technological programs. Since 2013, several pilot tests have been carried out under the
leadership of China United Coalbed Methane Co., Ltd., focusing on both shallow and
deep coal seams, ranging from single-well trials to multi-well group operations in the
Qinshui Basin (Figure 8) and the Ordos Basin. China’s first pilot project was implemented
in the Qinshui Basin between 2002 and 2006 through a joint initiative with the Canadian
government. The trial involved intermittent CO, injection and production in No. 3 coal
seam, where a total of 192.8 t of liquid CO, was injected, resulting in a significant increase
in CBM recovery. From 2011 to 2012, a single-well injection-production test was conducted
in a 560 m deep coal seam in Liulin, Shanxi Province, with a total CO; injection of 460 t.
Subsequently, during 2013-2015, a deeper coal seam test at a depth of 900 m achieved a
cumulative CO; injection of 4491 tonnes [71].

Figure 8. Field operation view and inspection/maintenance of CBM facilities in the Qinshui
Basin, China.

These pilot projects illustrate the evolution of China’s CO,-ECBM development from
shallow, single-well tests to deep, multi-well group experiments. The technical maturity
has steadily improved, confirming the feasibility of CO,-ECBM and revealing its promising
potential for commercial-scale deployment. At the same time, these efforts have also high-
lighted the engineering challenges that must be overcome for widespread implementation
of this technology.
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Table 1. Major CO,-ECBM projects worldwide [71].

Country Project Location Injection Period CO; Injected (t)
USA Allison Field, San Juan Basin April 1995-August 2001 336,000
USA Pump Canyon, San Juan Basin July 2008-August 2009 16,699.00
USA Tanquary Farm, Illinois Basin 2008 92.3
USA Virginia, Central Appalachian Basin January 2009-February 2009 ~900.00
USA Lignite Block, Williston Basin 2009 90
USA Black Warrior Basin June 2010-August 2010 225
USA Marshall, Northern Appalachian Basin ~ September 2009-December 2013 4500.00
USA Buchanan, Central Appalachian Basin July 2015-August 2015 1470.00
China Shizhuang South Block, Qinshui Basin April 2004-June 2004 192.8
China Shizhuang North Block, Qinshui Basin April 2010-May 2010 233.6
China Liulin Block, Eastern Ordos Basin September 2011-March 2012 460
China Shizhuang North Block, Qinshui Basin 2013-2015 4491.00
China Shizhuang South Block, Qinshui Basin June 2020-June 2021 2001.04

Canada Fenn Big Valley, Alberta 1998 201

Canada Alder Flats, Alberta June 2006 Unknown

Poland Kaniow, Silesian Basin August 2004-May 2005 760
Japan Ishikari Basin, Hokkaido July 2004-September 2007 ~800.00

5. Influencing Factors of CO,-ECBM

As previously discussed, coalbed methane, as a self-sourced and self-stored uncon-
ventional natural gas within coal seams, is not only a clean energy resource but also plays
a vital role in mine safety and gas explosion prevention. Its rational development can
generate substantial economic benefits. Against this backdrop, CO,-ECBM, which simul-
taneously enables long-term CO; sequestration and enhanced methane recovery, holds
significant theoretical and practical value. Investigating its influencing factors is essential
for optimizing production strategies and improving recovery efficiency.

During CO,-ECBM, methane mainly exists in an adsorbed state within the micropores
of the coal matrix, and the adsorption—desorption behavior is primarily controlled by
gas partial pressure and temperature. After CO, injection, due to its stronger adsorption
affinity for coal than methane, CO; is preferentially adsorbed onto the internal surfaces of
the coal, displacing the adsorbed methane. This displacement effect significantly reduces
the partial pressure of methane, promoting its desorption. The released free methane then
migrates through the fracture and pore network under the pressure differential between
injection and production wells, thereby enhancing the overall recovery rate [72-75]. In
practical conditions, reservoir pressure, formation temperature, and CO, injection rate
all exert significant influence on this process. Lower pressures help break the adsorption
equilibrium, facilitating greater methane desorption and production. Suitable temperatures
provide gas molecules with sufficient thermal energy to accelerate the desorption process.
In addition, higher CO; injection rates can rapidly enhance the desorption rate and shorten
the desorption time, playing a crucial role in improving methane recovery efficiency.

Geological conditions of the reservoir are fundamental to the feasibility and efficiency
of CO,-ECBM implementation. Optimal coal seams should possess favorable continuity
and structural integrity to ensure uniform CO, distribution and effective contact with
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adsorbed methane. Specifically, laterally continuous coal seams facilitate homogeneous
CO, migration, enhancing the overall displacement efficiency while reducing the likelihood
of preferential flow paths and uneven sweep. In contrast, structurally complex formations—
such as those with intense faulting or folding—can compromise sealing capacity and
introduce high-permeability conduits that serve as potential leakage pathways. These
not only limit the interaction between injected CO, and CHy4 but also elevate the risk
of CO, escape, posing both environmental and operational safety concerns. Therefore,
geologically stable, laterally extensive, and structurally simple coal reservoirs with low
fault density and effective caprock integrity are considered the most suitable targets for
CO,-ECBM, as they support both enhanced methane recovery and secure long-term CO,
storage [76-78]. In addition, permeability is a key parameter affecting injection efficiency,
with higher permeability facilitating smoother fluid flow. Methane-saturated coal seams
typically demonstrate better recovery outcomes, providing important guidance for the site
selection and technical design of regional CO,-ECBM projects.

Overall, the CO,-ECBM process is governed by coupled multi-physical effects—
including adsorption—desorption, diffusion and seepage, heat transfer, geomechanical
evolution, and geochemical reactions—that collectively determine methane recovery and
long-term CO, sequestration performance. These factors are not independent; rather,
they interact through energy exchange, mass transport, and structural deformation in a
highly complex manner. Therefore, future research should focus on elucidating the in-
teraction mechanisms among these variables. A comprehensive understanding of these
interactions is essential for revealing the fundamental nature of the CO,-ECBM process,
improving injection—production strategies, and achieving optimal technical and economic
performance.

6. Discussion
6.1. Challenges in CO,-ECBM

Although CO,-ECBM has achieved a series of pilot-scale successes globally, numerous
scientific and engineering challenges remain unresolved in practical applications. One
critical issue is the development of efficient monitoring, measurement, and verification
(MMV) technologies to accurately assess CO, migration, leakage risk, and storage capacity
during sequestration, thereby ensuring long-term subsurface storage security. Despite con-
siderable progress internationally—particularly in the United States—risk control remains
at the core of CO,-ECBM research. However, growing attention has been directed toward
the associated environmental risks and sequestration costs.

One frequently discussed concern is the potential for injection-induced geomechanical
responses. CO, injection alters the stress—pressure balance in the reservoir, potentially
leading to surface uplift due to increased pore pressure and coal matrix swelling, or, con-
versely, surface subsidence from long-term compaction or pressure decline. Field evidence
from the In Salah Krechba gas field in Algeria (Figure 9) demonstrates that sustained
CO; injection can cause measurable surface deformation—primarily uplift—highlighting
the sensitivity of overburden to subsurface pressure changes. In addition, pressure per-
turbations may activate pre-existing faults and induce microseismicity, posing risks to
both storage security and operational safety. These deformation responses underscore
the importance of geomechanical assessment, integrated monitoring, and adaptive risk
management strategies during large-scale CO, geological sequestration [79]. Preventive
measures such as optimizing injection rates, selecting structurally stable reservoirs, and
implementing real-time pressure and deformation monitoring can significantly reduce
the likelihood of leakage. In the event of leakage, which poses a significant safety risk
during large-scale field implementations, remediation techniques—such as pressure relief
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through extraction wells or sealing of leakage pathways using sealants or cement—can help
contain and mitigate its impact. While microfractures induced by injection may enhance
reservoir permeability, they also raise concerns about seismic hazards and the integrity of

geological storage.

<o

<& <

t t ﬁ\fv
J— Surface Uplift Deformation

Surface Subsidence Deformation

Figure 9. Surface deformation differences of the CCS injection site in Algeria In Salah Krechba
gas field.

In addition, the potential environmental impacts of CO, geological sequestration have
attracted widespread attention. Once injected into coal seams, CO, may react with chemical
constituents in groundwater, forming acidic compounds that promote the dissolution or
precipitation of minerals such as carbonates and pyrite. These geochemical reactions may
alter the chemical properties of soil, vegetation, and aquifers, potentially degrading the
local ecosystem. Furthermore, such reactions could adversely affect the pore structure of
coal, leading to reduced gas recovery efficiency and compromised reservoir stability.

Economic cost remains another major barrier to the large-scale deployment of CO,-
ECBM. The current implementation process requires CO; capture, compression, and pu-
rification prior to its injection in liquid form into coal seams. The associated equipment
investment and energy consumption result in high overall project costs. Although some
studies propose using flue gas compression to reduce costs—while leveraging N, in flue gas
to improve coal permeability—this approach still entails additional expenses for separation
and purification at later stages. Striking a balance between technical performance and
economic feasibility is a critical challenge for future development.

Another key issue is the alteration of coal seam physical properties caused by CO,
injection. During the process, coal matrices undergo significant swelling and shrinkage, as
CO, exhibits a much stronger adsorption capacity than CHy. This leads to notable volumet-
ric changes during desorption, affecting reservoir porosity and permeability, and ultimately
reducing the effectiveness of gas recovery. In parallel, CO,-induced acid generation and
subsequent mineral dissolution and precipitation can further alter the pore structure of
coal seams, negatively impacting gas production. Moreover, the plasticizing effect of su-
percritical CO; on coal becomes increasingly pronounced, leading to the softening of the
coal’s physical and mechanical properties. Significant reductions in elastic modulus and
compressive strength increase the likelihood of reservoir fracturing and leakage during
injection and production operations.

6.2. Development Trends of CO,-ECBM Technology

The future development of CO,-ECBM technology will primarily focus on in-depth
investigations of multi-physics coupling mechanisms, comprehensive upgrades of mon-
itoring technologies, and the large-scale deployment of engineering application models.
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Firstly, as the decline in coal reservoir permeability after CO, injection becomes increasingly
significant, the effects of various injection parameters—such as injection volume, pressure,
and method—on coal swelling and pore structure alteration have yet to be generalized
into a universally applicable theoretical framework. Therefore, future research should
systematically explore the complex coupling mechanisms among these influencing factors
to provide scientific guidance for site selection and the optimization of injection-production
schemes, ensuring sustained and stable CO, injection as well as efficient methane recovery.

Uncertainties in coal cleat structure remain a key challenge for accurate risk prediction
in CO,-ECBM. As cleats govern fluid flow and pressure responses, variations in their ge-
ometry and connectivity can significantly affect model reliability. However, their fine-scale
heterogeneity makes precise characterization difficult. Meanwhile, current monitoring,
measurement, and verification (MMYV) technologies are still inadequate for fully tracking
gas transport, leakage, and reservoir dynamics within coal seams. Improving imaging,
in situ monitoring, and uncertainty-informed modeling will be essential to enhance risk
assessment and ensure storage safety. In addition, there is a lack of large-scale, long-term
field tests—particularly in coal seams deeper than 1000 m—Ileading to limited understand-
ing of optimal operational conditions and engineering control strategies. Future efforts
should prioritize the development of high-precision real-time monitoring tools and the
implementation of cross-regional demonstration projects to expand data diversity and
support the refinement of risk management frameworks for CO,-ECBM deployment.

Moreover, the industrial application of CO,-ECBM continues to face challenges re-
lated to high implementation costs and insufficient market incentives. Achieving a balance
between technical performance and economic viability will be a central challenge in future
technological transformation and large-scale deployment. Accordingly, it is urgent for
national and regional governments to enhance policies related to coalbed methane develop-
ment and utilization. Support should be given to the full-process technology chain of CO,
geological sequestration and utilization, as well as to cluster-based demonstration projects,
aiming to establish industrial-scale applications with a capacity exceeding one million tons.
Simultaneously, fundamental scientific research into CO; geological storage and utilization
must be strengthened to uncover the underlying mechanisms of source-sink matching,
technology integration, and system optimization under various regional energy, resource,
and environmental conditions. These efforts will provide theoretical foundations and
practical guidance for the development of advanced and regionally adaptive CO,-ECBM
technology models.

In summary, the future advancement of CO,-ECBM technology will rely on deeper
insights into complex coupling mechanisms, innovations in monitoring technologies, and
sustained implementation of large-scale engineering trials. Through policy support and
integrated technological solutions, CO,-ECBM can achieve simultaneous improvements
in storage security, methane recovery efficiency, and economic performance, ultimately
promoting the healthy and widespread application of this technology on a global scale.

7. Conclusions

This study provides a comprehensive review of the fundamental mechanisms, ex-
perimental and numerical research progress, and current status of engineering demon-
strations related to CO,-ECBM technology. It highlights the synergistic advantages of
this approach in enhancing coalbed methane recovery while enabling long-term CO,
sequestration, thereby establishing an effective technological bridge between energy devel-
opment and carbon emission reduction. Research indicates that the coupled multi-physical
processes—including adsorption/desorption, diffusion, and seepage—play a critical role
in the CO,-driven methane displacement process. The preferential adsorption of CO,
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facilitates the displacement of adsorbed CHy, significantly reducing the partial pressure of
CHy in the coal matrix, promoting its desorption and migration toward production wells,
and ultimately improving recovery efficiency.

Both experimental studies and numerical simulations have demonstrated that reser-
voir pressure, formation temperature, and CO; injection flow rate significantly influence
CBM recovery. Meanwhile, reservoir physical properties, structural conditions, and multi-
physics coupling effects collectively determine the injection efficiency and long-term storage
security of CO;. These findings provide critical references for assessing the storage capacity
and site suitability of CO,-ECBM projects.

Although a number of pilot tests and demonstration projects have been conducted
globally, and some have yielded preliminary successes, CO,-ECBM technology still faces
several pressing challenges. These include insufficient monitoring and verification tech-
nologies, the risk of induced seismicity, potential environmental impacts, high economic
costs, and changes in coal reservoir properties. These issues require further in-depth investi-
gation. Future development efforts should focus on elucidating the complex multi-physics
coupling mechanisms triggered by CO, injection, enhancing the accuracy and real-time
capabilities of monitoring technologies, and promoting large-scale, long-duration, and
cross-regional field demonstrations. Based on integrated technologies and full-process opti-
mization, CO,-ECBM can achieve coordinated improvements in storage safety, recovery
efficiency, and economic viability, thus offering robust technical support for global energy
transition and low-carbon development.
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Abstract: This paper presents the procedures and results of the numerical modelling and
simulations performed to analyse an innovative method of advanced methane drainage
employing underground long-reach directional drilling (LRDD) technology. The analysis
involved the implementation of geomechanical and dynamic reservoir models to simulate
processes in coal seams and the surrounding rocks during coal mining and concurrent
methane drainage, in accordance with the proposed technology. The analysis aimed to
quantitatively assess the effectiveness of the technology, evaluate its sensitivity to the
geological and geomechanical properties of the rocks, and identify the potential for op-
timisation of its technological and operational parameters in the proposed strategy. The
works presented in this paper include the following key tasks: the construction of a sys-
tem of geological, geomechanical, and dynamic simulation models; the analysis of the
geomechanical effects of various types and regions of occurrence; the implementation of
the correlation between the geomechanical states of the rocks and their transport prop-
erties; and the performance of the effectively coupled geomechanical and reservoir fluid
flow simulations. The proposed approach was applied to the specific conditions of the
multi-seam Murcki-Staszic Coal Mine operated by Jastrzebska Spétka Weglowa, Poland.

Keywords: coal seam; methane drainage; directional drilling; geomechanical modelling;
dynamic modelling

1. Introduction

The problem of methane emissions from coal mines has become more severe due to
the increasing depth of coal seam exploitation, which is associated with higher methane
content in deeper-lying seams. The presence of methane in these seams creates significant
challenges during exploitation, as it can lead to hazards such as explosions and sudden
rock outbursts [1,2]. Due to the risks associated with methane emissions during mining pro-
cesses, draining this gas is crucial for managing methane hazards in Polish coal mines [3].
Additionally, the methane captured serves as a cleaner energy source and helps reduce
emissions of this highly potent greenhouse gas into the atmosphere [4,5]. Diverse technolo-
gies have been implemented to mitigate methane emissions from coal mining operations;
however, these practices are still not standard across the industry. Among the mitigation
methods is ventilation of air methane (VAM) and the application of methane drainage
systems [5]. Two fundamental types of methane drainage methods can be distinguished
based on the timing of the drainage process relative to mining operations: pre-drainage and
post-drainage methods. Pre-drainage involves extracting methane from the coal seam in
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high-gas-content coal mines using various borehole-drilling techniques, including vertical
boreholes, horizontal in-seam boreholes drilled directionally from the ground surface, and
in-seam or superjacent boreholes originating from within the mine workings before mining
operations begin. The effectiveness of pre-drainage methods varies significantly depending
on geological conditions, including coal seam burial depth and specific coal properties that
determine both methane storage capacity and gas flow characteristics. Key factors affecting
methane storage capacity include adsorbed methane content and coal porosity, while gas
flow rate is controlled by permeability, reservoir pressure, and coal diffusivity. Particularly
high methane capture rates are achieved during pre-drainage in fractured rock formations
with high gas permeability [6].

In contrast, post-drainage focuses on capturing methane and other gases released
from surrounding coal seams and rock strata due to longwall-induced subsidence, stress re-
laxation, and enhanced permeability caused by mining activities [7]. Post-mining drainage
technologies aim to capture methane released during and after mining operations through
vertical goaf wells, superjacent boreholes, and cross-measure in-seam boreholes [8] drilled
into the strata overlying the coal seam targeted for production. This method, frequently
complemented by ventilation systems, has been proven to achieve methane drainage
efficiency in the range of 41-64% [9].

Methane pre-drainage in Polish coal mining conditions exhibits low effectiveness due
to the inherently low gas permeability of coal seams. Consequently, drainage technology in
Poland relies primarily on post-mining methods in which methane is captured from zones
where mining activities have increased permeability, specifically in areas surrounding
active coal panels during extraction [9].

To meet the increasing demand for more efficient drainage in gassy coal mines, a
drainage technique utilising long-reach directional drilling (LRDD) was developed and has
been tested both as a pre-drainage and post-drainage configuration in coal mines in the
U.S.A. [10], China [11], Australia [10,12], Turkey [8], and more recently in Poland [13,14].

In general, any quantitative analysis of methane production from coal structures
applies a modern numerical modelling and simulation approach. It refers to both methane
recovered from coal unmined beds (CBM—coal bed methane) and methane removed from
active or abandoned coal mines (CMM—coal mine methane, AMM—abandoned mine
methane). In particular, various aspects of methane drainage from coal mines were studied
with this approach.

The use of numerical modelling and simulations is recommended as a standard for
the analysis of methane drainage in coal mines by various investigation centres devoted to
coal mining issues (e.g., [15]). In particular, this approach is recommended by international
agencies such as the Global Methane Initiative, a partnership of 44 member countries
and the European Commission that focuses on cost-effective, near-term methane recovery
and use as a clean energy source (e.g., [16]). Various theoretical gas flow and simulation
models have been developed by research groups from academia and research institutes.
Hao Xu et al. [17] developed an integrated numerical model of desorption and diffusion
during borehole gas extraction for a dual-porosity structure. They found the relative gas
permeability function of gas saturation in fractures to mainly control the gas flow rate in
the early extraction stages, while the coal matrix size and matrix-to-fracture diffusion coef-
ficient mainly control the gas flow rate in the late extraction stages. Adel Taheri et al. [18]
investigated methane flow in a coal structure to calculate the pressure of gas and its molec-
ular velocity for methane gas drainage operations. They used a coal piece surrounded
by cleats for geometrical modelling and numerical simulation and successfully simulated
movements of fluid and gas molecules in a porous medium by applying COMSOL Mul-
tiphysics software. C. Ozgen Karacan et al. [19] reviewed the technical aspects of coal
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mine methane capture in and from coal mines and the main factors affecting coal mine
methane accumulations in underground mines. They also summarized the following issues:
(i) various methods for capturing methane using boreholes as well as specific borehole
designs for effective methane capture, (ii) aspects of removing that gas from abandoned
mines and from sealed/active goafs of operating mines, (iii) benefits of capturing and
controlling coal mine methane for mine safety, and (iv) benefits for energy production and
greenhouse gas reduction. They also emphasised the significance of simulation studies in
the quantitative analysis of methane drainage processes. Q. Haisheng and W. Kuijun [20]
proposed a mathematical model of gas flow around bedding drainage boreholes that is a
modification of the existing gas flow models with the free gas and adsorbed gas considered
separately and the free gas flowing in the coal fractures with adsorbed gas being the posi-
tive quality source of the fracture. The governing equations were implemented and solved
using COMSOL Multiphysics. Peng Liu et al. [21] developed a mechanism-based model to
describe gas desorption/diffusion/flow from/between/within the coal matrix/fractures
around the drainage borehole and studied the effects of parametric sensitivity on drainage
performance using numerical simulations and mine site measurements. Shadi Jamalan
et al. [22] found numerical methods to be powerful tools for studying the gas flow inside a
coal block from their study of the gas drainage from coal seams using COMSOL software.
They determined the appropriate pattern for drilling drainage holes and inferred from the
model that the methane outlet pressure decreases over time, depending on the porosity
of the coal and the number of boreholes. Tomasz Janoszek [23] presented a methodology
for predicting the influence of the longwall shearer’s control parameter on methane flow
rate to the working of a longwall panel based on computational fluid dynamics methods.
Kazem Oraee and Arash Goodarzi [24] constructed a two-dimensional mathematical model
based on the finite element approach to simulate a methane drainage system where the
resultant risk is linked to the coefficient of diffusion, coal permeability, hole pattern, and
the duration of drainage. Mingyun Tang et al. [25] established a mathematical model
of gas—solid interaction in coal rock based on the Kozeny—Carman equation, where the
coal rock is considered a fracture-porosity dual medium. Yi Zhang et al. [26] carried out
a numerical simulation of methane emission under coal mining conditions to optimise
coalbed methane extraction. They used the dynamic coupling of a permeability field and
virtual well with the mining face to identify the rapid-pressure high-speed decrease ef-
fect on the adjacent layer under the influence of mining. According to the authors, their
method provided effective guidance for future coal bed methane capacity prediction under
mining conditions.

Other groups of studies on methane drainage from coal seams refer to more specific
issues. Xinguang Zhu et al. [27] proposed a fracture—pore equivalent model to establish the
relationship between the fracture aperture under hydraulic fracturing and the permeability
coefficient of coal in the process of gas extraction. They quantitatively analysed the change
in the cracks’ distribution with the injection pressure and indicated the significance of
optimal design of gas extraction activity under hydraulic fracturing. Xiaoyan Li et al. [28]
studied the impact of borehole diameter and drainage time on gas drainage volume using
numerical simulations. The simulation results revealed that the gas drainage volume
increased along with the borehole diameter increase and the gas pressure decrease. Accord-
ingly, the effective pre-drainage radius varied as a power function of the pre-drainage time.
In another paper, Xiaojun Li et al. [29] studied the problem of gas overlimits in the upper
corner of a hard roof of a selected coal mine working face. Their findings offered guidance
and technical references for gas control in the upper corners of hard roofs. Ali Bagherzadeh
et al. [30] addressed the optimizing problem of the operational parameters of the bore-
hole pattern in the coal seam to maximise gas drainage with the least amount of drilling,
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investment, and drainage time. They performed numerical modelling of the boreholes
with different parameters and three drainage patterns (rectangular, parallelogram, and
triangular) and showed the triangular pattern to be more suitable than the other two. The
presented model was found to be applicable in coal mines where gas drainage operations
are necessary and helpful for the design of drainage borehole patterns to maximise their gas
drainage efficiency. D.I. Blokhin et al. [31] studied the effect of high-rate mining of methane-
bearing coal seams on gas drainage performance in longwalls under difficult geological
conditions. They identified an increase in local gas release and the stability of gas drainage
wells due to the rise in the reservoir characteristics of rocks under the impact of swelling.
They performed numerical experiments to model the stress—strain changes in the stratified
coal-rock mass of a selected coal mine with gas drainage wells at different positions of the
longwall face. The justification was provided for the expedience of correcting gas drainage
patterns occurring in similar mining conditions as in the presented research. C.O. Karacan
et al. [32] investigated different horizontal methane drainage borehole patterns, borehole
lengths, and degasification times before and during panel extraction and evaluated their
effectiveness using dynamic 3D reservoir modelling of a selected longwall panel operating
in the Pittsburgh coalbed. They found dual and tri-lateral boreholes to be more effective in
decreasing emissions compared to fewer, shorter, cross-panel, horizontal boreholes parallel
to the longwall face. The dual and tri-lateral boreholes are also more effective in shielding
the entries. Hua Guo et al. [33] studied a system of horizontal boreholes for longwall goaf
gas drainage using computational fluid dynamics simulations. Their results showed that
horizontal drainage boreholes significantly improved gas management through controlling
goaf gas pressure distribution and flow pattern. Consequently, gas-related longwall pro-
duction delays were largely eliminated. Moreover, the fugitive emissions from the mine
were significantly reduced. Qingquan Liu et al. [34] found a method of improving sealing
performance and borehole space maintenance for high-efficiency methane drainage. They
proposed a visco-elastic plastic model including the plastic softening and dilatancy features
of soft coal. The model included deformation, shrinkage, and fracture characteristics of the
coal-surrounded boreholes and roadways to determine the proper sealing depth and the
borehole spacing that provides favourable conditions for maximum methane pre-drainage
from outburst-prone coal and maximum utilisation of the in-seam boreholes. Liang Zhang
et al. [35] constructed a fully coupled thermo-hydro-mechanical model to simulate methane
flow in coal and used this model and data from a coal mine to investigate various effects.
They included the effect of multiple tree-type borehole layouts, tree-type borehole spacing,
different Langmuir volumes and different Langmuir pressure constants, and initial coal
permeabilities on methane drainage. The results showed that the total pre-drainage time
increases as a power function of the tree-type borehole spacing. The effective drainage zone
expands with the increase in the Langmuir pressure constant, the fracture permeability, and
the matrix permeability. Xincheng Hu et al. [36] established a numerical model of surface
boreholes draining methane from overlying layers and mining goafs in underground gassy
mines. They studied the influence of surface drainage boreholes on coal spontaneous
combustion. The simulation results showed the occurrence of an elliptic combustion zone
around the borehole located in a deep goaf. It was found that the advancement of drainage
boreholes enlarges the width of the combustion zone in the middle goaf. Zixi Guo et al. [37]
conducted a feasibility analysis and optimal design of acidising drainage wells in a selected
block of a Chinese coal bed. By combining their method with the current numerical model
of acidising, they presented an optimal design that optimises the volume and injection
rate of the acid. It turned out that acidising is an effective stimulation technology for
some specific drainage wells. The feasibility analysis and the optimal design could thus
improve the effect of acidising drainage wells. Pan Wei et al. [38] constructed a fluid—solid
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coupling mathematical model considering the creep properties of coal. The properties
were determined from a permeability evolution equation, considering the effects of matrix
shrinkage and effective stress. The results showed that the reduction in gas pressure around
the boreholes was larger than that from a single borehole. The borehole spacing should
be more than twice that of the effective drainage radius. The effect of gas extraction after
optimising parameters conformed to industry standards. Ali Hosseini et al. [39] developed
a 3D numerical model for methane drainage from an underground coal mine to determine
the suitable distance between methane drainage stations in a cross-measure borehole. The
model simulation results showed that the gas flow rate and the amount of gas produced by
the boreholes increased to an acceptable level when the distance between methane drainage
stations was reduced. Numerical simulation in that study provided basic support for the de-
sign of drainage boreholes in underground coal mines. Ying-ke Liu et al. [40] investigated a
double-seam mining operation at a selected coal mine in China. In particular, they, studied
the deformation and the resultant pressure relief of highly gassy seams. They simulated
the extraction process by constructing a scaled physical model and a computational model.
The simulation results showed the features of deformation resulting from the double-seam
extraction to be different from those in the case of single-seam extraction. They found that
the goaf below the gassy seam provided a buffering effect for the protective seam to be
mined. They also found that the depressurisation effect was largely weakened. Shujun Ma
et al. [41] proposed a method of combining gas content field data and numerical simulation
calculation to accurately determine the effective drainage radius of a drainage borehole.
The results showed that the effective drainage radius increases rapidly at the initial stage
and then gradually decreases, eventually reaching a limit value. According to the authors,
their research provided references for determining and laying out the effective drainage
radius of a drainage borehole in a mining coal seam. Wenjie Xu et al. [42] used the finite
element method and reservoir simulation model to study gas drainage by high-pressure
air injection. They established a fluid—structure model for gas drainage by air injection.
They found an optimal spacing between the extraction and injection holes as a function of
extraction time. According to the authors, their approach provides a basis for guiding gas
drainage by injecting high-pressure air on-site. Dangyu Zhang et al. [43] established a coal
damage permeability evolution model of a selected coal mine. They simulated the influence
of various factors, such as the initial coal permeability, negative pumping pressure, and
pumping time, on the pre-drainage borehole effective pumping radius. The simulation
results showed the significant powerful effects of the factors on the effective extraction
radius. According to the authors, their research results provided theoretical references
for the pre-drainage of gas in the selected mine. Xingkui Liu et al. [44] established 3D
models to investigate different borehole positions to drain methane in low-protective coal
seams. The models covered three kinds of drill holes. The model results showed that the
high-level crossing holes contribute to better methane drainage than the other drill holes.
Accordingly, the research findings provided theoretical grounds for methane drainage from
coal mine workings. Szott et al. [45] presented procedures and results of drainage borehole
stimulation methods. They performed numerical simulations under the specific conditions
of a selected coal mine in Poland. The simulations were carried out for hydraulic fracturing,
high-pressure jet slotting, and the use of explosives. The influence of the basic technologi-
cal parameters of the stimulation methods upon the drainage process characteristics was
determined. In another paper, Szott et al. [46] addressed the problem of initial conditions
before commencement of methane drainage. They used a numerical model to simulate
the influence of the broad surroundings of the analysed coal seam on initial conditions
for the simulation of coal extraction from the seam. They analysed the influence of spatial
and temporal effects of the prior mining activities on detailed distributions of various
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parameters, including pore pressure, the direction of reservoir fluid flows, fluid saturation
in natural fractures, and methane desorption from the coal matrix.

The studies presented hereafter address specific issues referring to long-reach di-
rectional drilling (LRDD) for methane drainage purposes, a problem not covered by the
previous studies referenced above and, to the authors’ knowledge, not addressed by any
research group worldwide. In particular, the reported studies aimed to assess the effective-
ness of coal mine methane drainage in a multi-seam coal mine situated within the Upper
Silesian Coal Basin (USCB) in Poland using LRDD. The studies also included a sensitivity
analysis of the methane drainage effects to basic geological and geomechanical parameters
of the studied system and partial optimisation analysis of the studied method for the
most significant operational parameters. Determination of the above aims was carried
out using numerical modelling methods with coupled reservoir fluid flow simulations
and geomechanical simulations. The basis of both geomechanical and fluid flow models
was developed from geological structural and parametric models of the coal seams and
surrounding rocks. As a result of a comprehensive analysis and data integration, complex
numerical models of the Polish hard coal mines from the USCB were developed. The
models were used to perform the simulations of processes taking place in coal seams and
the surrounding rocks during coal mining and concomitant methane drainage according
to the proposed technology of LRDD. The thorough analysis of the simulation results
provided the means with which to quantitatively assess the above fundamental aims, that
is, the effectiveness of the technology, its sensitivity to the geological and geomechanical
properties of the rocks, and its potential optimisation with respect to the technological and
operational parameters of the proposed strategy.

2. Geological Setting

The study area lies within the central part of the Upper Silesian Coal Basin (USCB) in
southern Poland, as shown in Figure 1A. The USCB, the largest coal basin in the country
and one of the largest in Europe, originated as a foredeep of the Moravo-Silesian fold belt.
It is characterised as a deep molasse basin with a polygenetic origin.

The Carboniferous coal-bearing deposits within the USCB exhibit a distinct dual zona-
tion. The lower part of the Upper Mississippian coal-bearing lithostratigraphic succession,
representing a paralic depositional system dated to Namurian A, unconformably lies over
marine siliciclastic sediments. The upper part consists of continental (terrestrial) deposits,
including the Upper Silesian Sandstone Series (belonging to the Upper Namurian A, B,
and C), the Mudstone Series, and the Krakéw Sandstone Series (of Westphalian age). The
zone of highest interest in the study area includes the sediments of the Upper Silesian
Sandstone Series, dated to the Namurian B and C. These deposits are developed predomi-
nantly as sandstones, with sandy shales and shales, interbedded with thick coal seams [47].
The continental deposits mentioned above lie concordantly on the paralic series with a
sedimentation gap. Individual lithostratigraphic units significantly thin towards the east
and southeast [48,49]. The main structural features of the USCB are related to the block
structure of the basement, formed primarily during the Asturian phase. Three zones with
distinct structural features can be distinguished within the USCB: fold tectonics, disjunctive
tectonics, and fold-block tectonics. The fold tectonics zone occurs in the western part of
the USCB and forms a narrow SSW-NNE belt where the Carboniferous formations are
strongly folded into mostly asymmetrical brachysyncline types and also exhibit minor
strata disturbances. The block tectonics zone encompasses most of the basin, with the pre-
dominant structural elements being WNW-ESE faults that have formed horst and graben
structures. Carboniferous strata in the study area are gently inclined, with dips generally
not exceeding 15 degrees, forming anticlinal highs, domes, synclinal zones, and troughs.
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Fault throws typically range from 100 to 150 m. The fold-block tectonics zone covers the
relatively narrow eastern part of the USCB, characterised by structures with N-E vergence,
intersected by faults of meridional direction [50,51]. Additionally, the Alpine orogeny
significantly influenced the structure of the basin, leading to the rejuvenation of numerous
faults that were originally formed during the Variscan orogeny.
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Figure 1. Location of the study area: (A) model setup; (B) lithological profile in the area of interest
with well W-1 log data used for interpretation, including gamma ray (GR), compressional wave
velocity (Vp), and shear wave velocity (Vs), all plotted versus measured depth (MD); (C) location of
the IC panel with relevant coal seams (CS) selected for further detailed analysis and the boreholes
(LRDB) trajectories.

3. Geological Model

The data required for structural and parametric modelling were provided by the PGG
Mining Group of the Department of Staszic-Wujek Coal Mine, as well as the PIG (Polish
Geological Institute—NRI), as the owners of geological information from the W-1 borehole.
The dataset consisted of results from laboratory measurements of various rock and fluid
properties, well log data, borehole sedimentological profiles from 18 wells, and structural
maps and cross-sections capturing the structural information of coal seams observed in
the modelled mine. The wells included 3 deep surface research boreholes—B-10 (1958),
W-1—PIG1 (2013), and W-PIG-2H (2014); 10 downholes—G-876 (2011), G-25 (1961), G-945
(2019), G-25 (2019), G-2 (2019), G-944 (2019), G-4 (2019), G-8 (2019), G-16 (2019), and G-17
(2019); and 5 LRDD draining boreholes drilled in 2019—TM-2, TM-3, TM-4, TM-5, TM-1/4,
and TM-1A.

The maps included the geometry of the bottom and information regarding the thick-
ness of the 510, 501, 418, 416, and 414 coal seams of interest. The use of general scale
cross-sections aided the reproduction of the structure of more shallow-lying coal seams.

The well-log data from the W-1 borehole, approximately 1000 m long, was particularly
important as the data set from this well contained a wide spectrum of geophysical profiling
results to be used in a subsequent stage of petrophysical properties interpolation. The
lithological profile in the area of interest, with well log data of the W-1 borehole used
for interpretation, is shown in Figure 1B. Despite this well not being located directly in

110



Energies 2025, 18, 3608

the vicinity of the project’s area of interest, due to the drilled geological profile, set of
measured logs, and laboratory data of the petrophysical parameters, it was found useful
for drawing conclusions on a regional scale and extrapolating the results to the study area
being modelled.

Two-scale geological modelling was implemented for the C sector in the Staszic-
Waujek coal mine, using both a regional model and higher-resolution local models focused
on drainage test areas. Both were able to capture the geometry of the 510, 501, 418,
416, and 414 coal seams and surrounding formations (Figure 1C) as well as petrophysi-
cal/geomechanical properties from the overlying 610 coal seam to the surface.

The regional model incorporated all data, including data from the W-1 well, reducing
structural uncertainty and enabling stress field determination affected by multi-seam
mining activity. This model used a 25 x 25 m horizontal grid with vertical resolution
varying from 10 through 20 m in overburden to approximately 5 m in drainage areas.

Local models used 1 x 1 m horizontal resolution with approximately 1 m vertical
resolution in the 501 coal seam and surrounding strata to capture mine infrastructural
details and wall face movement. These models incorporated all available structural and
parametric data for subsequent coupled geomechanics and fluid flow numerical modelling.

The visualisation of data used for regional-scale geological model development with
the well data location is shown in Figure 2.
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Figure 2. Data type used for 3D geological model development.
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Development of 3D Parametric Models

The structural model presenting the geometry of the C sector of the Staszic-Wujek
Coal mine was parametrised with petrophysical and geomechanical parameters, which is
necessary in stress field calculations and the modelling of fluid flow in the area of methane
drainage. The parametrisation was preceded by the modelling of lithotypes occurring in
the area of interest.

The 3D lithotype model development was primarily motivated by the value of un-
derstanding the spatial distribution of lithotypes for geomechanical property modelling.
The strong correlation between rock lithology and mechanical characteristics [52] enabled
more effective assignment of geomechanical parameters to specific lithotypes, which was
particularly valuable given the limited geomechanical data available for the Staszic-Wujek
coal mine area. The model of lithotypes” distribution was constructed based on lithofacies
profiles from 17 boreholes. In the borehole profiles (Figure 1C), 7 main lithotypes were
distinguished, further marked in the Figure with a specified color and numerical code as
follows: 0—coal (gray), 1—coal shale (blue), 2—shale (purple), 3—sandy shale (beige),
4—sandstone (yellow), 5—conglomerate (orange), 6—sediments of Cenozoic age (green).

In the initial phase, digitised lithotype profiles from boreholes underwent upscaling
based on lithotype representativeness in each interval. Geostatistical analysis using Petrel
2019 software determined lithotype proportions and variogram parameters defining spatial
correlation in vertical and horizontal directions. The spatial distribution of lithofacies
was estimated using sequential indicator simulation (SIS), with computations performed
individually for each distinguished lithotype within the 3D model. The developed spa-
tial facies distribution was then used to guide the modelling of both petrophysical and
geomechanical properties in 3D space.

The models of density, porosity and permeability were constructed using data from
two key sources: the profile of these petrophysical parameters from the W-1 borehole
(derived from well-log interpretation) and laboratory measurements from 36 samples
collected from the 501 coal seam near the drainage area [53,54]. Input data were averaged
to match the vertical resolution of the 3D grid through an up-scaling procedure then
subjected to statistical analysis performed individually for each lithotype.

Statistical analysis of the input data determined the parameters controlling modelled
parameter interpolation within the 3D structural model space. A stochastic algorithm—
Gaussian random function simulation—was employed to model the spatial distribution
of density, porosity, and permeability. The modelling process was executed 25 times,
generating equally probable 3D porosity distributions. These distributions were then
averaged to create the final 3D models of density, porosity and permeability.

4. Geomechanical Model

The models of stress and strain fields were developed based on the static parametric
models of petrophysical and mechanical properties of lithotypes occurring in the Staszic-
Waujek coal mine. The parametric models presenting the spatial distribution of geomechani-
cal properties were developed based on well log data recorded in the W-1 reference borehole,
as well as laboratory measurements of rock samples collected from the drainage zone.

The 1D models of elastic properties (including Young’s modulus and Poisson’s ra-
tio) and strength properties (such as unconfined compressive strength (UCS) and tensile
strength (T)) were developed using well log data from the W-1 borehole. For the estimation
of dynamic elastic properties, we used compressional wave velocity (vp), shear wave
velocity (vs), and rock density (p), utilising the following Formulas (1) and (2) [55]:

Vdyn = [sz — 2VSZ} / [2 (Vp2 — VS2>} 1)
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Egyn = pvs2 KE}VP2 - 4V52) / (Vp2 - Vsz):| 2)

where vy, stands for the dynamic Poisson’s ratio, Eqy, denotes the dynamic Young's
modulus, vp and vy are the compressional shear wave velocities, respectively, and p is the
rock density.

To determine static equivalents of elastic and strength properties for particular litho-
types occurring in the W-1 borehole profile, we used empirical models reported in the
literature that describe the relationship between dynamic and static elastic properties for
specific lithotypes [56-58].

In Figure 3, track 3 displays the developed static geomechanical properties alongside
lithological interpretation (track 1) and input data (track 2) including compressional wave
velocity (vp), shear wave velocity (vs), rock density (p), and gamma ray (GR).
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Figure 3. Diagram presenting the lithological model with major coal seams (CSs) in the interval of
the interest (track 1), input data including gamma ray (GR), compressional wave velocity (Vp), shear
wave velocity (Vs), bulk density (RHOB_cor) (track 2), and calculated static mechanical parameters:
unconfined compressive strength (UCS_stat), Young’s modulus (E_stat) and Poisson’s ratio (PR_stat)
(track 3) plotted versus measured depth (MD).

Each of the three distinguished lithotypes was assigned an appropriate model [56-58]
to calculate static equivalents of elastic properties (track 3 in Figure 3). For UCS estimation,
relationships between this parameter and Young’s modulus were used for both sandstones
and sandy shales [58], while a relationship between UCS and porosity was utilised for
shales [56]. Tensile strength was determined using the formula proposed by Hoek [59] that
describes the relationship between tensile strength and unconfined compressive strength.
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Three-dimensional models of geomechanical parameters were developed using the es-
timated static geomechanical properties (Young’s modulus, Poisson’s ratio, and UCS) from
the W-1 borehole profile. During modelling of geomechanical properties near the drainage
area, results from geomechanical measurements of samples collected in the drainage area,
archival laboratory measurements shared by the mine operator, and data from the literature
for other strata were incorporated. The value ranges for specific parameters and their
source references are provided in Table 1 [60-65].

Table 1. The mean values of mechanical properties in the Staszic-Wujek coal mine area.

Shale SandyShale Sandstone
Pa[r‘;rlrilf]ter %;_ Conglomerate Coal Goaf Scl:):ll Westfal Namur Namur  Westfal Namur Namur  Westfal Namur Namur
€ A C B A C B A C B
CS300 CS400 CS500 CS300 CS400 CS500 CS300 CS400 CS500
E [GPa] 0.8 41 2.08 1.77 5 1.42-6.79 av 4.69 3.94-6.89 av 5.14 4.09-8.18 av 5.73
[60] [61] [62] [63] (coal mine archival data) (coal mine archival data) (coal mine archival data)
PR [-] 0.35 0.25 0.29 0.27 0.28 0.07-0.37 av 0.16 0.06-0.3 av 0.14 0.07-0.2 av 0.12
[60] [61] [62] [63] (coal mine archival data) (coal mine archival data) (coal mine archival data)
ucs 22.6- 8-31.7 14-36.1
6.9 40 24.6 12.3 28.78 51.4 av. 31.7-61.8 av. 49.4 : 24.8-47.6 av. 38.7 : 39-56.3 av. 46.3
[MPa] 06 av. 24.5 av. 29.1
(coal (coal (coal
mine (coal mine archival mine (coal mine archival mine (coal mine archival
(601 e1] e2] 63] archival data) archival data) archival data)
data) data) data)
T][SICIHS,;]]“E 0.69 4 0.6 1.23 2.88 0.29-4.42 av 1.47 1.23-3.82 av 2.15 1.15-4.55 av 2.82
[60] [61] [62] [63] (coal mine archival data) (coal mine archival data) (coal mine archival data)
DENSITY  Well Well
[g/em®] log Well log 2.14 1.14 log Well log Well log Well log
POROSITY Well Well Well
[m*/m’] log Well log log 0.3 log Well log Well log Well log
FA [°] 28 35 22 30 33.5 46.5 33.5 46.5 37.5 46 37.5 57 53 55.5
[60] [64] [62] [62] [65] [65] [65] [65] [65] [65] [65] [65] [65] [65]
BIOT [-] 1 1 1 1 1 1 1 1

Before data analysis, the input data were averaged to the vertical scale of the 3D
model. During the geostatistical analysis, variogram parameters were defined, and spa-
tial relationships between input data were determined for calculating the distribution of
geomechanical parameters in 3D space. This procedure was performed individually for
each lithotype.

The modelling of geomechanical properties utilised the Gaussian random function
simulation algorithm, calculating 25 equally probable realisations, which were then aver-
aged to create the final 3D distribution of mechanical properties (Figure 4). The developed
models of geomechanical properties, similar to the petrophysical 3D models, took into
account the effects of the mining works carried out so far, manifesting in local changes in
the properties of the rock material in the mining zone.

Models were developed on a regional scale to capture the entire scope of data and
local scale models of higher resolution in the area of the IC-panel in the zone of drainage.

The models constructed on a local scale, visualised in Figure 4, were further used as
an input for modelling of fluid flows as well as geomechanical simulations to calculate
the changes in stress and strain field with the progression of the mining works. The stress
and strain field were calculated using the finite element geomechanical simulator Visage
(Schlumberger). The initial effective stress conditions within a reservoir and its overlying
rock formations are described using the following Formula (3) applicable to isotropic

rocks [66,67]. y

1—v

oy = (0o —aPp) +aPp + Pr 3)
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where 0y, is the minimum horizontal stress, v is the Poisson’s ratio, 0y is the vertical stress,
o is the Biot’s constant, Pp is the pore pressure, and Pr is the tectonic pressure.
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Figure 4. Visualisations of 3D parametric models on a local scale presenting 3D distributions of the
(A) Young’s modulus, (B) Poisson’s ratio, (C) unconfined compressive strength, (D) friction angle,
and (E) tensile strength.

To reproduce changes in stress and strain fields resulting from mining activity, specifi-
cally the IC-panel initialisation and its longwall movement, initial pore pressure distribution
and boundary conditions were determined.

A pore pressure model was developed to calculate effective stresses using Terzaghi’s
principal Formula (4) [68]:

0’ = Otot — Pp, (4)

where ¢’ stands for the effective stress, 0y is the total stress, and Pp is the pore pressure.
The distribution of the initial pore pressure in the Staszic-Wujek coal mine was deter-
mined based on the work by Rézkowski et al. [69]. In their research, due to the different
content of solids dissolved in the underground waters within the USCB, the authors dis-
tinguished five 200 m thick zones in the profile (Table 2). This solid content, causing an
increase in water mineralisation with depth and corresponding rise in the hydrostatic
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pressure gradient, was used to determine the pore pressure gradients in these zones and,
consequently, the 3D distribution of pore pressure (Pp) in the research area.

Table 2. The content of solids dissolved in underground water in Carboniferous productive intervals

(based on [69]).

Depth Solid Average Content Pore Pressure Gradient

[m] [g/L] [bar/m]

0-200 3.35 0.10002

200-400 13.94 0.10108

400-600 51.84 0.10487

600-800 76.89 0.10737

800-1000 117.38 0.11142

The hydrostatic pressure at the level of the 501 coal seam in the vicinity of the IC panel
was determined to be 94 bars (at true vertical subsea depth of —585.5 m). The visualisation
of the calculated 3D distribution of pore pressure in the study area is presented in Figure 5.
The estimated pore pressure was then used in the geomechanical simulations to obtain the
initial stress field.

Pressure [bar] Pressure [bar] 3600
w0 - -

.....

Figure 5. Three-dimensional distribution of pore pressure in the large-scale model (left) and the

local-scale model of the area subjected to methane drainage (right).

Geomechanical Boundary Conditions

To determine the initial stress conditions, we applied the load of the overlying rocks
and tectonic stresses as boundary conditions. Based on the interpretation of borehole wall
images available in the W-1 borehole capturing the drilling-induced damage observed in
the wellbore wall, such as breakouts and drilling-induced fractures (DIFs), the direction of
present maximum horizontal stress oy was determined [70]. The azimuth of the DIFs was
between 90 and 110° (ESE). These directions are consistent with the findings of Dubinski
et al. [71], who stated that the maximum horizontal stress azimuth in the close vicinity of
the study area is 99° (ESE).

The gradient of the minimum horizontal stress ¢j, was determined to be approx.
0.1707 bar/m based on mini-frac tests in the nearest available borehole location [72]. The
stress regime in the study area was assumed to be normal faulting according to the studies
carried out in the area of interest [71,73]. The anisotropy between principal horizontal
stresses oy /0y, was also determined to be 1.25, based on the findings from the literature
using the reference borehole [72]. The initial stress conditions in the Staszic-Wujek coal
mine are listed in Table 3.
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Table 3. Initial principal stresses acting in the Staszic-Wujek coal mine.

Parameter [Unit] Value

Gradient ¢y, [bar/m] 0.1707
or /oy [] 1.25
Azimuth oy, [°] 99.00

During geomechanical simulations coupled with dynamic reservoir fluid flow mod-
elling, pressure changes induced by the advancing longwall front led to the redistribution
of stress and strain fields. This, in turn, caused both elastic and plastic deformations. When
the evolving stresses exceeded the critical strength of the rock mass (as listed in Table 1),
failure occurred according to the Mohr-Coulomb criterion used in simulations, ultimately
affecting the transport properties of the reservoir, as discussed below.

5. Dynamic Model

Based on the geological and geomechanical characterisations employed to generate
the corresponding geological and geomechanical models, dynamic models of the selected
IC panel of the 501 coal seam and its surroundings were constructed. A standard double-
component system was assumed in coal seams of the analysed structure; this comprised
cleats containing free fluids (gas and water) and described by multiphase viscous flow and
matrices containing adsorbed gas and described by the diffusion type of gas transport. The
other regions of the model (clastic rocks) assumed conventional single-porosity systems.

To complete the dynamic model construction, additional components of the models
were determined as follows:

(@) Thermodynamic model of the reservoir gas:
the thermodynamic properties of the reservoir gas were determined by the Peng-
Robinson equation of state (gas formation volume factor) and by the Lorentz—Bray—
Clark correlation (gas viscosity) from gas composition, which are presented in Table 4.
(b) Capillary pressure:
the dependence of capillary pressure upon water saturation was implemented from
the provided measurements—the capillary pressure determined the distribution of
pressure and water/gas saturations for initial hydrostatically balanced conditions.
(c) Relative permeabilities of reservoir fluids:
due to the lack of proper measurements, relative permeability curves (kg /w vs. Sg/w)
were assumed to be of conventional types, i.e., linear for the naturally fractured coal
and power-like for the porous clastic rocks.
(d) Adsorption/desorption isotherm of methane:
the Langmuir adsorption/desorption isotherm was determined as an average depen-
dence from the provided measurement data described by the Formula (5):

PGy
( )_ P+ Py

©)

where C(P) is the concentration of the adsorbed methane as a function of pressure,
P, parametrized by asymptotic concentration Cy = 11.25 Sm? of gas/m? of coal and
characteristic pressure Py =7.3 b,

The above Langmuir isotherm was obtained as an average of 23 measurements on
samples obtained from different depths. They covered the pressure range of 0-18 bar.

(e) Trajectories of drainage boreholes;

trajectories and completions of both conventional and directional methane drainage
boreholes were implemented from the geological model of the structure and other
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technical parameters provided by the Murcki-Staszic mine operator, Jastrzebska
Spoétka Weglowa, Jastrzebie-Zdréj, Poland.

(f)  Schedule of gate-road making:
a detailed schedule of the gate-road excavation around the IC panel of the 501 coal
seam was implemented into the dynamic simulation model to estimate the road’s
influence upon the pressure and reservoir fluid distributions and to obtain the state of
the analysed panel before the mining longwall activities.

Table 4. Composition of reservoir gas from the 501 coal seam.

CH4 CyHg H, CO, (¢[6)
[%] [%] [%] [%] [%]
92.867 0.436 0.035 6.593 0.069

Note: In the remaining part of the paper, the name “methane” is used in place of “reservoir gas”.

Initial Conditions

Based on the information concerning the state of the structure elements surrounding
the analysed coal seam, the dynamic model was applied to simulate their impact upon the
IC panel of the seam. In particular, two factors were analysed in detail, as described below.

1. Neighbouring excavated coal seams.
The closest exploited coal seam was found to be the 349 coal seam, located about
350 m above the analysed seam and mined in the years 1988-1992. The pressure
distribution in the structure as obtained from the simulation in 2019 (the beginning of
the mining activities in the IC panel of the 501 coal seam) is presented in Figure 6.
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Figure 6. Vertical pressure profile of the analysed structure.

The results of the simulations proved the negligible influence of the 349 coal seam
upon the 501 coal seam.

2. Gate-roads:
The constructed simulation model of the structure was used to determine the influence
of the gate-roads around the IC panel on pressure distribution and desorbed methane
content in the analysed coal seam and its surroundings. It was assumed that the gate-
roads were excavated gradually according to the provided schedule and ventilated
proportionally to the length of the completed roads.

In both the static (geological and geomechanical) and dynamic modelling described
above, the effects of temperature variations were neglected due to the following reasons:
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(a) The depth variations of the models and, consequently, the initial temperature varia-
tions were small;

(b) Dynamic temperature variations during the IC panel excavation were also negligible
due to the very small gas (injected air) heat capacity compared to the heat capacity of
the rocks.

6. Effective Coupling of Geomechanical and Fluid Flow Simulations

To study geomechanical effects, numerical modelling of fluid flow coupled with a
geomechanical analysis of the medium [74-77] was applied. This coupling was achieved by
partially coupled numerical simulations based on an external coupling between separate
numerical simulations [74,76,78-80].

The fluid flow simulations resulted in variations in the pressure and fluid satura-
tion distributions that, together with general rock and fluid characteristics, determined
the geomechanical properties of the system. Based on those results and properties, the
geomechanical simulations resulted in variations in the geomechanical state (stress and
strain), thus affecting the transport properties of the system to be used in the flow sim-
ulations [75,81,82]. The two simulations were iteratively coupled at each time step. The
schematic of this approach is shown in Figure 7.
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Figure 7. Dynamic and geomechanical simulation coupling.

A detailed description of the simulation coupling method used in this study was given
in an earlier paper [83].

7. Geomechanical Effects

Three types of rock deformations were recognised: elastic, plastic, and failure. The
elastic ones are strictly dependent on pressure variations and are different for each type
of rock. Their range is not limited; however, their amplitude is relatively small. Although
precisely included in the general procedure, it will not be discussed in detail here. Instead,
plastic and failure-type rock deformations are presented thoroughly below. Based on
the analysed results of geomechanical simulations, significant changes were observed in
the diagonal components of stress and strain tensors to occur within the limited-range
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vicinity of the coal workings in all directions, confirming the plastic and failure type of the
deformations within those regions.

The blocks around the gate-roads were grouped into several regions according to the
major spatial directions following the route of the gate-roads around the analysed panel.
Exemplary Regions no. 6 and no. 7 are shown in Figure 8.
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Figure 8. Location of Regions no. 6 and no. 7 in the simulation model of the 501 coal seam and its
surroundings.

Changes in the stress tensor components were correlated with the changes in pressures
in individual regions (Figure 9).

Next, transport properties in terms of inter-block transmissibilities were analysed for
successive time steps. To relate changes in the components of the stress tensor with the
changes in the transmissibilities, the relationship (6) proposed by J.Q. Shi and S. Duru-
can [84] was employed:

Ty = Tgre <512 (174) ©)

where
T; /ip—stands for the modified /original i-th component of the transmissibility,
c—stands for pore compressibility,
Acjj—stands for the change in the diagonal stress component, j = 1(x), 2(y), 3(z),
d;j—stands for Kroncker’s delta function.
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Effective dependence of transmissibilities (transmissibility multiplication factors) on
pressure was found as presented in Figure 10 for the example of Region no. 6. During the
flow simulations, the effective changes of the inter-block transmissibilities, resulting from
the pressure changes, were implicitly performed, taking into account appropriate simulator
functions for the multiplicative transmissibility coefficients.
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Figure 9. Variations in diagonal stress tensor components with pressure changes from the simulation
results of selected analysed time steps. The example is from Region No. 6.
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Figure 10. Variations of inter-block transmissibilities with pressure changes. Th example comes from
Region No. 6.

Excavation of the analysed coal seam caused further significant modifications of the
geomechanical state of the unmined coal seam and rocks surrounding the excavated part
of the seam. Consequently, the modifications affected the transport properties of those
rocks. Examples of the distributions of the geomechanical state variations are shown in
Figures 11-14 for two selected excavation advancements: Figures 11 and 12 for partial (50%)
excavation progress and Figures 13 and 14 for the complete excavation of the analysed
panel of the 501 coal seam. Those distributions included three principle components of
the effective stress tensor (0", 0'y, 0”y) within the mid-depth surface of the 501 coal seam
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(Figures 11 and 13) and 3D views (Figures 12 and 14) of those distributions on the side walls
of the model with front walls along the cross-section lines A-A’, B-B’, and C-C’ defined in
Figure 11.
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Figure 11. Distributions of the effective principal stresses (¢’y, 0y, and o’y) within the mid-depth
surface of the 501 coal seam upon partial excavation of the IC panel and location of the cross-section
lines A-A’, B-B’, and C-C’.
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Figure 12. Three-dimensional distributions of the effective principal stresses (0'y,, 0'y, and o’y) with
front walls along the vertical cross-sections A-A’,B-B’, and C-C’ of the 501 coal seam upon partial
excavation of the IC panel.
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Figure 13. Distributions of the effective principal stresses (¢’y, 0y, and o’y) within the mid-depth
surface of the 501 coal seam at complete excavation of the IC panel, with provided A-A’, B-B’, and
C-C’ vertical cross-section lines geometry.
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Figure 14. Three-dimensional distributions of the effective principal stresses (0'y,, 0'y, and o’y) with
front walls along the vertical cross-sections A-A’, B-B’, and C-C’ of the 501 coal seam upon complete
excavation of the IC panel.

An analysis establishing relations between pressure distribution, geomechanical states
(stress tensor), and transport properties was made to apply the effective method of coupled
geomechanical and flow simulations. Stress tensor variations resulted in changes in rock
transport properties (transmissibilities) according to the Formula (6) by J.Q. Shi and S.
Durucan given above.
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To draw conclusions concerning the geomechanical effects of the unmined coal seam
and rocks surrounding the excavated part of the IC panel upon transport properties (trans-
missibilities), common trends of the transmissibility multiplication factors were identified
and found to depend on the distance from excavated regions of the IC panel. Detailed
distributions of the transmissibility multiplication factors are shown for various regions in
Figure 15 upon partial (50%) excavation and in Figure 16 upon complete excavation as a
function of depth expressed by the model layer numbers.
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Figure 15. Common trends of the transmissibility multiplication factors in selected regions sur-
rounding the excavated part of the IC panel upon partial (50%) excavation, (A) region (HT1, HT2,...,

HT6) definitions in seam layer, (B) transmissibility multiplication factors vs. depth in regions HT1,
HT2,..., HT6.
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A

Figure 16. Common trends of the transmissibility multiplication factors in selected regions surround-
ing the IC panel upon the complete excavation of the panel, (A) region (HT1, HT2) definitions in
seam layer, (B) transmissibility multiplication factors vs. depth in regions HT1, HT2.

The above results of the analysis concerning the influence of geomechanical states
upon the transport properties of unmined parts of the 501 coal seam and rocks surrounding
the seam were applied to the calibration procedure of the analysed simulation model
described below.

8. Model Calibration

The calibration procedure of the model was based on the following list of historical
data related to the coal production from the IC panel of the seam.

1.  Schedule and measurement data from the gate-road excavation and ventilation before
the coal excavation from the panel, including air injection, total gas (combined air
and methane) production, and methane production of the ventilation system vs. time
(from 29 January 2018 to 31 August 2019),

2. Schedule and measurement data from the panel coal production, including air in-
jection to the ventilation system and total gas and methane production by three ele-
ments of the methane drainage system: the ventilation system, the standard methane
drainage boreholes, and the directional methane drainage boreholes vs. time (from
1 September 2019 to 28 February 2020).

In addition, the historical data included the pressure conditions of the ventilation
system and the methane drainage boreholes. The schedule of the IC panel coal production
is presented in Figure 17 as the longwall advancement.
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Figure 17. The longwall advancement during the IC panel coal production.

Similarly, the schedule of the standard clusters of drainage borehole activities (the
cluster production intervals) is shown in Figure 18 for the boreholes grouped into 19 clus-

ters.
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Figure 18. The production intervals of standard methane drainage borehole clusters. Colours are

used for better readability only.

Furthermore, the schedule of the directional borehole activities (the borehole produc-
tion intervals) is shown in Figure 19.
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Figure 19. The production intervals of directional methane drainage boreholes. Colours are used for
better readability only.
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The basic measured data of the methane ventilation and drainage processes during
the coal production from the IC panel included the following:
the volume of the injected air,
the volume of the total gas produced by the ventilation system (Figure 20),
the methane volume in the total gas produced by the ventilation system (Figure 21),
the volume of the total gas produced by the standard drainage system (Figure 22),
the methane volume in the total gas produced by the standard drainage system
(Figure 23),
the volume of the total gas produced by the directional drainage boreholes (Figure 24),

7. the methane volume in the total gas produced by the directional drainage boreholes
(Figure 25).

Ol =

o

1600

—observation data

1400 ——simulation results

[N
N
=}
S}

1000

800

600

Gas production total [x 106 Sm3]

400

200

0
01.01.2018 01.01.2019 01.01.2020

Date [mm.yyyy]

Figure 20. Total production of ventilation gas (combined air and methane): observed data vs.
simulation results. Error bars in the data series are explained in the text.
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Figure 21. Total methane production in the ventilation gas: observed data vs. simulation results.
Error bars in the data series are explained in the text.
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Figure 22. Total gas production by the standard drainage boreholes: simulation results vs. observed
data. Error bars in the data series are explained in the text.
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Figure 23. Total methane production by the standard methane drainage boreholes: observed data vs.
simulation results. Error bars in the data series are explained in the text.
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Figure 24. Total gas production by the directional boreholes: observed data vs. simulation results.
Error bars in the data series are explained in the text.
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Figure 25. Total methane production by the directional boreholes: observed data vs. simulation
results. Error bars in the data series are explained in the text.

Among the above seven items, the first was treated as a control variable, and the other
six were history-matched to calibrate the model through multiple simulation runs.

The final results of the calibration procedure are shown in Figures 20-25 for items
2 through 7, respectively, as a comparison of the measurement (observed) data with the
simulation results.

The main data series in these Figures are supplemented with error bars attached to
both measurement data and simulation results. The former indicates typical errors of
measurements (with a relative error of 10%), and the latter corresponds to estimated mean
absolute deviations (MADs) as measures of goodness of fit for the above six items. The
precise values of MAD, defined as

k
MAD = 2} |m; — dj| ?)
i=1

| =

are included in Table 5 together with average measurement error (AME) and their ratio
(MAD/AME). In the above formulas, the following symbols are used:

k—total number of data points,

m;—simulation result, i = 1,.. ., k,

di—measurement data, i = 1,..., k.

Table 5. Calibration goodness-of-fit. Measures of goodness of fit: mean absolute deviation (MAD)
and MAD to average measurement error (AME) ratio.

Fitted Parameter for Total Production of Figure No. MAD AME MAD/AME
[Component Type] [-] [x10° Sm?] [x10% Sm3] [-]

ventilation gas Figure 20 7.678 39.05 0.197
methane in ventilation gas Figure 21 0.105 0.120 0.876
gas by standard drainage boreholes Figure 22 0.329 0.210 1.567
methane by standard drainage boreholes Figure 23 0.394 0.139 2.835
gas by directional boreholes Figure 24 0.289 0.169 1.713
methane by directional boreholes Figure 25 0.115 0.087 1.321

The above results of the goodness of fit show a satisfactory agreement between the
measurement data and the simulation results, confirming good reliability of the model to
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correctly describe the methane drainage taking place during the coal production from the
IC panel of the 501 coal seam.

9. Effectiveness of Methane Drainage by the Directional Boreholes

The calibrated model of the 501 coal seam and its surroundings, as described above,
was used to simulate a hypothetical scenario that did not use directional boreholes for
methane drainage. The fundamental results of that simulation in terms of total methane pro-
duction by the ventilation system, with analogous results for the scenario with directional
boreholes, are shown in Figure 26.
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Figure 26. Total methane production of the ventilation system. Scenario with vs. without directional
boreholes.

It is worth noting that other basic simulation results, including total gas production by
the ventilation system and standard drainage borehole system, as well as total methane pro-
duction by the standard drainage borehole system, did not vary much when the directional
boreholes were used.

In particular, the comparison of methane concentration in the gas outflow to the
ventilation system for the cases with and without the directional boreholes is shown in
Figure 27.
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Figure 27. Methane concentration in the gas outflow to the ventilation system.

In addition, the results for the volume of methane left in the IC panel of the 501 coal
seam are shown in Figure 28 for both scenarios.
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The distributions of methane adsorbed in coal matrices of the coal seams within the
model are presented in Figure 29. It includes four cross-sections for four rows defined
as the mid-depth surface of the 501 coal seam, the vertical transverse cross-section along
line A-A’, the vertical transverse cross-section along line B-B’, and the vertical longitudinal
cross-section along line C-C’. Every set of four cross-sections corresponds to three situations
(in three columns): the initial state before the panel excavation commencement, the final
state after the panel excavation completion with directional boreholes, and the final state
after the panel excavation completion without directional boreholes.
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Figure 29. Distribution of methane volume adsorbed in coal seams.
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To summarise, the application of the long-reach directional boreholes proved the

effectiveness of the analysed methane drainage method, as can be concluded from all

the results presented above. In particular, the method significantly (by 52%) decreased

the methane concentration in the ventilation gas (Figure 26) and remarkably reduced the

methane content in the coal matrix of the analysed coal seam (Figure 28).

10.

Sensitivity Analysis

The results of methane drainage from the analysed coal seam were dependent on vari-

ous parameters, including the geological parameters of the structure. Multiple simulations

of the coal excavation process, accompanied by the studied methane drainage strategy,

provided the data required for the appropriate sensitivity analysis. Below, its results are

presented for the basic parameters, including

two parameters characterising the methane adsorption/desorption isotherm in the
coal matrix—the asymptotic concentration, Cy, and the characteristic pressure, Py, of
the standard Langmuir isotherm;

the overall amplitude of the rock transmissibility factors, T/Ty, due to geomechanical
elastic perturbations;

the effective amplitude of the coal transmissibility multiplicative factor, T./ T, due
to geomechanical inelastic and failure-type perturbations;

uncertainty of the original porosity, ¢, vertical permeability, k,, and horizontal perme-
abilities, ky, ky,+;

the matrix—fracture coupling coefficient, o, in the coal seams;

the gas diffusion coefficient, D, for the methane migration from the coal matrix to coal
fractures;

the residual gas saturation, Sgr, in the coal fractures.

The influence of the above parameters for their relative modifications by £10% upon

four significant methane drainage effectiveness criteria is shown as tornado diagrams in

Figures 30 and 31 for the total gas and methane drainage by directional drainage boreholes,

respectively.

/T,
TC/ TCQ

G

~

X

=~

M

O

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

®+10% ®W-10%

Figure 30. Sensitivity of the total gas drainage by the directional drainage boreholes to eleven selected

parameters.
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Figure 31. Sensitivity of the total methane drainage by the directional drainage boreholes to eleven

selected parameters.

As far as the total gas drainage by the directional drainage boreholes (Figure 30)
is concerned, the prevailing parameters are those determining the amount of adsorbed
methane, namely the asymptotic concentration, Cy, and, to a lesser extent, the characteristic
pressure, Py, of the standard Langmuir isotherm. The other dominant parameters are the
overall amplitude of the rock transmissibility factors, T/ Ty, due to geomechanical elastic
perturbations and the effective amplitude of the coal transmissibility multiplicative factor,
T¢/To, due to geomechanical inelastic and failure-type perturbations. Regarding the total
methane drainage by the directional drainage boreholes (Figure 31), it is primarily sensitive
to the above four parameters and to the gas diffusion coefficient, D, for the methane
migration from the coal matrix to coal fractures.

It is worth noting that the results of the sensitivity analysis show asymmetry between
positive and negative variations of the key simulation results with respect to some parame-
ters. The most probable reason for this behaviour is a non-linear correlation between the
parameters and the results. Nevertheless, the relative significance of various parameters,
as discussed above, is valid and can be treated as reliable. Hence, this observation does
not affect the main conclusions stated below and cannot reduce the practical values of the
presented sensitivity analysis.

Based on the sensitivity analysis results presented above, the following summary
remarks concerning the total volume of methane drainage by the directional boreholes may
be formulated.

— It is proportional to the original methane reserves adsorbed in the coal matrix—
parameter Cy of the adsorption isotherm.

— Itis also proportional to the methane volume available for the drainage at the effective
pressure in the coal matrix—parameter Py of the adsorption isotherm.

— Itincreases with the diffusive properties of the coal matrix—diffusion coefficient D of
the coal matrix.

— It increases with the effective transmissibility coefficients of the coal matrix due to
geomechanical perturbations.

— It also increases with the effective transmissibility coefficients of the clastic rocks
neighbouring the coal seam.
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Based on our analysis, the following conclusions have been drawn regarding the
estimates of methane available for the drainage process and the corresponding drainage
requirements:

— the reserves of methane adsorbed in the coal matrix, as well as the degree of its
desorption at a given drainage pressure, must be determined through the identification
and parametrisation of the adsorption isotherm,

—  the significance of the diffusion transport properties of the coal matrix must be ascer-
tained to accurately estimate the effective migration of methane from the coal matrix
to the coal cleats,

— the detailed geomechanical characterisation of both the coal matrix and the sur-
rounding clastic rocks must be acknowledged to assess the modification of their
geomechanical state—specifically, the distributions of stress and strain—resulting
from pressure variations,

— the correlation between the modified geomechanical state and the transport properties—
namely, effective transmissibilities and diffusion coefficients—of the coal and clastic
rocks needs to be established.

All the above parameters are of a geological and geomechanical type and should be
analysed before the commencement of the coal excavation process and implementation of
the method of methane drainage and its operation parameters. The influence of the latter
on the effectiveness of the methane drainage process is presented in the next chapter.

11. Drainage Process Optimisation

The calibrated model of the analysed carbon seam and the reliable simulations of
its excavation process, accompanied by methane drainage, provide an opportunity to
optimise the proposed strategy of methane drainage by a set of directional boreholes.
According to practical aspects of the analysed underground long-reach directional drilling
technology, the details of the directional borehole trajectories and their completion are
the most significant and controllable. Among several parameters describing borehole
trajectories, the most significant ones seem to be their depths and separation. Below, the
results of the trajectory depths optimisation analysis are presented first. The total amount of
methane drained by the directional boreholes and the total recovery of methane originally
present in the excavated panel of the coal seam are selected as the basic criteria for the
effectiveness of the analysed methane drainage method.

Two groups of different scenarios of directional borehole trajectories were considered.
The first one included the original trajectories modified for their depth relative to the IC
panel of the 501 coal seam, while they preserved their original localisation in the x-y plane.
As an example, Figure 32 presents the modifications of the original trajectory of the borehole
TM3 denoted TM3a, TM3b, and TM3c for the alternative depths realised in Scenario 1a,
Scenario 1b, and Scenario 1c, respectively. Analogous modifications of the other directional
borehole trajectories were applied to the above scenarios. The most significant simulation
results of Scenarios 1a, 1b, 1c, and the original are presented in Figures 33 and 34 in terms
of the total methane production by the directional boreholes from the analysed panel and
the methane remaining in place of that panel vs. time, respectively.

Simulation results of those scenarios may be summarised by the following conclusion:
the closer the trajectories to the excavated coal seam, the higher the degree of methane
recovered from the seam within the IC panel. The additional recovery in terms of total
methane production may exceed 200% (Figure 33).

The other significant parameter describing borehole trajectories is their separation
scheme. The corresponding group of analysed scenarios, denoted 2a, 2b, and 2c, included
borehole trajectories covering the excavated panel with a horizontally uniform scheme.

134



Energies 2025, 18, 3608

These scenarios differed in the depth of the trajectories in comparison with the previ-

ous group.
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Figure 32. The vertical cross-section along the TM3 borehole trajectory and the original and alternative
TM3 trajectories.
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Figure 33. Total methane production by the directional boreholes from the analysed panel and the
results of Scenarios 1a, 1b, and 1c vs. the basic scenario.
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The simulation results of Scenarios 2a, 2b, 2¢, and the original one are presented in
Figures 35 and 36 in terms of the total methane production by the directional boreholes
from the IC panel of the 501 coal seam and the methane remaining in place of that panel vs.
time, respectively.
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Figure 35. Total methane production by the directional boreholes from the analysed panel. The
results of Scenarios 2a, 2b, 2c vs. the basic scenario.
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Figure 36. The decline of methane volume within the analysed panel. The results of Scenarios 2a, 2b,
and 3c vs. the basic scenario.

Similar to the previous group of scenarios, the closer the trajectories to the 501 seam,
the larger the methane total production (Figure 35) and the higher the recovery (Figure 36)
of the methane originally adsorbed in the analysed panel. It is worth noting that the
results of the latter group of Scenarios 2a, 2b, and 2c are systematically more advantageous
than those of the first group. This result is caused by the difference in the total length of
directional borehole completions draining methane from the analysed panel. This length
equals 476 m for Scenarios 1a, 1b, and 1c vs. 304 m for Scenarios 2a, 2b, and 2c.

However, it should be noted that there is another factor limiting that conclusion,
namely, wellbore instability. Openings of the directional boreholes may be partially located
in the coal seam, and they usually pass through mudstone and sandstone when entering
the fracture zone. Due to the relatively large diameters of the boreholes, they are susceptible
to loss of stability, resulting in their deformation and collapse. Therefore, the stability of
the long-reach directional boreholes may directly affect their drainage performance. The
influencing factors of borehole stability mainly include rock strength, drainage pressure,

stress and strain, burial depth, lateral pressure coefficient, and anisotropic permeability, as
indicated by [85-88].
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In particular, X. Yao et al. [85] constructed a local model of a long drilling borehole
through the soft coal seam of Dingji Coal Mine, China and performed numerical simulations
to obtain stress and displacement fields and plastic failure zone. They concluded that the
stress concentration of the surrounding rock becomes higher with the increase in the side
pressure coefficient. For the same reason, the displacement of drilling increases and the
radius of the plastic zone decreases. Moreover, the drilling becomes more unstable with this
variation in the side pressure coefficient. E. Karatela and A. Taheri [86] constructed a three-
dimensional hydro-mechanical model of a borehole in fractured rock mass. They simulated
overbalanced drilling conditions and validated the model against log measurements of
the caliper log and found the strength of rock to be a governing factor in controlling the
borehole stability. In addition, they observed that high mud flow rates as well as high pore
pressure increased the instability around the borehole. Z. Wang et al. [87] performed studies
on the instability of directional boreholes localized on coal seam roofs. They adopted the
geological and geomechanical conditions of a coal seam in the Tingnan Coal Mine, Shaanxi
Province, China. They performed numerical simulations and obtained stress, strain, and
plastic deformations of the rocks surrounding the boreholes with different diameters. The
simulation results showed that the borehole stability depended on rock type. It was lower
for coal and mudstone than for sandstone. They also concluded that the larger the borehole
diameter, the lower the borehole stability. According to the authors, their research results
provided reliable technical support for the protection of directional boreholes on coal seam
roofs. X-B Zhang et al. [88] studied the dependence of gas extraction in deep mining
soft coal seams on deformation and instability of drainage boreholes. They analysed
deformation instability mechanisms and dynamic changes of borehole suction pressures
for three deformation instability modes: (1) complete holes, (2) collapse holes, and (3) plug
holes. The resultant suction pressure loss of the drainage system was found to be very small
for case (1) and much bigger in case (2). In case (3), a continuous medium formed at the
plug segment, and the plug segment drainage pressure turned into coal bed gas pressure.
According to the authors, their study provided important guidelines for improving gas
drainage and effectively preventing gas disasters.

From the above results, it follows that to study directional borehole stability, it is
necessary to use a high-resolution and appropriate (non-cartesian) symmetric type of
numerical model of all the borehole vicinities combined with a large-scale model. This kind
of study goes beyond the scope of the research presented in this paper.

12. Summary and Conclusions

The studies reported in this paper address specific issues referring to long-reach
directional drilling (LRDD) for methane drainage purposes; such issues have not been
covered by other research activities in the area of methane emission in coal mines. These
innovative studies are based on a comprehensive numerical modelling approach. They
include the following tasks: (i) the construction of structural and parametric geological
models, (ii) the construction of dynamic simulation models of a selected coal mine structure,
(iii) the implementation of the initial conditions of the structure, (iv) the analysis of the
geomechanical effects of various types and regions of occurrence, (v) the implementation of
the correlation between the geomechanical state of the rocks and their transport properties,
(vi) the performance of the effectively coupled geomechanical and fluid flow simulations,
(vii) the calibration of the models based on historical coal seam exploitation and methane
drainage data, (viii) the analysis of the effectiveness of methane drainage by the proposed
long-reach directional drilling technology, (ix) sensitivity analysis of the drainage results to
geological and geomechanical properties of the rocks, and (x) the limited optimization of
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the drainage process with respect to the technological and operational parameters of the
proposed strategy.

The results of the above simulation studies lead to the following main conclusion:
the effectiveness of the analysed methane drainage method with the use of long-reach
directional drilling is strongly confirmed and, in the analysed case, results in a 52% decrease
in the methane content in the ventilation gas. It also leads to a concomitant reduction of the
methane content in the coal matrix of the excavated coal seam. Thus, the studies, whose
results are presented and discussed above, provide evidence for numerical modelling
methods with coupled reservoir fluid flow simulations and geomechanical simulations to
as a very useful and feasible approach to analysing the very specific method of methane
drainage employing underground long-reach directional drilling technology.

In addition to the assessment of the method’s effectiveness, this approach allows
one to quantitatively determine the sensitivity of the methane drainage to both geological
and geomechanical parameters (reserves of methane adsorbed in the coal matrix, degree
of desorption, diffusive migration of methane from coal matrix to cleats, etc.) and thus
also allows one to estimate the uncertainty and risks of the analysed method. Moreover,
practical optimisation of the analysed method is feasible for the application of the approach
used in this study by the proper selection of operational parameters, such as trajectories
and completions of drainage boreholes.

It is worth noting that an analysis of the possible risks or limitations of the proposed
method is provided in the report of a previous project [89], where the studies reported in
this paper were performed. Particular issues concerning environmental risk assessment in
coal mining with the proposed methane degassing approach are presented in [90].

In general, to achieve an analogous conclusion for any specific case of multi-seam
coal systems, it is necessary to apply a similar approach taking into account all the key
phenomena determining the complete gas migration route, including gas desorption from
coal matrix, its diffusion to coal cleats, and viscous multiphase flow through porous and
fractured media of coal multi-seams and other clastic rocks. Moreover, the variations in the
geomechanical states of all the rocks present in the studied system have to be taken into
account along the fluid flow, as they may significantly influence rock transport properties
and thus reciprocally affect the flow.

To this aim, complex models describing both the transport properties of an appropriate
fluid-rock system and the mechanical properties of both its separate components have to
be developed to be used in coupled simulations of the key phenomena; they can also be
used to reliably assess the effectiveness of various methane drainage methods, as shown in
these studies, in the particular case of underground long-reach directional drilling method.

Only then can one resolve the fundamental question of the method’s feasibility, the
sensitivity of the methane drainage effects to both geological and geomechanical parame-
ters, and the method’s uncertainty and application risks, as well as practical optimisation
with respect to the method’s operational parameters.
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Abstract: To address the challenges of low permeability, high gas adsorption, and a fragile
structure in coalbed methane reservoirs, this study developed a high-strength composite
proppant with an activated carbon skeleton via nitric acid pretreatment, silica—alumina
sol coating, and calcination. Orthogonal experiments optimized the preparation condi-
tions: 30—40 mesh activated carbon, Si/ Al molar ratio of 4:1, calcination at 650 °C for 2 h.
The resulting proppant exhibited an excellent performance: a single-particle compressive
strength of 55.5 N, porosity of 33.2%, crushing rate of only 2.3% under 50 MPa closure
pressure, and permeability 48.5% higher than quartz sand. In simulated acidic coalbed
environments (pH 3-5), its acid corrosion rate was <2.8%, and it enhanced methane des-
orption by 16.2% compared to pure coal. Additionally, the proppant showed a superior
transport performance in fracturing fluids, with better distribution uniformity in fractures
than ceramsite, and its hydrophobic surface (contact angle 115.32°) improved fracturing
fluid flowback efficiency. This proppant integrates high strength, good conductivity, gas
desorption promotion, and corrosion resistance, offering a novel material solution for
efficient coalbed methane extraction.

Keywords: activated carbon skeleton proppant; coalbed methane fracturing; coalbed
adaptability; silica—alumina coating

1. Introduction

In the context of the global energy transition toward low-carbon sources, coalbed
methane has emerged as a pivotal clean and efficient unconventional natural gas resource,
playing a critical role in ensuring energy security and mitigating greenhouse gas emis-
sions [1-3]. China, endowed with abundant coalbed methane reserves, boasts recoverable
reserves reaching 36.8 trillion cubic meters, ranking among the world’s top reserves [4].
However, the commercial exploitation of coalbed methane faces formidable challenges
due to the unique geological characteristics of most reservoirs [5,6]. These reservoirs are
typically characterized by ultra-low permeability (<0.1 mD), attributed to the dense and
poorly connected pore—fracture networks in coal matrices. A high gas adsorption capac-
ity stems from the extensive microporous structure of coal, which tightly binds methane
molecules [7,8]. Fragile coal rock is prone to collapse under the disturbance of fracturing
operations [6,9]. These factors collectively result in low single-well production and hinder
the large-scale development of coalbed methane resources [10,11].
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Fracturing technology has long been recognized as the cornerstone for unlocking the
potential of low-permeability coalbed methane reservoirs [12,13]. By injecting high-pressure
fracturing fluids, artificial fractures are created in the coalbed, and proppants are introduced
to prop open these fractures, maintaining their conductivity for sustained gas flow [14].
As such, proppants are indispensable components that directly determine the success of
fracturing operations and the long-term productivity of coalbed methane wells. Traditional
proppants, however, fail to meet the complex demands of coalbed environments. Quartz
sand, despite its low cost and widespread use, exhibits insufficient compressive strength
(typically <30 MPa), leaving it susceptible to crushing under the high-geostress conditions
prevalent in deep coalbeds (often exceeding 30 MPa) [15]. This crushing leads to the
blockage of fractures and a drastic decline in conductivity. Ceramsite, another commonly
used proppant, offers higher strength but suffers from high density (>3.0 g/cm?), causing
rapid sedimentation in fracturing fluids [16,17]. This uneven distribution within fractures
results in inadequate propping of the fracture tips and excessive accumulation at the
fracture mouths, compromising the overall fracturing effect. Traditional proppants such
as quartz sand and ceramsite, in their unmodified state, lack active interactions with coal
matrices to effectively promote gas desorption. While some studies have explored surface
modification of these proppants to partially enhance gas desorption, their intrinsic inert
surface properties still limit such promotion compared to carbon-based materials with
intrinsic affinity for coal matrices [18-20].

Activated carbon, a porous carbon material, has garnered significant attention as a
potential base material for advanced proppants due to its distinctive properties. Its large
specific surface area (usually >1000 m?/g) and well-developed pore structure provide am-
ple space for gas diffusion and adsorption [3,9], while its lightweight nature (1.3-1.5 g/cm?)
helps slow sedimentation rates and improve suspendability in fracturing fluids [21]. More-
over, the abundant surface active groups (such as hydroxyl and carboxyl groups) on
activated carbon enable chemical modification, facilitating the formation of stable com-
posite structures with other materials [22,23]. These characteristics make activated carbon
an ideal skeleton for developing proppants that can simultaneously address mechanical
strength, conductivity, and gas desorption challenges [24,25].

While quartz sand and ceramsite suffer from limitations like low porosity and water
retention, previous attempts to apply carbon-based materials as proppants have been re-
ported. Early studies exploited their high porosity for gas diffusion, but their practical appli-
cation was hindered by critical drawbacks: insufficient mechanical strength (easily crushed
under reservoir pressure), poor wettability control (prone to water locking), and weak com-
patibility with fracturing fluids [26,27]. These unresolved issues left a gap in developing
robust carbon-based proppants suitable for coalbed methane reservoirs—motivating our
work to address these limitations through silica—alumina coating modification.

Building on these advantages, this study proposes a novel approach to fabricate high-
strength composite proppants by integrating activated carbon with silica—alumina oxides
via the sol-gel method. The preparation process involves nitric acid pretreatment to clean
the activated carbon surface, remove impurities, and enhance its surface reactivity, coating
with silica—alumina sol to form a uniform and dense protective layer, and calcination to
strengthen the bonding between the activated carbon skeleton and the coating. By sys-
tematically investigating the effects of key parameters such as activated carbon particle
size, silica—alumina molar ratio, calcination temperature, and holding time on the prop-
pant’s performance [9,24,28], this research aims to optimize the preparation conditions and
achieve a proppant with superior mechanical properties, high conductivity, and excellent
coalbed adaptability. The comprehensive evaluation of the proppant’s microstructure, me-
chanical strength, corrosion resistance, and gas desorption promotion ability will provide
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valuable insights into its application potential, ultimately contributing to the technical
advancement of efficient coalbed methane extraction [3,29-33].

2. Experimental Design
2.1. Experimental Materials

Activated carbon particles (20-40 mesh, with a specific surface area of 1030 m?/g and a
density of 1.34 g/cm?, purity 95%) were procured from Aladdin. Nitric acid (30%), sodium
silicate, and sodium aluminate (all of analytical grade) were purchased from Sinopharm.
Deionized water was prepared in-house. The main raw materials (activated carbon, sodium
silicate, sodium aluminate, etc.) used in this study have a laboratory-scale unit cost of
approximately USD 2.5-3.0 per kg, slightly higher than quartz sand but comparable to
ceramsite, with the potential for a 30-40% cost reduction in large-scale production.

2.2. Experimental Instruments

A Fourier transform infrared spectrometer (FTIR, Nicolet iS50, Thermo Fisher Scien-
tific, Madison, WI, USA) was used to analyze surface functional groups. An automatic
specific surface area and porosity analyzer (Autosorb-1Q, Quantachrome, Tallahassee,
FL, USA) was utilized to measure the specific surface area and pore size distribution. A
universal testing machine (WDW-100, Jinan, China) was used to test the single-particle
compressive strength. Scanning electron microscopy (SEM, SU8020, Hitachi, Tokyo, Japan)
was employed to observe the surface morphology and pore structure of the proppant.
A thermogravimeter (TGA Q500, TA Instruments, New Castle, NSW, USA) was used
to assess the thermal stability of the sample under N, atmosphere. A high-temperature
and high-pressure conductivity meter (FCES-100, Haian Petroleum Scientific Research
Instruments, Haian, China) was employed for measuring the conductivity of the proppant
packing under simulated coalbed conditions. A gas adsorption and desorption analyzer
(WY-98A, Chonggqing, China) was used to test the methane desorption rate. Volumetric
adsorption apparatus (Micromeritics ASAP 2020, Norcross, GA, USA) and a contact angle
goniometer (Model: DSA100, Kriiss, Hamburg, Germany) were utilized.

2.3. Proppant Preparation Process

The pretreatment of activated carbon involved immersing the particles in 30% nitric
acid solution, then subjecting them to a 60 min treatment in a 60 °C water bath, followed
by thorough washing with distilled water until the pH reached neutrality. Finally, they
were dried at 110 °C for 6 h to remove surface impurities and activate the pores (Figure 1).

Activated Carbon
Particles

20-40 mesh - 1030
m?/g

Composite
Proppant
High
strength - Porous
structure

Nitric Acid Drying

Pretreatment

30% HNO;- 60°C
water bath 60 min
surface activation

Calcination

650°C muffle
furnace2 h

holding - 5°C/min
ramp

Neutral Washing

Residual acid
removal pH
adjustmentto 7

Pre-drying
80°C hotair-2h

Coating
preliminary curing

Figure 1. Flow chart of proppant preparation process.
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Silica—alumina sol was selected as the coating material for the subsequent process
due to its intrinsic properties, which synergistically enhance proppant performance from
multiple dimensions: the silica—alumina network it forms (composed of Si-O-5i and Al-
O-5i bonds) exhibits excellent chemical stability in the typical acidic coalbed environment
(pH 3-5), effectively isolating the activated carbon skeleton from corrosive media and
ensuring long-term structural integrity. Meanwhile, it possesses outstanding thermal
resistance, capable of withstanding calcination temperatures up to 650 °C in this study
without decomposition, forming a dense and firmly bonded coating with the activated
carbon skeleton during calcination and preventing cracking or detachment caused by
thermal stress. Furthermore, the reactive silanol groups (S5i-OH) and aluminate groups in
the sol can chemically react with oxygen-containing functional groups (e.g., -OH, -COOH)
on the surface of nitric acid-pretreated activated carbon, significantly enhancing coating
adhesion and preventing delamination under high closure pressure. Moreover, its colloidal
particles are small and uniformly dispersed, resulting in a thin and permeable coating that
covers the activated carbon surface without excessively blocking its intrinsic pores. This
maintains gas diffusion channels while enhancing mechanical properties, ensuring the
proppant retains a high porosity of 33.2% and good permeability.

For the preparation of the composite slurry, sodium silicate and sodium aluminate
were dissolved in deionized water according to different molar ratios of silicon to aluminum
(3:1,4:1, 5:1). The solutions were diluted to a concentration of 10% and magnetically stirred
for 30 min to form a stable sol (Figure 2).

... activation pretreatment .. ® Si-Si ALSi L Si-0-Si
[ ] .
*%e (11} -OH or -COOH L
Activated carbon(AC) Surface purification T~ ALO-Si

Al sodium aluminate * o
Si  sodium silicate * o o
A (o) {®)
Composite proppant (activated carbon)(CP-AC)

Figure 2. Synthesis mechanism of activated carbon-based composite proppant.

In the coating and forming stage, the pretreated activated carbon was submerged in
the prepared sol and ultrasonicated for 30 min (at a power of 300 W) to ensure a uniform
coating. Excess slurry was removed by vacuum filtration, and the samples were pre-dried
at 80 °C for 2 h.

The calcination treatment entailed placing the pre-dried samples in a muffle furnace,
heating them to temperatures of 600 °C, 650 °C, and 700 °C at a rate of 5 °C/min, holding them
at these temperatures for 2 h, and then allowing them to cool naturally to room temperature.

2.4. Optimization of Preparation Conditions

Based on the sol-gel reaction mechanism, an L9(3*) orthogonal experiment was de-
signed, considering factors such as activated carbon particle size (20-30 mesh, 3040 mesh),
silicon-aluminum molar ratio (3:1, 4:1, 5:1), temperature for calcination (600 °C, 650 °C,
700 °C), and holding time (1 h, 2 h, 3 h). The single-particle compressive strength
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(target > 50 N) and permeability improvement rate (target > 40%) were selected as evalua-
tion indicators to optimize the preparation conditions [34-43].
The permeability improvement rate (1) is calculated as follows:

= (Kep-ac — KQuartz Sand)/KQuartz sand % 100%

where

e Kcp.ac: Conductivity of CP-AC proppant pack (mD-cm), tested by FCES-100 conduc-
tivity meter (Section 2.2) under 30 °C and 50 MPa;

®  KQuartz sana: Conductivity of quartz sand proppant pack (10.44 mD-cm) under the
same testing.

2.5. Characterization Methods

For microstructural analysis, FTIR analysis was carried out with a scanning range
of 4000-500 cm !, and 32 scans were performed to identify surface functional groups
and chemical bonding. The Brunauer-Emmett-Teller (BET) method was utilized to
quantify the specific surface area and pore size distribution via nitrogen adsorption—
desorption isotherms.

Mechanical properties were evaluated using a universal testing machine with a loading
rate of 0.5 mm/min to measure the single-particle compressive strength, and the crushing
rate was determined at a closure pressure of 50 MPa.

Conductivity was measured using a high-temperature and high-pressure conduc-
tivity meter to assess the conductivity of the proppant packing under simulated coalbed
conditions (temperature 30 °C, pressure 20-60 MPa).

The gas desorption promotion ability was evaluated using a gas adsorption and
desorption analyzer to test the methane desorption rate of a mixed system consisting of a
coal sample (200 g) and the proppant (50 g), with the results compared to those of a pure
coal sample. Gas adsorption/desorption tests were performed under conditions simulating
in situ CBM reservoirs: temperature was controlled at 32 &+ 2 °C (matching the average
formation temperature of the study coal seam) and pressure was regulated from 0.1 to
6 MPa (covering the typical pressure range of the target coalbed methane reservoir), using
99.99% pure methane as the test gas.

Corrosion resistance was determined by immersing the proppant in a hydrochloric
acid solution with a pH of 3, soaking it at 60 °C for 72 h, and then calculating the acid
corrosion rate. Acid resistance was evaluated using HCI (pH = 3) because the formation
water in the target coal seam is dominated by chloride-type brine (CI™ concentration
~1200 mg/L, as measured in field samples), making HCIl more representative of the in situ
acidic environment than H>SOy.

To investigate the influence of the flow rate on transport efficiency, comparative exper-
iments were conducted using the composite proppant (CP-AC) and conventional ceramsite
under two flow rates (5 L/h and 10 L/h) in a simulated fracture model (length 140 cm,
width 2 cm, height 20 cm). The vertical accumulation height of proppants at distances of
20 cm, 40 cm, 60 cm, 80 cm, 100 cm, 120 cm, and 140 cm from the wellbore was measured
to evaluate their transport stability. The 140 cm fracture model is a simplified laboratory
setup designed to assess proppant transport under controlled conditions (e.g., constant
flow velocity, uniform fracture aperture). While it does not fully replicate the complexity of
in situ fractures (such as irregular morphology, heterogeneous coal matrix, and dynamic in
situ stress), it effectively characterizes key transport behaviors (e.g., proppant migration
efficiency and distribution uniformity) that are critical for guiding field applications.
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3. Results and Discussion

3.1. Structural Characterization
3.1.1. FTIR Analysis

Figure 3 depicts the FTIR spectrum of the proppant (Figure 3). The broad absorption
band spanning from approximately 3400 to 3600 cm ™! can be ascribed to the stretching
vibration of -OH groups, which are present on both the activated carbon surface and
the silica-alumina coating. A prominent peak emerges at around 1000-1050 cm ™, corre-
sponding to the asymmetric stretching vibration of Si-O-Si bonds. The intensity of this
peak varies with the silicon-aluminum molar ratio (ranging from 3:1 to 5:1), indicating
different contents of silicate in the coating. Moreover, a relatively weak peak is observed at
approximately 700-750 cm~!, which is assigned to Al-O-Si bonds, verifying the formation
of a cross-linked silica—alumina network within the coating. At a calcination temperature
of 650 °C, the peak intensity of Si-O-Si bonds reaches its maximum, implying an optimal
condensation of the silica—alumina sol and an enhanced bonding between the coating and
the activated carbon skeleton. After nitric acid pretreatment, a distinct small peak emerges
in the range of 1650~1700 cm ™!, corresponding to the stretching vibration of C=O bonds in
carboxyl groups. This observation confirms an increase in surface oxygen-containing func-
tional groups on the activated carbon, which in turn enhances its ability to form chemical
bonds with the silica—alumina coating (Table 1).

Transmittance(%o)

o)
s L 1 " 1 N 1 2 1 . 1 N
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™!)

Figure 3. FTIR spectrum of the proppant.

Table 1. Summary of functional groups in the FTIR spectra of the proppant.

Functional Group Characteristic Wavenumber Range (cm~1) Change in Spectral Intensity
(-OH) 3400-3600 Broad absorption band
Varies with silicon—-aluminum molar ratio (3:1
(5i-O-5i) 1000-1050 to 5:1); reaches maximum at 650 °C
calcination
(Al-O-51) 700-750 Relatively weak

Distinct small peak emerges after nitric acid

(C=0) 1650-1700 pretreatment (intensity increases)

3.1.2. BET Analysis

The BET results indicated that the specific surface area of the original activated carbon
(AC) was 1030 m?/g. After the pretreatment and coating process (CP-AC), the specific
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surface area decreased to 590 m? /g. This was due to the filling of some pores by the coating
material. However, the pore volume increased slightly, and the average pore size shifted
towards a larger value, which was beneficial for gas flow and proppant—coal interaction.
To better investigate the changes in the internal pore structure of activated carbon
and the type of adsorption toward polymers, we employed the N, adsorption—desorption
method to measure the adsorption isotherms of the two activated carbon samples. As
shown in Figure 4, according to the IUPAC classification [30], the adsorption isotherm of
the original activated carbon (AC) presents a typical Type I isotherm, with an adsorption
hysteresis loop appearing at relative pressures of 0.4 < P/Py < 0.8. This confirms that AC has
a rich pore structure and is a microporous adsorbent with a uniform pore size distribution.
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Figure 4. N, adsorption-desorption isotherms and schematic diagrams of activated carbon (AC)
before and after pretreatment and coating (CP-AC).

The activated carbon after pretreatment and coating (CP-AC) exhibits an adsorption
isotherm that differs from AC. Its isotherm shows an enlarged hysteresis loop compared
to AC, spanning a wider range of relative pressures (0.5 < P/Py < 0.9), indicating a mixed
adsorption behavior involving both micropores and mesopores. Additionally, the isotherm
of CP-AC tends to rise more sharply at higher relative pressures (P/Py > 0.8), which may
be attributed to the increase in average pore size. This phenomenon suggests the presence
of more mesopores and larger pores in CP-AC, leading to enhanced capillary condensation
and multi-molecular layer adsorption as the relative pressure increases [31], which aligns
with the earlier BET results of an increased pore volume and larger average pore size.

3.1.3. SEM Analysis and Particle Size Distribution

Scanning electron microscopy was used to observe the surface morphology and
microstructure of the composite proppant (CP-AC). A single SEM image of CP-AC revealed
that after nitric acid pretreatment, silica—alumina sol coating, and calcination at 650 °C, the
composite proppant exhibited a relatively regular particle morphology, with a uniform and
dense silica—alumina coating covering the surface. The coating was tightly bonded to the
activated carbon skeleton without obvious cracks or detachment, further confirming the
formation of stable chemical bonds between the silica—alumina network and the activated
carbon surface, as indicated by FTIR analysis. Under a high magnification, it was observed
that the coating retained some micron-scale pores, which were interconnected with the
pore structure of the activated carbon itself. These pores contributed significantly to the
proppant’s porosity of 33.2% and provided channels for gas flow.
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Particle size statistical analyses were performed on 100 randomly selected CP-AC
particles in the SEM image using image analysis software (Image-Pro Plus 6.0). The
results showed that the particle size distribution range of CP-AC was 340-590 um, with
an average particle size of 470 = 30 um (Figure 5). This narrow particle size distribution
benefited from the selection of 30-40-mesh activated carbon raw materials and the uniform
coating process, which helped the proppant form a stable packing structure in fractures
and reduced fluctuations in conductivity caused by uneven particle gradation under high
pressure. Size distribution analysis was performed on 100 particles randomly selected
from three independent SEM images (captured in different regions of the sample) to ensure
representativeness. Consistent size distribution patterns (peak at 2-5 pm) were observed
across all images, indicating the uniformity of the coating morphology. This multi-region
sampling strategy minimizes bias from local inhomogeneity, supporting the reliability of
the observed size characteristics.

Figure 5. SEM morphology and particle size distribution of composite proppant.

3.1.4. Thermogravimetric Analysis (TGA)

The thermal stability of the composite proppant (CP-AC) and the original acti-
vated carbon (AC) was evaluated using a thermogravimeter (TGA Q500, TA Instruments,
New Castle, NSW, USA) under an N, atmosphere. The samples were heated from room
temperature to 800 °C at a heating rate of 10 °C/min, with a gas flow rate of 50 mL/min to
ensure complete oxidation.

The TGA curve of AC (Figure 6a) showed a two-stage weight loss process. The first
stage (25-180 °C) exhibited a weight loss of approximately 4.95%, which was attributed to
the evaporation of adsorbed water and volatile impurities. The second stage (180-680 °C)
involved a significant weight loss of 74.59%, corresponding to the oxidation and combustion
of the carbon skeleton. In contrast, the TGA curve of CP-AC (Figure 6b) demonstrated
enhanced thermal stability. A slight weight loss of 3.85% occurred in the low-temperature
range (25-200 °C), indicating reduced moisture adsorption due to the silica—alumina
coating. The main weight loss stage shifted to 200-700 °C, with a total weight loss of
45.65%, which was significantly lower than that of AC. This delay in oxidation temperature
and reduction in weight loss confirmed that the silica—alumina coating effectively protected
the activated carbon skeleton from early oxidation, thereby improving the overall thermal
stability of the proppant.

3.1.5. Wettability Analysis

Wettability, a critical parameter reflecting the interaction between proppants and
coalbed fluids, directly affects fracturing fluid flowback efficiency and gas migration be-
havior. In this study, the wettability of activated carbon (AC) and the composite proppant
(CP-AC) was evaluated using a contact angle goniometer (Model: DSA100, Kriiss, Ham-
burg, Germany). Static contact angles of deionized water droplets on the sample surfaces
were measured at room temperature (25 °C) via the sessile drop method, with five replicate
measurements for each sample to ensure accuracy (Figure 7).
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Figure 6. Thermogravimetric analysis curves of activated carbon (a) and composite proppant (b).
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Figure 7. (a) Contact angle of activated carbon. (b) Contact angle of composite proppant.

The results indicated a significant shift in wettability after the composite modification.
The original activated carbon exhibited a contact angle of 28.88°, demonstrating strong
hydrophilicity. This characteristic is attributed to the abundant oxygen-containing func-
tional groups (e.g., -OH and -COOH) on the AC surface, which form hydrogen bonds
with water molecules and enhance surface affinity for water. In contrast, the composite
proppant (CP-AC) showed a substantially increased contact angle of 115.32°, indicating
distinct hydrophobicity. This transformation is primarily due to the formation of a nonpolar
silica—alumina network (composed of Si-O-Si and Al-O-Si bonds) in the coating, which
covers part of the polar functional groups on the activated carbon surface and reduces the
interaction energy with water molecules. Additionally, the micron-scale pores retained in
the coating induce a “Cassie-Baxter” effect, further reinforcing the hydrophobicity.

The transition in proppant wettability holds practical significance for coalbed methane
extraction. The hydrophobic surface of CP-AC can reduce the retention of fracturing fluids
on the proppant surface, accelerating fluid flowback and mitigating permeability damage
caused by water blocking. Meanwhile, the contact angle of 115.32° enhances the affinity
between the proppant and nonpolar methane gas, facilitating gas diffusion and desorption
in pore channels. This hydrophobic property enables the composite proppant to adapt
better to high-water-content or water-blocking-prone coalbed environments. Notably,
contact angle testing serves as a quantitative basis for evaluating such wettability: the
measured 115.32° far exceeds the 90° threshold for hydrophobicity, providing objective
evidence for the strong water-repellent capability. This quantifiable characteristic, com-
pared to hydrophilic quartz sand (contact angle typically <60°), directly links laboratory
measurements to field performance, confirming the proppant’s potential to alleviate water
blocking and improve gas production efficiency in practical applications.
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3.2. Mechanical Properties
3.2.1. Single-Particle Compressive Strength

The single-particle compressive strength of the proppants was significantly affected
by the preparation conditions. The optimal conditions for achieving high compressive
strength were identified through orthogonal experiments: an activated carbon particle size
of 3040 mesh, a silicon—aluminum molar ratio of 4:1, a calcination temperature of 650 °C,
and a holding time of 2 h. Under these conditions, the single-particle compressive strength
reached 55.5 N, which was 20% higher than that of proppants prepared under non-optimal
conditions (Table 2).

Table 2. L9 (3*) Orthogonal experiment results for single-particle compressive strength of proppants.

Test No Activated Carbon Si/Al Molar Calcination Holding Single-Particle
) Particle Size (Mesh) Ratio Temperature (°C)  Time (h) Compressive Strength (N)

1 20-30 (A1) 3:1 (B1) 600 (C1) 1 (D1) 46.25 (minimum value)

2 20-30 (A1) 4:1 (B2) 650 (C2) 2 (D2) 485

3 20-30 (A1) 5:1 (B3) 700 (C3) 3(D3) 47.0

4 30-40 (A2) 3:1(B1) 650 (C2) 3 (D3) 50.0

5 30-40 (A2) 4:1 (B2) 700 (C3) 1(D1) 52.0

6 30-40 (A2) 5:1 (B3) 600 (C1) 2 (D2) 49.0

7 20-30 (A1) 3:1 (B1) 700 (C3) 2 (D2) 47.5

8 20-30 (A1) 4:1 (B2) 600 (C1) 3(D3) 48.0

9 30-40 (A2) 5:1 (B3) 650 (C2) 1(D1) 51.0
COOII’E?;?}H 30-40 (A2) 4:1 (B2) 650 (C2) 2 (D2) 55.5 (maximum value)

The proppants exhibited a crushing rate of 3.2% under 52 MPa closure pressure, which
is well below the 10% maximum allowed by API RP 56 (for medium-depth reservoirs) and
meets the stricter ISO 13503-2 requirement (<5% for high-performance proppants) [44].
This confirms its compliance with industry standards and superior structural stability
compared to conventional proppants.

Figure 8 is a schematic diagram illustrating the mechanical strength enhancement
mechanism of the silica—alumina-coated activated carbon proppant (CP-AC). On the left,
uncoated activated carbon (AC) undergoes severe fragmentation under applied pressure
(indicated by orange “Pressure” arrows)—its inherently porous and relatively loose struc-
ture lead to stress concentration, causing extensive crack propagation and subsequent
breakage into small fragments. In contrast, on the right, CP-AC is enveloped by a dense
silica—alumina coating, and its internal structure is reinforced by cross-linked networks
formed via **-5i-O-5Si-** and **-Al-O-5i-** chemical bonds. When pressure is exerted, the
silica—alumina coating not only fills the original microcracks of AC to reduce stress concen-
tration points but also enables uniform stress distribution through the rigid Si-O-5i/ Al-O-5i
cross-linked architecture, thus maintaining the structural integrity of CP-AC without break-
age. This diagram clearly demonstrates the core mechanism: the silica—alumina coating
enhances the mechanical strength of the activated carbon proppant via chemical bonding
and structural support.
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Figure 8. Schematic diagram of mechanical strength enhancement of silica-alumina coated activated
carbon proppant.

3.2.2. Crushing Rate

The crushing rate of the proppants under a closure pressure of 50 MPa was also
measured. Tests were conducted using 50 g of proppant particles immersed in distilled
water (simulating in situ formation water), with pressure maintained for 30 min before
sieving through a 40-mesh screen to quantify crushed fragments. The proppants pre-
pared under the optimal conditions had a crushing rate of only 2.3%, much lower than
the industry standard of 10%. The enhanced mechanical strength (55.5 N compressive
strength, 2.3% crushing rate at 50 MPa) arises from synergistic effects of the silica—alumina
coating: its cross-linked network (Si-O-5i/Al-O-Si bonds, confirmed by FTIR) forms a
rigid layer to disperse stress; chemical bonding with pretreated activated carbon’s oxygen-
containing groups strengthens interfacial adhesion; and the dense coating reduces skeleton
defects—avoiding brittle failure like quartz sand, thus boosting robustness. This low crush-
ing rate indicated that the proppants had good mechanical stability and could maintain
their integrity under high pressure in the coalbed.

3.3. Conductivity

To assess the flow capacity of the proppant pack, conductivity measurements were
conducted under simulated coalbed environments, with results presented in Figure 9.
Proppants fabricated under the optimized preparation conditions exhibited a conductivity
of 15.5 mD-cm, representing a 48.5% improvement over conventional quartz sand. This
enhanced conductivity is linked to the activated carbon skeleton’s well-developed porous
structure and the uniformity of its coating, both of which promote efficient gas migration
within fractures. The synergistic enhancement of conductivity stems from the coordinated
effects of the activated carbon skeleton and silica—alumina coating: The microporous—
mesoporous structure of activated carbon, retained after pretreatment (confirmed by BET
analysis), provides a primary channel for gas diffusion. Even after coating, it maintains
33.2% interconnected porosity, reducing flow resistance and increasing gas transport chan-
nels compared to dense, non-porous quartz sand. The silica—alumina coating, formed by
uniform sol particles, avoids blocking the activated carbon’s pores; instead, it preserves
micron-scale pores (observed via SEM) that connect with the skeleton’s pores, forming
a continuous gas flow network—unlike quartz sand, whose irregular particle stacking
often causes narrow or blocked channels. Additionally, the coating enhances compressive
strength (55.5 N), limiting the crushing rate to 2.3% under 50 MPa and reducing fine particle
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blockage, which plagues quartz sand due to its low strength and resultant permeability
decline. Moreover, the hydrophobic coating (contact angle 115.32°) reduces fracturing fluid
retention and avoids water blockage, unlike quartz sand’s hydrophilicity, which traps water
and impairs conductivity. Together, the activated carbon provides a porous foundation,
while the coating ensures structural stability and controlled porosity, overcoming quartz
sand’s limitations to achieve a 48.5% conductivity improvement.
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Figure 9. Schematic diagram of conductivity in proppant pack: quartz sand vs. CP-AC and ceramsite.

3.4. Gas Adsorption—Desorption Behavior and Mechanism Analysis
3.4.1. Methane Desorption Promotion Effect

The gas desorption promotion ability of the proppants was evaluated by compar-
ing the methane desorption rate of the CP-AC with that of the AC sample. The results
demonstrated that the proppants could enhance the gas desorption rate by 16.2%. The
large specific surface area and porous structure of the activated carbon skeleton provided
more adsorption sites for gas molecules, promoting the desorption of methane from the
coal surface. The results are presented in Figure 10.
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Figure 10. Comparison of methane desorption rates between AC and CP-AC system over time.
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To further elucidate the underlying mechanism of gas desorption promotion by the
composite proppant, molecular simulations were performed to investigate the interactions
between the proppant surface and methane molecules, as well as between the coal matrix
and methane molecules. The simulation models were constructed based on the actual struc-
tures obtained from experimental characterizations. The activated carbon skeleton surface
with oxygen-containing functional groups (carboxyl and hydroxyl groups identified by
FTIR) and a representative coal matrix model (composed of polycyclic aromatic hydrocar-
bons) were built. Methane molecules were introduced into the simulation system, and the
interactions were analyzed using the COMPASS force field. The results showed that the
interaction energy between methane molecules and the composite proppant surface was
lower than that between methane and the coal matrix. Specifically, the van der Waals force
between methane and the proppant was weakened by approximately 18.3% compared
to that with the coal matrix, while the hydrogen bonding between the proppant’s car-
boxyl groups and water molecules in the coalbed further reduced the adsorption affinity of
methane to the coal surface (Table 3). Moreover, the porous structure of the activated carbon
skeleton provided channels for methane diffusion, with a calculated diffusion coefficient
of 2.3 x 107? m?/s, which was 32.6% higher than that in the pure coal matrix model. The
results are presented in Table 4. These molecular simulation results directly confirmed that
the composite proppant promotes methane desorption by reducing the adsorption energy
barrier and enhancing molecular diffusion, consistent with the experimental observation of
a 16.2% increase in gas desorption rate. Figure 11 illustrates the comparison of methane
(CHj4) desorption behavior between the silica-—alumina-coated activated carbon proppant
(CP-AC, left) and uncoated activated carbon (AC, right). The optimized pore structure
of the silica—alumina coating in CP-AC facilitates the diffusion and desorption of CHy
molecules, as schematically shown in the center. In contrast, uncoated AC (with a more
irregular and less favorable pore configuration) exhibits less efficient CH4 desorption. No-
tably, CP-AC achieves a 16.2% increase in the desorption rate compared to AC, attributed
to the coating’s tailored pore structure, which enhances the accessibility and release of
adsorbed CHy.

Table 3. Interaction energy analysis of different systems.

Svstem Van der Waals Energy Hydrogen Bond Energy Total Adsorption Energy
y (kcal/mol) (kcal/mol) (kcal/mol)
Methane—-Coal Matrix —286+£12 —32=£05 —-31.8+15
Methane-CP-AC —234+£09 —57+03 —-291+11

Table 4. Methane diffusion behavior in different matrices.

Parameter Coal Matrix CP-AC Porous Structure Enhancement Ratio

Diffusion Coefficient (m?/s) 1.73 x 1072 £ 0.08 x 107°  2.30 x 1072 £ 0.11 x 10~? 32.9%

Mean Square Displacement 29 2o o
(MSD) at 500 ps 652 +31A 86.6 +4.2 A 32.8%

3.4.2. Nitrogen Adsorption Behavior and Competitive Interaction with Methane

To investigate the adsorption behavior of N; in coalbed methane, a series of experi-
ments were carried out. Activated carbon (AC) was selected as the adsorbent due to its
widespread use in gas separation processes. The experiments were conducted using a
volumetric adsorption apparatus (Micromeritics ASAP 2020), which allowed for accurate
measurement of gas adsorption under controlled conditions.
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The AC samples were first pretreated at 300 °C under vacuum for 3 h to remove any
pre-adsorbed impurities. Then, pure N gas (purity > 99.99%) was introduced into the
adsorption chamber. The temperature was maintained at 298 K (simulating in situ coalbed
temperature), and the pressure range was varied from 0 to 100 kPa. At each pressure point,
the system was equilibrated for 2 h to ensure that adsorption equilibrium was reached. The
amount of N, adsorbed was calculated based on the change in pressure and volume in the
system, according to the ideal gas law.

In addition to the single-component N, adsorption experiments, binary-component
adsorption experiments with N, and CHy (simulating coalbed methane composition) were
also performed. The gas mixture with a fixed ratio of Np and CHjy (e.g., 70% N, and
30% CHy4 by volume) was introduced into the adsorption chamber, and the adsorption
isotherms were measured under the same temperature and pressure conditions as the
single-component experiments.

The adsorption of N on activated carbon can be divided into three main stages, as
illustrated in Figure 12. At low pressures, N, molecules are adsorbed onto the surface of
the activated carbon via van der Waals forces, forming a monolayer. The activated carbon
has a complex pore structure, including micropores (pore diameter < 2 nm) and mesopores
(2-50 nm). As shown in the pore size distribution curves in Figure 12a, before adsorption
(represented by the red dashed line), the AC has a certain pore volume distribution in
both micropore and mesopore regions. After monolayer adsorption (blue solid line), the
pore volume in the mesopore region shows a slight decrease, while the micropore region
remains relatively unchanged. This indicates that monolayer adsorption mainly occurs on
the surfaces of mesopores and at the entrances of some micropores. The surface area of the
activated carbon, especially the outer surface of mesopores, provides active sites for Ny
molecules to attach.

As the pressure increases, N, molecules start to penetrate into the micropores of
the activated carbon. The small size of N, molecules allows them to fit into the narrow
micropores. The micropores in activated carbon have a high surface-to-volume ratio,
providing strong adsorption forces for Ny. As can be seen from the pore size distribution
curves in Figure 12b, after micropore filling, the pore volume in the micropore region
decreases significantly, and there is also a further reduction in the mesopore region. This
is because some N, molecules that were initially adsorbed on the mesopore surface may
migrate into the micropores. The filling of micropores is crucial for the overall adsorption
capacity of activated carbon for Ny, as micropores contribute a large proportion of the total
surface area of the adsorbent.
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Figure 12. Adsorption models and pore size changes in activated carbon during N, adsorption of
coalbed methane. (a) Monolayer adsorption, (b) micropore adsorption, and (c) agglomeration adsorption.

At higher pressures, close to the saturation vapor pressure of Nj at the experimental
temperature, multilayer adsorption occurs on the surface of the activated carbon, and
capillary condensation takes place in the mesopores and larger pores. In Figure 12c,
the pore size distribution curves show a significant decrease in the pore volume of both
mesopore and macropore (pore diameter > 50 nm) regions after this stage. Multilayer
adsorption is due to the continuous attraction of No molecules to the already-adsorbed
Ny, layers on the carbon surface. Capillary condensation occurs when the pressure is high
enough for N to form a liquid-like phase in the pores. This is because the curved liquid-
vapor interface in the pores reduces the vapor pressure required for condensation (Kelvin
effect). The presence of moisture in the coalbed environment can also affect this stage, as
water molecules may compete with N for adsorption sites, especially in the polar regions
of the activated carbon surface.

In the binary-component adsorption system of N, and CHj, competitive adsorption
occurs. CHy has a larger molecular size and a higher polarizability compared to N». The
activated carbon has a certain selectivity for CH4 over N, due to differences in adsorption
energy. However, the adsorption capacity for both gases is affected by their partial pressures
in the mixture. At low partial pressures of CHy, N can still be adsorbed to a significant
extent. As the partial pressure of CH, increases, it competes more effectively with N, for
adsorption sites, reducing the amount of N; adsorbed.

In conclusion, the adsorption of Nj in coalbed methane on activated carbon is a
complex process influenced by factors such as pore structure, gas pressure, temperature,
and the presence of other gases. Understanding these mechanisms is crucial for optimizing
the separation and purification of coalbed methane.

3.5. Corrosion Resistance

In the simulated acidic coalbed environment (pH = 3-5), the acid corrosion rate of
the proppants was less than 2.8% after 72 h soaking, which was significantly lower than
that of conventional ceramsite (e.g., 11.3% under the same conditions) and comparable to
high-purity quartz sand (e.g., 3.4% under the same conditions). The silica—alumina coating
on the surface of the proppants played a critical protective role, effectively preventing
the activated carbon skeleton from acid corrosion. This favorable corrosion resistance,
combined with its comprehensive performance advantages over traditional proppants,
ensures the long-term stability of the proppants in the coalbed. Figures 13 and 14 illustrates
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the acid resistance performance of uncoated activated carbon (AC, left) and silica—alumina-
coated activated carbon proppant (CP-AC, right) after being exposed to acid for 72 h. On
the left, uncoated AC shows severe fragmentation—acid droplets penetrate its porous
structure, causing extensive cracking and breakage over the 72 h period. In contrast, CP-AC
on the right maintains its structural integrity because the silica—alumina coating acts as a
protective barrier, preventing the acid from corroding the inner activated carbon skeleton.
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Figure 13. Acid corrosion rate of different proppants vs. immersion time.
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Figure 14. Schematic diagram of proppant corrosion protection in acidic environment.

3.6. Proppant Transport Performance

The results showed significant differences in transport performance between CP-AC
and ceramsite under both flow rates (Figure 15). At a flow rate of 5 L/h, CP-AC maintained
a higher accumulation height than ceramsite across all measured distances. Near the
wellbore (20 cm), CP-AC reached 18.6 cm, slightly higher than ceramsite (16.5 cm). As the
distance increased, the height of both proppants decreased, but CP-AC showed slower
and more irregular decay. For instance, at 60 cm, CP-AC retained 16.5 cm, while ceramsite
dropped sharply to 9.8 cm (a 26.9% reduction compared to CP-AC’s 4.0% drop). At the
fracture tip (140 cm), CP-AC still maintained a height of 7.8 cm, which was five times that
of ceramsite (1.6 cm), demonstrating its superior ability to reach distal fractures.
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Figure 15. (a,b) Bar chart of distribution of CP-AC and ceramsite under flow rates of 5 L/h and
10 L/h. (c,d) Trend chart of migration and distribution of CP-AC and ceramsite under flow rates of
5L/hand 10 L/h.

At an increased flow rate of 10 L/h, both proppants showed an improved transport
efficiency due to an enhanced fluid carrying capacity, but CP-AC remained advantageous.
Near the wellbore (20 cm), CP-AC reached 19.0 cm, marginally higher than ceramsite
(17.2 cm). At 100 cm, CP-AC’s height (15.2 cm) was 2.3 times that of ceramsite (6.5 cm). A
notable observation was the irregular decay of CP-AC: its height decreased moderately
from 100 cm (15.2 cm) to 120 cm (12.0 cm) but dropped more sharply to 5.7 cm at 140 cm,
simulating the natural weakening of flow at fracture tips. Even so, CP-AC’s tip height
(5.7 cm) was still 2.5 times that of ceramsite (2.3 cm), confirming its superior retention
under high flow conditions.

The superior transport performance of CP-AC is attributed to its low density
(1.45¢g/ cm?) compared to ceramsite (3.1 g/ cm?), which reduces the settlement tendency,
and its porous structure, which enhances interaction with fracturing fluids to form a “vis-
cous buffer layer” that slows settlement. The irregular decay trends reflect real-world
fracture heterogeneities, such as varying flow velocities and local turbulence, further
validating CP-AC’s adaptability to complex coalbed environments.

4. Conclusions

In this study, a high-performance coalbed fracturing proppant with an activated carbon
(AC) skeleton was successfully synthesized through a systematic process involving nitric
acid pretreatment, silica—alumina sol coating, and calcination. Orthogonal experimental
optimization confirmed that the optimal preparation conditions—30-40-mesh AC particles,
a Si/Al molar ratio of 4:1, and calcination at 650 °C for 2 h—yielded a proppant with
exceptional comprehensive properties. Mechanically, the proppant exhibited a single-
particle compressive strength of 55.5 N and a crushing rate of only 2.3% under 50 MPa
closure pressure, outperforming traditional quartz sand and meeting the demands of

159



Energies 2025, 18, 4854

References

1.  Chen, Q,; Huang, Z.; Huang, H.; Chen, Q.; Ling, X; Xin, F; Kong, X. An Experimental Study on the Impact of the Particle Size
and Proportion of Composite Proppant on the Conductivity of Propped Fractures in Coalbed Methane Reservoirs following

high-geostress coalbed environments. Its permeability improvement rate, at 48.5% higher
than quartz sand, combined with a porosity of 33.2%, ensured efficient gas flow through
fractures, supported by a well-developed porous structure and stable silica—alumina coating.
In terms of coalbed adaptability, the proppant demonstrated strong acid corrosion resistance
(<2.8% corrosion rate in pH 3-5 environments after 72 h) and a 16.2% enhancement in
methane desorption efficiency. Molecular simulations and experimental data confirmed
that this desorption promotion stemmed from reduced methane-surface interaction energy
and improved diffusion dynamics. Additionally, its low density (1.45 g/cm?) enhanced
transportability in fracturing fluids, with distal fracture accumulation five times higher
than ceramsite, while its hydrophobic surface (contact angle 115.32°) facilitated fracturing
fluid flowback.

This novel proppant integrates high mechanical strength, superior conductivity, gas
desorption promotion, and environmental stability, addressing key limitations of conven-
tional proppants in coalbed methane extraction. However, it is important to acknowl-
edge certain limitations: the proppant is currently suitable for medium-shallow coalbeds
(<2000 m depth, <50 MPa closure pressure, single acidic environments) but not for deep
seams (>2000 m, >50 MPa) or multi-ion extreme conditions. It remains at the lab scale
(<100 g per batch) without pilot validation, and assumptions like using regular simulated
fractures may differ from actual irregular coal seams. Uncertainties include an untested
long-term performance (only 72 h tests) and unconfirmed long-term compatibility with
coal matrices. Future work should focus on scaling up production to reduce costs and
validating the performance under field conditions with complex geological variations,
further solidifying its potential as a transformative material for efficient CBM recovery.

Author Contributions: Conceptualization, K.W.; methodology, K.W.; formal analysis, Q.G. and
G.L,; investigation, KW. and C.G.; writing—original draft preparation, KW., C.G., Q.G. and G.L,;
writing—review and editing, X.Z., PZ. and C.C.; funding acquisition, K.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by Chongging’s Talent Program—Innovative Leading Talent Project
(Project Number: CQYC20220304204), a Key Project of the National Natural Science Foundation
of China (Joint Fund for Regional Innovation and Development) (Grant No. U24A2090) and key
Project of Tiandi Science and Technology Co., Ltd. Innovation and Entrepreneurship Special Fund
(2022-2-TD-ZD009).

Data Availability Statement: The original contributions presented in this study are included in the
article material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Kai Wang, Chenye Guo and Gen Li were employed by the Southwest
Branch of China National Coal Group Corp. Author Qisen Gong, Xiaoyue Zhuo, Peng Zhuo and
Chaoxian Chen were employed by the Chongqing Energy Investment Group Technology Co., Ltd.
The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Pulverized Coal Fines Infiltration. Processes 2023, 11, 2205. [CrossRef]

2. Huang, J.; Chen, ].; Lv, L; Yu, Z.; Yao, W.; Cheng, H.; Niu, W.; Wang, J.; Zhang, J.; Qi, H. Design and Verification of a Wearable

Micro-Capacitance Test System for POC Biosensing. IEEE Trans. Instrum. Meas. 2025, 74, 2007411.

3. Liu, Y,; Zhou, L.; Wan, X_; Tang, Y.; Liu, Q.; Li, W,; Liao, J. Synthesis and Characterization of a Temperature-Sensitive Microcapsule

Gelling Agent for High-Temperature Acid Release. ACS Omega 2024, 9, 20849-20858. [CrossRef] [PubMed]

4. Chen, Z.; Liu, W. Proppant embedding-based optimal design method for fracturing coalbed methane wells in Qingshui basin. Sci.

Rep. 2025, 15, 8508. [CrossRef] [PubMed]

160



Energies 2025, 18, 4854

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Hao, H.; Yao, E.; Pan, L.; Chen, R.; Wang, Y.; Xiao, H. Exploring heterogeneous drivers and barriers in MaaS bundle subscriptions
based on the willingness to shift to Maa$S in one-trip scenarios. Transp. Res. Part A Policy Pract. 2025, 199, 104525. [CrossRef]
Kurnia, J.C.; Xu, P; Sasmito, A.P. A novel concept of enhanced gas recovery strategy from ventilation air methane in underground
coal mines—A computational investigation. J. Nat. Gas Sci. Eng. 2016, 35, 661-672. [CrossRef]

Dai, S.F,; Xie, PP; French, D.; Ward, C.R.; Graham, I.T.; Yan, X.Y.; Guo, W.M. The occurrence of buddingtonite in super-high-
organic-sulphur coals from the Yishan Coalfield, Guangxi, southern China. Int. ]. Coal Geol. 2018, 195, 347-361. [CrossRef]

Wu, K.; Zou, J.; Jiao, Y. Focal Mechanism of Strong Ground Seismicity Induced by Deep Coal Mining. Rock Mech. Rock Eng. 2023,
56, 779-795. [CrossRef]

Zeng, Q.S.; Wang, Z.M.; Liu, L.Q.; Ye, ].P; Brian, ]. Modeling CH4 Displacement by CO; in Deformed Coalbeds during Enhanced
Coalbed Methane Recovery. Energy Fuels 2018, 32, 1942-1955. [CrossRef]

Dai, S.F,; Xie, PP.; Ward, C.R.; Yan, X.Y.; Guo, W.M.; French, D.; Ian, T. Graham. Anomalies of rare metals in Lopingian
super-high-organic-sulfur coals from the Yishan Coalfield, Guangxi, China. Ore Geol. Rev. 2017, 88, 235-250. [CrossRef]

Guo, X,; Yan, Q.; Wang, A. Evaluation of Relative Permeability in Coalbed Methane Reservoirs Based on Production Data: A Case
Study in Qinshui Basin, China. Nat. Resour. Res. 2019, 28, 187-198. [CrossRef]

Office, J.E. Acknowledgement to Reviewers of Journal of Marine Science and Engineering in 2017. J. Mar. Sci. Eng. 2018, 6, 8.
[CrossRef]

Colin, RW,; Ken, R.; David, F. Dalway John (Dal) Swaine: 1920-2013. Int. J. Coal Geol. 2013, 113, 60-62.

Li, J.; Wen, M,; Yang, J.; Liu, Y,; Jiang, Z.; Chen, ]. Synthesis and analysis of magnetic nanoparticles within foam matrix for foam
drainage gas production. Geoenergy Sci. Eng. 2024, 238, 212887. [CrossRef]

Fu, X.Y.; Zhao, C.P; Lun, Z.M.; Wang, H.T.; Wang, M.; Zhang, D.F. Influences of controlled microwave field radiation on pore
structure, surface chemistry and adsorption capability of gas-bearing shales. Mar. Pet. Geol. 2021, 130, 105134. [CrossRef]
Zhou, Y.; Xia, H.,; Yu, D.; Cheng, J.; Li, J. Outlier detection method based on high-density iteration. Inf. Sci. 2024, 662, 120286.
[CrossRef]

Gu, E; Chalaturnyk, R.J. Sensitivity Study of Coalbed Methane Production with Reservoir and Geomechanic Coupling Simulation.
J. Can. Pet. Technol. 2005, 44, 23-32. [CrossRef]

Hu, S.Y,; Chen, Y.B,; Hao, Y.X,; Chen, Z.Y,; Feng, G.R.; Li, G.F; Guan, S.W.; Zhang, X.T.; Li, S.Y. Experimental study of the effects
of fine retention on fracturing proppant permeability in coalbed methane reservoirs. J. Nat. Gas Sci. Eng. 2020, 83, 1875-5100.
[CrossRef]

Shen, S.C.; Fang, Z.M.; Li, X.C.; Jiang, Q.; Shen, H.M.; Shi, L. Enhanced Coalbed Methane Recovery from Lignite Using CO, and
Ny. Energy Fuels 2025, 39, 10394-10409. [CrossRef]

Liu, H.; Li, Z.; Wang, H. Numerical Simulation Investigation of N, Injection for Enhanced Coalbed Methane Recovery. Arab. |.
Sci. Eng. 2025, 50, 4661-4672. [CrossRef]

Guo, ].H,; Zhang, Z.S.; Guo, G.S.; Xia, H.; Zhu, L.Q.; Zhang, C.M,; Tang, X.; Zhou, X.Q.; Zhang, Y.N.; Wang, C. Evaluation of
Coalbed Methane Content by Using Kernel Extreme Learning Machine and Geophysical Logging Data. Geofluids 2022, 2022,
3424367. [CrossRef]

Yin, T.T.; Zhang, J.J.; Liu, D.M; Cai, Y.D.; Dong, Z.T.; Zhang, L. Application of molecular simulation in coalbed methane reservoirs:
A systematic review. Unconv. Resour. 2022, 2, 124-132. [CrossRef]

Azarpour, A.; Mohammadzadeh, O.; Rezaei, N.; Zendehboudi, S. Current status and future prospects of renewable and sustainable
energy in North America: Progress and challenges. Energy Convers. Manag. 2022, 269, 115945. [CrossRef]

Flores, R.M. Coalbed methane: From hazard to resource. Int. J. Coal Geol. 1998, 35, 3—16. [CrossRef]

Liu, G,; Tang, R.; Mu, C,; Liu, X.; Zhang, ]. Physical Properties of High-Rank Coal Reservoirs and the Impact on Coalbed Methane
Production. Processes 2024, 12, 1754. [CrossRef]

Alzanam, A.A; Ishtiaq, U.; Muhsan, A.S.; Mohamed, N.M. A Multiwalled Carbon Nanotube-Based Polyurethane Nanocomposite-
Coated Sand/Proppant for Improved Mechanical Strength and Flowback Control in Hydraulic Fracturing Applications. ACS
Omega 2021, 6, 20768-20778. [CrossRef] [PubMed]

Alzanam, A.A.; Muhsan, A.S.; Abdulelah, H.; Mohamed, D.; Iglauer, S. Novel Nanocomposite Coated Proppants for Enhanced
Scale Inhibition Lifetime in Tight Shale Formations. Energy Fuel 2022, 36, 14136-14147. [CrossRef]

Zhang, C.; Hu, Q,; Liu, C,; Jia, H,; Sang, G.; Wu, D.; Li, K.; Wang, Q. The Gas Production Characteristics of No. 3 Coal Seam
Coalbed Methane Well in the Zhengbei Block and the Optimization of Favorable Development Areas. Processes 2024, 12, 2018.
[CrossRef]

Zhang, B.F,; Chen, ].; Sha, ].D.; Zhang, S.; Zeng, ].; Chen, P,; Yao, D.X,; Liu, W.Z.; Wang, X.M.; Zhang, P.S.; et al. Geochemistry
of coal thermally-altered by igneous intrusion: A case study from the Pansan Coal Mine of Huainan Coalfield, Anhui, Eastern
China. J. Geochem. Explor. 2020, 213, 106532. [CrossRef]

161



Energies 2025, 18, 4854

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Fu, X.X.; Lun, ZM.; Zhao, C.P; Zhou, X.; Wang, H.T; Zhou, X.T; Xu, Y,; Zhang, H.; Zhang, D.F. Influences of controlled microwave
field irradiation on physicochemical property and methane adsorption and desorption capability of coals: Implications for
coalbed methane (CBM) production. Fuel 2021, 301, 121022. [CrossRef]

Tasque, J.E.; Vega, LN.; Marco, S.; Raffo, P.A.; D’ACcorso, N.B. Ultra-light weight proppant: Synthesis, characterization,
andperformance of new proppants. J. Nat. Gas Sci. Eng. 2021, 85, 103717. [CrossRef]

Wang, J.; Guo, X. Adsorption isotherm models: Classification, physical meaning, applicationandsolving method. Chemosphere
2020, 258, 127279. [CrossRef]

Burhan, M.; Shahzad, M.K.; Ng, K.C. Energy distribution function based universal adsorption isotherm model for all types of
isotherm. Int. |. Low-Carbon Technol. 2018, 13, 292-297. [CrossRef]

Yang, D.; Cui, G.; Elsworth, D.; Wang, C.; Cheng, W.; Yang, C.; Chen, T. Damage-Based Microscale Model Explains Observed
Two-Stage Shale Gas Depletion Profiles at Reservoir Scale. Energy Fuels 2025, 39, 13488-13504. [CrossRef]

Cheng, W.; Cui, G.; Elsworth, D.; Tan, Y.; Pan, Z.; Guo, Y.; Zhang, Y. Constrained study of nanoindentation-based upscaling of
mechanical properties of shales. Acta Geotech. 2025, 20, 4515-4533. [CrossRef]

Cheng, W,; Cui, G; Tan, Y.; Elsworth, D.; Wang, C.; Yang, C.; Chen, T; Jiang, C. A multi-layer nanocased model to explain the
U-shaped evolution of shale gas permeability at constant confining pressure. Fuel 2024, 359, 130478. [CrossRef]

Lu, W.; Wang, ].; Wang, T.; Zhang, K ; Jiang, X.; Zhao, H. Visual style prompt learning using diffusion models for blind face
restoration. Pattern Recognit. 2025, 161, 111312. [CrossRef]

Cheng, W.; Guo, Y.; Cui, G; Elsworth, D.; Tan, Y.; Pan, Z. Impact of micro-scale characteristics of shale reservoirs on gas depletion
behavior: A microscale discrete model. Adv. Geo-Energy Res. 2025, 15, 143-157. [CrossRef]

Cui, G,; Tan, Y.; Chen, T.; Feng, X.; Elsworth, D.; Pan, Z.; Wang, C. Multidomain two-phase flow model to study the impacts of
hydraulic fracturing on shale gas production. Energy Fuels 2020, 34, 4273-4288. [CrossRef]

Cui, G,; Feng, X.; Pan, Z.; Chen, T; Liu, ].; Elsworth, D.; Tan, Y.; Wang, C. Impact of shale matrix mechanical interactions on gas
transport during production. J. Pet. Sci. Eng. 2020, 184, 106524. [CrossRef]

Cui, G; Liu, J.; Wei, M; Shi, R.; Elsworth, D. Why shale permeability changes under variable effective stresses: New insights. Fuel
2018, 213, 55-71. [CrossRef]

Zhang, J.; Qi, H.; Wu, ].; Mao, X.; Zhang, H.; Amin, N.; Xu, F; Dong, C.; Wang, C.; Wang, P; et al. Disposable peptidoglycan-
specific biosensor for noninvasive real-time detection of broad-spectrum Gram-positive bacteria in exhaled breath condensates.
Anal. Chem. 2024, 96, 9817-9825. [CrossRef] [PubMed]

Sun, L.; Shi, W,; Tian, X.; Li, ].; Zhao, B.; Wang, S.; Tan, ]. A plane stress measurement method for CFRP material based on array
LCR waves. NDT E Int. 2025, 151, 103318. [CrossRef]

ISO 13503-2:2024; Oil and Gas Industries Including Lower Carbon Energy—Completion Fluids and Materials. International
Organization for Standardization: Geneva, Switzerland, 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

162



energies ﬁw\D\Py

Article

Evaluation of Development Performance and Adjustment
Strategies for High Water-Cut Reservoirs Based on Flow
Diagnostics: Application in the QHD Oilfield

Yifan He 2, Yishan Guo 23, Li Wu 1, Liangliang Jiang %, Shouliang Wang !*, Shangshu Ning * and Zhihong Kang !

School of Energy, China University of Geosciences (Beijing), Beijing 100083, China; heyifan0@126.com (Y.H.);
wuli_edu@163.com (L.W.)

Tianjin Branch, CNOOC (China) Co., Ltd., Tianjin 300459, China

School of Ocean Sciences, China University of Geosciences (Beijing), Beijing 100083, China

Department of Chemical and Petroleum Engineering, University of Calgary, Calgary, AB T2N 1N4, Canada
Correspondence: wangshuoliang@cugb.edu.cn (S.W.); 17662508246@163.com (S.N.)

* =W N

Abstract: Offshore reservoirs in the high water-cut stage present significant development
challenges, including declining production, complex remaining oil distribution, and the inad-
equacy of conventional evaluation methods to capture intricate flow dynamics. To overcome
these limitations, this study introduces a novel approach based on flow diagnostics for per-
formance evaluation and potential adjustment. The method integrates key metrics such as
time-of-flight (TOF) and the dynamic Lorenz coefficient, supported by reservoir engineering
principles and numerical simulation, to construct a multi-parameter evaluation system. This
system, which also incorporates injection—production communication volume and inter-well
fluid allocation factors, precisely quantifies and visualizes waterflood displacement processes
and sweep efficiency. Applied to the QHD32 oilfield, this framework was used to establish
specific thresholds for operational adjustments. These include criteria for infill drilling (water-
flooded ratio < 45%, remaining oil thickness > 6 m, TOF > 200 days), conformance control
(TOF < 50 days, dynamic Lorenz coefficient > 0.5), and artificial lift optimization (remaining oil
thickness ratio > 2/3, TOF > 200 days). Field validation confirmed the efficacy of this approach:
an additional cumulative oil production of 165,600 m® was achieved from infill drilling in
the C29 well group, while displacement adjustments in the B03 well group increased oil
production by 2.2-3.8 tons/day, demonstrating a significant enhancement in waterflooding
performance. This research provides a theoretical foundation and a technical pathway for the
refined development of offshore heavy oil reservoirs at the ultra-high water-cut stage, offering
a robust framework for the sustainable management of analogous reservoirs worldwide.

Keywords: high water-cut reservoirs; flow diagnostics; time of flight; Lorenz coefficient;
hierarchical adjustment

1. Introduction

The effective development of mature oilfields, particularly in offshore environments, is
a critical challenge for global energy security [1,2]. As these fields enter the high water-cut
stage (Figure 1), they are characterized by increasingly complex geological conditions,
highly discrete remaining oil distribution, and significant interlayer heterogeneity, which
collectively diminish recovery efficiency [3,4]. For instance, challenges such as poor well
pattern adaptability in the Shengtuo oilfield [5] and complex fluid dynamics in the faulted P
oilfield [6] exemplify the limitations of conventional development strategies. With China’s
crude oil import dependency exceeding 70% and mature fields constituting the bulk of its

Energies 2025, 18, 5310 https://doi.org/10.3390/en18195310
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domestic reserves, optimizing production from these assets is a strategic imperative for
ensuring national energy security [7-9].
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Figure 1. Predicted production composition of high water-cut oilfields in China [8].

To address the challenges inherent in high water-cut reservoirs—strong heterogene-
ity, severe water channeling, and dispersed remaining oil—a precise evaluation of fluid
flow dynamics is essential for optimizing recovery. Historically, reservoir performance
evaluation has relied on traditional reservoir engineering techniques, such as decline curve
analysis and well testing. Methods like the Arps decline curve [10] provide production
forecasts but their accuracy is often compromised in heterogeneous reservoirs where com-
plex fluid and rock properties are not fully accounted for. While modified approaches have
been proposed to accommodate data limitations [11], and well testing can yield physical
parameters, these methods often fail to capture the dynamic, layer-specific performance in
complex settings [12]. More advanced techniques that incorporate water-cut curves [13]
or vector flow fields from numerical simulations [14] offer improved characterization of
channeling paths and sweep efficiency. However, they can be computationally intensive
and may not fully resolve the dynamic heterogeneity of the flow field.

Streamline simulation has emerged as a powerful tool for visualizing fluid flow and
integrating dynamic data [15]. It offers significant computational speed advantages over
conventional numerical methods and provides excellent flow visualization, particularly for
thermal recovery processes [16]. Similarly, tracer monitoring integrated with numerical sim-
ulation can clarify sand body connectivity and injection—production correspondence [17].
Nevertheless, the accuracy of all simulation-based approaches is fundamentally dependent
on the quality of the underlying geological model. Uncertainties in reservoir characteriza-
tion and the idealizations inherent in numerical models can lead to significant prediction
biases, especially in reservoirs with complex fracture networks.

The limitations of both traditional empirical methods and computationally demanding
simulation techniques highlight the need for an alternative evaluation framework that can
efficiently integrate dynamic data and precisely capture complex flow field characteristics.
This study proposes such a framework, founded on the principles of flow diagnostics. Our
approach utilizes key metrics derived from streamline or numerical models—principally
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the time-of-flight (TOF) and a dynamic Lorenz coefficient—to quantify displacement het-
erogeneity. TOF measures the travel time of fluid particles along streamlines, while the
Lorenz coefficient quantifies the degree of flow uniformity. These metrics are integrated
into a multi-parameter evaluation system that also includes injection-production commu-
nication volume and inter-well fluid allocation factors. This system enables a precise and
visualized assessment of the waterflood process, overcoming the experiential dependency
and computational latency of conventional methods in the ultra-high water-cut stage. By
applying this methodology to the QHD32-6 oilfield, we establish quantitative criteria for
targeted interventions such as infill drilling, conformance control, and artificial lift opti-
mization. This research aims to provide a robust theoretical and technical pathway for the
refined development of offshore heavy oil reservoirs, offering a valuable reference for the

sustainable management of similar assets, as shown in Table 1.

Table 1. Comparison of three evaluation methods.

Method Evaluation Features Advantages Application
Parameters
Traditional curve-fitting
methods are Daqing
Waterflood computationally efficient Wide applicability; Oilfield,
Traditional Reservoir Characteristic but possess low diagnostic relies on empirical Qinjiatun
Engineering Curves, Production accuracy, with their and engineering Oilfield Bohai
Decline Curves application being judgment. Oilfield
constrained by empirical [18-20]
assumptions.
Reservoir numerical
simulation is
computationally intensive
and time-consuming,
making it difficult to satisfy High accuracy;
real-time diagnostic needs.  capable of evaluating G .
. . Saturation However, it excels at multi-parameter anext
Reservoir Numerical . : . ! .. parar Oilfield, Jilin
Simulation Streamhpes, Flow metlculf)usly Charact?rlzlng changes durlr}g the Oilfield
Velocity, etc. the internal physical waterflooding [21]
dynamics and remaining oil ~ process; offers 3D
distribution within the visualization.
reservoir, though its
application scale is
generally restricted to
localized studies.
Rapid evaluation of
TOF, Dynamic waterflood
Lorenz Coefficient, The flow diagnostics performance for
Fl . . Streamlines, Oil method is computationally  different well groups
ow Diagnostics Saturation, P fficient, provides targeted at various times
(The proposed aruration, Fressure - eHicient, proy & o ' QHD Oilfield
method) Field, Waterflood diagnostics, and its Facilitates the
Characteristic Curve, application is both flexible screening of
Production Decline and scalable. candidate
Curve interventions and
remedial actions.
2. Methods

This study proposes and applies a flow diagnostics-based methodology to address
the complex development challenges in the high water-cut QHD32-6 oilfield. The core
of this approach is a multi-parameter evaluation system that integrates advanced diag-
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nostic metrics—specifically time-of-flight (TOF) and a dynamic Lorenz coefficient—with
established reservoir engineering techniques and numerical simulation outputs. The com-
prehensive system incorporates data from streamline fields, oil saturation and pressure
distributions, waterflooding characteristic curves, and production decline analyses to
achieve a precise, quantitative characterization of the waterflood displacement process.
Based on this evaluation, a hierarchical adjustment strategy is formulated, encompassing
infill drilling, conformance control, and artificial lift enhancement. The methodology’s ef-
fectiveness is validated through field application and optimization in the QHD32-6 oilfield,
with the overall research workflow detailed in Figure 2.

‘ The Development Problem of Qinhuangdao 32-6 High-Water-Cut Oilfield ‘

l

‘ Construction of Flow Diagnosis Method |

I

‘ New Evaluation and Regulation Methods Based on Flow Diagnosis Method |

\
:
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Figure 2. Research workflow diagram.

2.1. Flow Diagnostics Method

To tackle issues in ultra-high water-cut reservoirs such as high water cut, declining
oil production, and complex remaining oil distribution, flow diagnostics introduce time
of flight (TOF) and dynamic Lorenz coefficient for precise waterflooding performance
evaluation and adjustment optimization, providing scientific basis for development. The
flow diagnostics model by Shahvali et al. [22] is based on incompressible fluid steady-state
flow theory. For single-phase flow, the continuity and motion equations are:

v - I;VP M

Vv =g,

where V is the divergence; Vs velocity (m/s); g is source/sink strength (positive for sinks,
negative for sources); K is permeability (um?); w is fluid viscosity (Pa-s); p is pressure (Pa).
For waterflooding oilfields involving oil-water or oil-gas—water multiphase flow with
significant mobility differences, the multiphase flow equation is:

Vv =q, = —K\Vp @)
where g; is total multiphase source/sink strength; A; is total mobility, calculated from
relative permeability curves given saturation distribution. Equation (2) unknowns are
pressure and velocity, termed the pressure equation. With boundary conditions, pressure
distribution is solved via linear algebra, yielding fluid velocity. If multiphase unsteady
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flow simulations are available, more accurate pressure values can be used directly for
velocity computation.

(1) TOF Equation

Pressure or velocity fields alone cannot fully describe actual fluid migration; visualiza-
tion aids like streamline methods are needed to track fluids effectively, characterizing fluid
migration paths from injectors to producers in reservoirs. Streamlines are curves tangent to
fluid particle velocity vectors at a given time, non-intersecting, reflecting flow paths. Let
x(r) be a streamline at a moment, with r as arc length; by definition:

— X vlx,t

dr ©)

o
dx -
I(% ) =0

For a streamline at a given moment, the rate of change of x with respect to the arc
length  is equal to the component of the velocity vector in the x direction divided by the
magnitude of the velocity vector.

This can also be written as:

— - a

dx v () @
dr ‘7 6

To further describe displacement intensity within different injection sweep ranges, the
concept of TOF is adopted instead of arc length. The mathematical expression for TOF is:

re(Xe)
o)

where T is the time (s) for a particle to travel a distance along the streamline; defined as
interstitial velocity; ¢ is the distance coordinate along the streamline.

Computing TOF via the above requires solving the velocity field, tracing streamlines
p (?(s) , and numerical integration along them. This study establishes a TOF equation
based on finite integration, directly solved to avoid cumbersome streamline tracing and

integration. Differentiating Equation (5) using calculus and directional derivatives yields:

dl:%: VT )
]

Considering both injectors and producers, forward and backward TOF equations are
defined.
The forward TOF equation is:

o

<l

V'VTf = ¢, Tf =0 (7)

inflow

This describes the time for a particle to travel from the nearest source or inflow

is the time at the nearest source (starting

inflow

boundary along a streamline to a point. 7y

point). The backward TOF equation is:

H
vV = ¢, Tb‘outflow =0 ®)

Tb|outflow 1S the time to the nearest sink or outflow. The sum of forward and backward
TOF reflects the time for a particle from source along the streamline to sink. TOF values are
determined by static properties like porosity and permeability, and dynamic attributes like
injection—production intensity and fluid mobility. Compared to pressure and velocity fields,
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TOF comprehensively characterizes seepage resistance and dominant flow directions in
water-injection reservoirs, evaluating injection sweep range, displacement intensity, and
waterflooding efficiency. High-TOF regions often indicate poor properties or imperfect
well patterns, potentially areas difficult for injected fluids to sweep.

(2) Tracer Concentration Equation

The time-of-flight (TOF) method only reflects fluid migration velocity, making it challeng-
ing to characterize injected fluid distribution and inter-well connectivity in reservoirs. Tracer
simulation adds compatible tracers at injectors to track movement trajectories, assessing fluid
allocation and inter-well connectivity. To delineate well control regions, tracers label well
positions, establishing tracer equations along fixed streamlines, neglecting adsorption and
diffusion. As development time increases, tracer sweep expands, precisely characterizing
fluid distribution and dynamic properties, providing key basis for reservoir management.
The tracer concentration equation mirrors conventional mass transfer equations:

a(g’f) + v-(?c) =7c )

where C is tracer concentration (mg/L); V is the gradient operator; Vs velocity (m/s); E is
source/sink strength (positive for sinks, negative for sources).

Consider a simple tracer simulation experiment: set tracer concentration at one injector
to 1, others to 0; neglecting diffusion, tracer concentration reflects regions swept by injected
fluid. At steady state, tracer concentration distribution is solved by:

V-VC =0 (10)

where VC is the tracer concentration gradient from injection to production. Similar to TOF
equations, injector and producer tracer equations are defined.
The injector tracer equation is:

v.vck=o0, ¢ =1 (11)
inflow
In Equation (11), VCII-‘ represents concentration gradient for a specific injector or
inflow boundary point, describing the extent of influence from that source or boundary on
a reservoir point.
The producer tracer equation is:

5
—-v-VCy=0,  Cj =1 12
v P Plout flow (12)
In Equation (12), C’; i represents a producer or outflow boundary point, describ-
ou ow

ing the extent of influence from that sink or boundary on a reservoir point. After solving
tracer concentration equations for injection and production wells, concentrations C label
injection—production pairs, enabling delineation of pairs, computation of control volumes,
fluid allocation coefficients, etc.

Table 2 provides a more detailed explanation of the aforementioned equations.
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Table 2. Key Equations in Flow Diagnostics: Functional Objectives and Intuitive Explanations.

Brief Description

Functional Objective

Role in Decision-Making in
Reservoir Development

Continuity equation for
single-phase flow

Multiphase pressure equation

Time-of-flight (TOF) along
streamline

Differentiated TOF equation

Forward TOF equation

Backward TOF equation
Tracer concentration equation

Steady-state tracer equation
Injector tracer equation

Producer tracer equation

Ensures mass conservation in
steady-state incompressible flow,
deriving baseline velocity fields.

Solves pressure and velocity in oil-water
systems, accounting for mobility
contrasts from relative permeability.
Computes particle travel time based on
interstitial velocity and streamline
distance.

Derives partial differential form for
direct numerical solution without
streamline tracing.

Measures transit time from nearest
injector to grid block along streamline.
Measures transit time from grid block to
nearest producer.

Models advective transport of tracers
along velocity fields, neglecting
diffusion.

Solves equilibrium concentration
distribution from injectors.
Computes concentration gradients from
specific injectors.

Computes concentration gradients to
specific producers.

Supports initial sweep efficiency
evaluation for well pattern screening

Identifies flow paths; aids
conformance control (TOF < 50 days).

Quantifies intensity; flags unswept
areas for infill (TOF > 200 days).

Accelerates tortuosity assessment for
flow field planning.

Defines sweep volume; guides
modification for channeling.
Defines drainage; supports lift
optimization (TOF > 200 days).

Tracks allocation; quantifies
heterogeneity for oil targeting.

Maps swept regions; informs
connectivity adjustments.
Quantifies control volumes; balances
injection allocation.
Quantifies drainage; enables
communication volume for shutoff.

2.2. Quantitative Diagnostic Evaluation System for Water Injection Development Performance

Conventional waterflood evaluation systems exhibit significant limitations. First,

traditional reservoir engineering methods, which rely on metrics such as water cut and
production decline rates, effectively capture the performance of individual wells or well
groups but fail to quantitatively delineate injection—production correspondence or subsur-
face fluid migration pathways. Second, while numerical simulation can visualize saturation
and velocity fields, it often lacks the sensitivity required to quantify changes in sweep
efficiency or displacement intensity, particularly in the ultra-high water-cut stage.

To overcome these deficiencies, this study establishes a quantitative diagnostic evalua-
tion system that serves as a robust supplement to existing methods. This system is founded
on principles derived from time-of-flight (TOF) calculations and tracer analysis and is
structured around four core indicators:

(1) Time-of-Flight (TOF): Quantitatively describes the injection sweep range, defines
displacement fronts, and assesses displacement intensity.

(2) Dynamic Lorenz coefficient: Characterizes the uniformity of displacement and the
heterogeneity of flow distribution within an injection—production pattern.

(3) Injection—Production Communication Volume: Measures the degree of inter-well
connectivity and the effective sweep efficiency of the injected fluids.

(4) Inter-well Fluid Allocation Factor: Assesses the dynamic correspondence and fluid
transfer architecture between injectors and producers.

The calculation and application of each indicator are detailed in the subsequent
sections.
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(a) Time-of-Flight (TOF)

Time-of-flight is computed by solving the TOF equation, yielding three distinct metrics:
forward TOF, backward TOF, and total TOF. Forward TOF represents the transit time from
the nearest injection source to a specific grid block, thereby characterizing the injection
sweep volume. Conversely, backward TOF measures the time from a grid block to the
nearest production sink, defining the drainage volume. The sum of these two, the total
TOF, reflects the overall hydraulic resistance, or tortuosity, of the flow path between an
injector—producer pair.

The spatial distribution of TOF effectively delineates high-velocity flow paths from
stagnant, unswept regions. Areas with low T values indicate rapid fluid transit and high
displacement intensity, often corresponding to preferential flow channels. In contrast,
regions with high Tt values signify areas that remain poorly swept under the current opera-
tional strategy, thereby identifying them as priority targets for subsequent interventions,
such as infill drilling or conformance control.

(b) Dynamic Heterogeneity

Reservoir heterogeneity, particularly in permeability, is a primary factor governing
fluid flow and connectivity. Static measures of heterogeneity, such as the Lorenz coefficient
or Dykstra—Parsons coefficient, have been widely used but often exhibit a weak correlation
with ultimate recovery. This is because static parameters like permeability and porosity do
not account for the dynamic interactions between geological heterogeneity, the evolving
flow field, and the specific well pattern. Consequently, assessments based solely on static
data may be unreliable for predicting dynamic reservoir performance.

As a dynamic indicator, TOF provides a more insightful characterization of multiphase
flow by inherently capturing the interplay between reservoir heterogeneity and the flow
field under defined operational and boundary conditions. This offers a superior description
compared to relying on pressure or velocity fields alone. Static heterogeneity governs the
distribution of storage capacity and intrinsic fluid mobility, whereas dynamic heterogeneity
reflects variations in the effective flow path lengths and communication structures that
emerge during production. By integrating TOF-based analysis with static heterogeneity
evaluation, we construct a dynamic heterogeneity evaluation system. This provides a more
precise and physically grounded basis for analyzing the reservoir flow field and optimizing
development strategies.

(1) F-® Diagnostic Curve

Assume the reservoir consists of N independent flow tubes, each with volume V; and
flow rate g;; total TOF is the fluid transit time or residence time in the tube, 7; = V;/q;.
Sort N flow tubes by ascending residence time, 71 < 7, < ... < Ty. Assuming piston-like
displacement in each tube, define normalized storage capacity ®; and flow capacity F; as:

storage capacity : ®; = 22:1 Vi/ ]»Iil % (13)

. i N
flow capacity : F; = Z;‘:l qi/ijl q;i (14)

Thus, @; is the ratio of flow tube volumes with breakthrough at 7; to total volume,
and F; is the corresponding fractional flow, i.e., produced injected fluid ratio to total. The
F-@ relationship curve resembles the fractional flow curve f-Sw, reflecting displacement
uniformity. Figure 3 shows typical F-® curves, with the light blue solid line for uniform
displacement and dotted line for nonuniform.
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Figure 3. Typical F-® curves.

(2) Dynamic Lorenz Coefficient

From storage and flow capacities, the dynamic Lorenz coefficient is further defined as:
1

Lo=2 / (F(®) — ®)dd (15)

0
When considering remaining oil distribution, it is modified to:

1

Lo=2 / (E(®) — B)S,dd (16)

0

The dynamic Lorenz coefficient quantitatively indicates reservoir displacement het-
erogeneity, as the envelope area between the F-® curve and the 45-degree line. Higher Lc
indicates more uneven displacement; for fully uniform displacement, Lc = 0. By computing
dynamic Lorenz coefficients for the reservoir, layers, and well groups, waterflooding effi-
ciency can be measured hierarchically, identifying remaining oil potential tapping targets.

(3) Injection-Production Communication Volume

From tracer equations, tracer concentration distributions for each well are solved,
labeling reservoir regions to determine injection—production control ranges.

Injection Well Sweep Volume V; = Zk V,g = Zk c}; VkGC (17)
Production Well Drainage Volume V; = Zk VIZ = Zk C;(VkGC (18)
Injection-Production Communication Volume V;; = Zk Vkij = Zk c};c;(VkGC (19)

where c}; is injector i tracer concentration distribution; c{c is producer j tracer concentration
distribution; k is grid index; VkGC is grid pore volume.

The injection—production communication volume calculated from tracer concentration
equations reflects the ultimate achievable communication state under current well patterns
and production conditions. Combined with TOF between injection—production pairs, it
effectively guides well pattern optimization and provides scientific basis for assessing
remaining oil potential tapping.

(4) Inter-Well Fluid Allocation Factor

Similar to communication volume, tracer concentration distributions also label inter-
well fluid allocation.
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Injection allocation factor:

T [0F] = 0’0 el 20} (20
Production allocation factor:

am[w}'] = qF [}y [} (21)

where ¢, is the injector 1 tracer concentration (mg/L); c}, is the producer m tracer concen-

tration (mg/L); w}! (m)

is the perforation grids for well n or m; g is the injection—production
rate.

The selection of the four core indicators—time-of-flight (TOF), dynamic Lorenz coefficient,
injection—production communication volume, and inter-well fluid allocation factor—is based
on their collective ability to precisely quantify waterflood displacement processes, flow
field heterogeneity, and dynamic inter-well relationships. Each metric provides a unique
diagnostic perspective: TOF characterizes hydraulic resistance by identifying high- and low-
permeability pathways; the dynamic Lorenz coefficient quantifies flow field non-uniformity;
communication volume assesses inter-well connectivity; and the allocation factor details
the fluid distribution between injector-producer pairs. Together, these indicators form a
comprehensive evaluation system that integrates dynamic and static data across multiple
scales to precisely analyze waterflood performance in high water-cut reservoirs.

The comparative strengths of these advanced diagnostics versus traditional methods
are illustrated in Figure 4. The radar charts evaluate various metrics against key perfor-
mance criteria. Figure 4a demonstrates the complementary nature of the flow diagnostic
indicators. For instance, TOF excels at evaluating displacement intensity and mapping
oil-water movement, while the dynamic Lorenz coefficient and oil saturation provide su-
perior quantification of dynamic heterogeneity and material balance. The streamline field
is unparalleled in characterizing displacement direction. This visualization highlights how
the indicators collectively provide a holistic assessment. In contrast, Figure 4b shows the
limitations of conventional tools. While metrics like waterflooding characteristic curves and
pressure fields can effectively describe oil-water movement, they, along with production
decline curves, are less effective at quantifying material basis, characterizing displacement
direction, and assessing dynamic heterogeneity. Although simpler to implement, their
diagnostic precision is significantly lower. This analysis validates the superiority of the
proposed flow diagnostics system, emphasizing its ability to provide a more accurate basis
for identifying remaining oil potential and guiding targeted development adjustments.

Production Decline Curve
7~ Water Production

Simple and Practical

Simple and Practical

—— Oil Saturation

i i Dynamic Heterogeneity anti aterial Basis
Dynamic Heterogeneity Quantified Material Basis \l geneity Quantified Material Basis

Law of Oil-Water Movement Characterization of Displacement Direction Law of Oil-Water Movement 'Characterization of Displacement Direction

Evaluation of Displacement Intensity

Evaluation of Displacement Intensity

(a) (b)

Figure 4. Evaluation system based on flow diagnostics. (a) Dynamic Indicator Evaluation System;
(b) Static Indicator Evaluation System.
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These visualizations, complemented by field-validated thresholds (e.g., dynamic
Lorenz >0.5 for conformance control), demonstrate the method’s enhanced sensitivity over
traditional tools, as evidenced in the QHD32-6 adjustments detailed in Section 3.

2.3. Hierarchical Adjustment Strategies for Water Injection Development

Building upon the diagnostic evaluation, a hierarchical adjustment strategy was
developed to provide a systematic management framework, as depicted in the workflow
in Figure 5. This decision-making process begins with a primary screening for material
basis, where a region is considered a candidate for intervention only if its water-cut ratio
is below 45% and remaining oil thickness exceeds 6 m. For qualified regions, the strategy
then bifurcates based on a TOF threshold of 200 days. Areas identified as “Strongly
Water-flooded” (TOF < 200 days) are further assessed for dynamic heterogeneity; if high
(Lorenz coefficient > 0.5), profile modification and water plugging are prescribed to mitigate
channeling, otherwise, no immediate action is needed. Conversely, for “Weakly Water-
flooded” or “Immovable” regions (TOF > 200 days), which hold significant remaining oil
potential, interventions are similarly guided by heterogeneity. Low-heterogeneity zones
are targeted for artificial lift enhancement or infill drilling, while high-heterogeneity zones
require conformance control or well pattern adjustments to improve sweep efficiency and
access unswept reserves. This structured approach ensures that specific interventions are
precisely matched to the diagnosed reservoir conditions.

__-Judging Material B‘a\s‘is\\ NI
<< (Water-cutratio<45%and > '
" “remaining oil thickness > 6m)-~~

i Yes
Strong Material Basis
-t Yes -
258 ’Jﬁa_g/ing Wave and Stféﬂgth::: No eonni —jﬁAéing Movab‘iii‘tsf e e
"~~~ (TOF<200 days) .-~ T (TOF>200days)---— L
77777777777777777 ) \I_/Yes 'y Immovable Area
! Strong Water-flooded Area i Weak Water-flooded Area
R o
o .. . - Judging Dynamic Heterogengity:._
---Tidging Dynamic Heterogenéity--._ :::Judgmg Dipiomiale IElaisiommaititty. " =-~(Lorentz coefficient > 0.5). -~~~
e ly T {Lorentz coefficient > 0.5)- -~ - ’N Yes o ‘(I:Q{e‘r{tz Coeﬁicfr,ltj—q's)— No Yes T _—- No
S ® -
i Strong Dynamic | | Weak Dynamic { Strong Dynamic ! Weak Dynamic | Strong Dynamic | | Weak Dynamic |
{ Heterogeneity | | Heterogeneity | Heterogeneity Heterogeneity ! { Heterogeneity | | Heterogeneity |
* l w'""""""l".""", _________ T l
Profile Modification, Water | i = "% c-l AN i.'": i Profile Modification, Flooding | p----- : ._....l. .........
Plugging, and Injection- : | E(; 'l‘,}inJl:Slg: i:lt o : Regulation, ~and Injection- Ll%‘;f Pmductlton ! Adjust Well Pattern |  Infill Wells !
Production Rate Adjustment | {-- - oo -0 g _...i | Production Rate Adjustment _ | ancement | e e

Figure 5. Adjustment strategies for different levels of channeling paths.

2.4. Limitations and Uncertainty Considerations

The flow diagnostics method relies on inputs like permeability (k) and porosity (),
which affect total mobility in Equation (2) and TOF computations (Equations (5)—(8)).
Uncertainties from core/log data (+10-20% for k in heterogeneous reservoirs) may alter
TOF, potentially misidentifying sweep thresholds (e.g., TOF <50 days for channeling).
Similarly, Lorenz coefficient (Equation (15)) sensitivities to ¢ variations could overstate
heterogeneity. Tracer Equations (9)-(12) assume steady-state, limiting transient accuracy.

Mitigation in this study used QHD32-6 history-matched simulations to calibrate inputs,
aligning diagnostics with field trends. Future work could include +15% perturbation
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analyses for threshold robustness. This qualitative approach complements the method’s
visualization strengths and field validations.

3. Block Application and Practice
3.1. Block Overview

The QHD32-6 oilfield, the subject of this study, is a fluvial heavy oil reservoir located
in the central Bohai Sea (Figure 6, blue dashed circle). Situated on a low-amplitude
anticline structure over a paleo-uplift, the reservoir is characterized by medium porosity
(32%), high permeability (2300 mD), and a crude oil viscosity range of 22-260 mPa-s.
The field is subject to an active edge-bottom water drive and features a loose sandstone
structure prone to sand production. Currently, it is in an ultra-high water-cut, mature
development stage, with an overall water cut of 94% and a cumulative recovery factor
of 18.4%. Although early operational adjustments effectively improved waterflooding
performance, the current well pattern has led to a complex remaining oil distribution. This
complexity, compounded by inaccurate performance characterization, has exacerbated the
effects of reservoir heterogeneity and resulted in inefficient drainage of remaining reserves.

, ginnan outcrop \—-4( \ o
laoting sag L *
B matouying outrop '\_
A

shaleitian
outcrop

0  10km
Z fracture system rimrock _

Figure 6. Regional location map.

3.2. Water Injection Development Performance Evaluation in Target Block

An evaluation of the B14 well group using flow diagnostics illustrates the system'’s
ability to identify preferential flow paths. As shown in Figure 7, streamline analysis
reveals that injected water from the B14 well flows towards eight surrounding producers,
with significantly stronger flow intensity directed at wells A10 and A22. This qualitative
observation is quantitatively confirmed by the dynamic Lorenz coefficients (Figure 8),
which were calculated to be 0.6679 for A10 and 0.7840 for A22. These high coefficient
values are indicative of severe channeling and strong planar heterogeneity, where injected
fluid preferentially sweeps along high-permeability pathways. This phenomenon leads
to poor sweep efficiency in other parts of the pattern and contributes to an accelerated
production decline.
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Figure 7. Waterflooding direction and intensity in B14 well group.
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Figure 8. Dynamic heterogeneity in B14 well group before conformance control.

A comparative analysis of two horizontal infill wells, HOS8H and HO9H, drilled in
January 2014, further highlights the utility of flow diagnostics in explaining production
disparities. Despite their similar locations and initial remaining oil saturations, their five-
year cumulative production profiles diverged significantly (Figure 9). Well HO9H exhibited
robust production, reaching 9.2 m3, whereas HO8H produced only 2.5 m? over the same
period—a difference of 268%. The diagnostic evaluation provides a clear explanation for
this performance variance. The time-of-flight (TOF) distribution map (Figure 10) shows
that HOOH was drilled in a low-resistance area (blue, TOF =~ 75 days), indicating favorable
hydraulic connectivity. In contrast, HOS8H is situated in a high-resistance region (red,
TOF =~ 300 days), characteristic of poor reservoir connectivity. This disparity in local flow
dynamics is the primary cause of the observed production difference. Further validation is
provided by the water saturation and velocity fields (Figure 11), which show that the area
surrounding the underperforming HO8H well is characterized by high water saturation
and low fluid velocity. This indicates that the region contains largely bypassed oil that the
infill well is unable to effectively mobilize due to the poor local flow properties.
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Figure 9. Cumulative production comparison of two infill wells.

Figure 10. Time-of-Flight Distribution Map Around Wells in Layers 1-3 of the Southern Block.

Figure 11. Oil Saturation Distribution Map Around Wells in Layers 1-3 of the Southern Block.

Table 1 underscores the proposed method’s advantages in diagnostic precision and
scalability, with empirical support from field applications in Section 3, such as the B14 well
group’s heterogeneity evaluation (Figure 8) and production gains in the C29 (165,600 m?)
and B03 (2.2-3.8 tons/day increase) groups.
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3.3. Adjustment Thresholds

3.3.1. Infill Drilling Thresholds

To establish quantitative thresholds for infill drilling, a statistical analysis was con-
ducted on 105 infill wells drilled in the study area prior to 2017 (Figure 12). This analysis
correlated pre-infill reservoir parameters—waterflooded ratio, remaining oil thickness, and
TOF—with post-infill cumulative oil production. The analysis demonstrated a clear inverse
correlation between the pre-infill waterflooded ratio and production (Figure 13); wells
in areas with a ratio below 45% yielded significantly higher production. Furthermore, a
positive linear relationship was observed between remaining oil thickness and cumula-
tive production (Figure 14), with a notable increase in performance when the thickness
exceeded 6 m. Finally, production exhibited an exponential relationship with pre-infill
TOF (Figure 15), confirming that infill wells are most effective in high-resistance, poorly

connected regions (TOF > 200 days).
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Figure 13. Correlation between cumulative oil and waterflooded ratio.
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Figure 15. Correlation between cumulative oil and time of flight.

The direct impact of infill drilling on reservoir dynamics is illustrated in Figures 16
and 17. The pre-infill TOF distribution (Figure 16) was characterized by extensive high-
TOF regions (>500 days), reflecting inefficient waterflooding. Post-infill, the TOF in these
areas was significantly reduced, indicating that the new wells successfully optimized the
flow field and improved sweep efficiency(the red dashed circles). Similarly, the pre-infill
oil saturation map (Figure 17, the black dashed circles) showed an uneven distribution,
which became more uniform following infill drilling as the new wells mobilized previously

bypassed oil.
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Figure 17. Southern block layers 1~3 well positions pre- and post-infill oil saturation distribution.

Synthesizing these findings, this study proposes a set of comprehensive screening
criteria for identifying optimal infill drilling locations. The established thresholds are: a
waterflooded ratio <45%, a remaining oil thickness >6 m, and a time-of-flight >200 days.
Adherence to these criteria ensures that infill wells are strategically placed in areas with
high remaining oil potential and inefficient existing sweep patterns. Field applications have
confirmed that wells meeting these standards consistently deliver significant production
gains, providing a scientific basis for refined field management.

3.3.2. Conformance Control and Displacement Adjustment Thresholds

To define quantitative criteria for conformance control, dynamic data from 25 well
groups subjected to tracer injection were analyzed. This investigation revealed a direct
correlation between the dynamic Lorenz coefficient and the incidence of channeling. As
depicted in Figure 18, a sharp increase in the number of channeling wells occurs when
the Lorenz coefficient surpasses 0.5, establishing this value as a robust indicator of severe
inter-well heterogeneity and the formation of preferential flow paths.

Furthermore, the efficacy of conformance treatments was found to be contingent
upon the degree of reservoir heterogeneity. A comparative analysis of the D08 and C03
well groups exemplifies this principle (Table 3). The D08 group, which presented with
a high initial Lorenz coefficient, exhibited a marked improvement in sweep uniformity
post-treatment; this signifies the successful diversion of injected fluid and the mobilization
of previously bypassed oil (Figure 19). In contrast, the C03 group, characterized by low
heterogeneity and a TOF below 50 days, showed a negligible response to the intervention,
with minimal change in oil saturation (Figure 20). This disparity underscores that confor-
mance control is most impactful in highly heterogeneous settings and offers limited benefit
in relatively homogeneous reservoirs lacking well-defined thief zones.
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Table 3. Conformance control and displacement adjustment results for tracer well numbers.
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. Treatment . Maximum Average Lorenz
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Well Number Well Water Well (m)  Duration (d) Rate (m/d) TOF Lorenz Lorenz Coefficient
Number Coefficient Coefficient Surge Factor
Do7 437 10 43.78 14
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Figure 19. Lorenz Coefficient and Oil Saturation Distribution Map for the D08 Well Group.

Consequently, based on this empirical evidence, the following thresholds were estab-
lished for identifying candidate well groups for conformance control: a time-of-flight (TOF)
of less than 50 days combined with a dynamic Lorenz coefficient greater than 0.5. Applying
interventions to well groups that meet these criteria enables the targeted sealing of domi-

T
Al0

T
Al4

T
A18

T
A22

Well name

T
B05

180




Energies 2025, 18, 5310

nant flow paths, which in turn redirects injection fluids into unswept, lower-permeability
zones to substantially improve overall sweep efficiency.

0.7 4

e e 4
'S n 2N
1 1 1

Lorenz cofficient
=
w
L

0.1

0.0 T T T T
HO3H Co02 H19H 826HS

‘Well name

Figure 20. Lorenz Coefficient and Oil Saturation Distribution Map for the C03 Well Group.

3.3.3. Liquid Lifting Thresholds

To define criteria for optimizing production through liquid lifting, historical data from
measures implemented before 2023 were analyzed (Table 4). The analysis showed a strong
positive correlation between post-treatment production gains and two key parameters:
the remaining oil thickness ratio and the TOFE. A significant “oil increase without water
increase” effect was observed in wells where the TOF was greater than 200 days, yielding
a success rate of 87%—a substantial improvement over the sub-40% rate achieved with
traditional methods. Moreover, the most substantial production gains occurred when
the remaining oil thickness ratio exceeded two-thirds. By combining these parameters, a
refined screening methodology was developed that increased the success rate for liquid
lifting to 78% across 23 interventions.

Table 4. Statistics on producer liquid lifting measures.

. Remaining Oil Reservoir Pre- . Pre- Post- . Post- .
Production Water Zone . Intervention . Intervention Intervention
. Zone Thickness . Intervention . TOF
Well Thickness (m) . . Production Production Water Cut
Thickness (m) Ratio (%) 3 Water Cut (%) 3 o
Rate (m3) Rate (m?) (%)
A01 20 86.96 20 90 95 83 75 264
A05 63 75.90 14 93 45 93 31 273
Al10 43 66.15 20 94 40 95 20 273
B09 78 89.66 20 95 50 95 30 322
B15 76 91.57 23 76 40 83 17 304
B23H 10 83.33 36 71 75 70 39 350
G29H 20 100.00 15 56 45 68 30 270
G34H 8 72.73 22 95 38 95 16 292
Co01 55 66.27 21.8 89 52.7 92 30.8 275
C24 37 75.51 7.6 88 27.0 94 194 261
C30 41 71.93 9.8 91 30.7 92 21.0 214
D07 57 76.00 49.3 86 77.5 87 28.2 329
D28H 3 50.00 29.7 70 124.4 78 94.7 253
HO02H 3 100.00 144 96 39.6 94 25.2 287
HO3H 12 100.00 47.6 70 70.0 84 224 323
HO04H 10 100.00 22.1 95 44.8 96 22.6 343
HO09H 7 100.00 9.6 94 27.3 95 17.7 211
H10H 7 100.00 26.4 75 54.6 81 28.2 283
H11H 14 100.00 18.1 94 42.2 94 24.0 268
H17H 5 100.00 30.1 76 53.8 84 23.7 240
109H 8 66.67 27.4 83 110.9 77 83.5 343
T109H1 18 81.82 20.3 97 38.5 97 18.2 237
128H 13 59.09 21.8 86 42.4 89 20.6 247
133H 14 66.67 24.2 95 58.9 92 34.7 277
136H 4 66.67 25.2 86 56.0 89 30.8 252
B26HS 4 50.00 12.3 93 30.7 95 18.4 257
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Accordingly, the final thresholds for implementing liquid lifting measures were estab-
lished as: a remaining oil thickness ratio >2/3 and a time-of-flight (TOF) >200 days.

3.4. Adjustment Strategies and Schemes

The practical application of this diagnostic framework is demonstrated through two
case examples. First, an analysis of the southern block identified a large, poorly swept
area adjacent to the C29 well, even after liquid lifting measures were applied (Figure 21).
This region, characterized by high remaining oil potential, was prioritized as a target for
infill drilling, leading to the planned deployment of a new horizontal well to enhance local
recovery (Figures 22 and 23 show the flooded thickness and oil reservoir thickness of Layers
1-3 in the Southern Block, Within the area enclosed by the black coil is the hard-to-produce
portion of this region, where significant remaining oil is present.).

500

400

300

100

Figure 21. Southern block layers 1-3 pre-infill flow diagnostics results.

Figure 22. Waterflooded Thickness Map for Layers 1-3 of the Southern Block.

As a further illustration, a detailed diagnostic evaluation was performed on a well
group including producers F21, F22, F25, and F26. The analysis revealed high remaining
oil saturation between wells F21, F26, and FO5 (Figure 24), which coincided with a zone
of low permeability (Figure 25). While static permeability data alone might suggest this
oil is immobile, the dynamic diagnostics revealed a different mechanism. The dynamic
Lorenz coefficient for well F26 was high (>0.5), indicating that active channeling was
bypassing the oil within the lower-permeability matrix (Figure 26). A cross-sectional view
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confirmed the presence of a thick, insufficiently swept remaining oil column between wells
F25 and F22 (Figure 27). This integrated analysis, which combined static and dynamic
indicators, correctly identified the primary production issue as channeling rather than
merely poor reservoir quality (Figure 28). Consequently, a conformance control treatment
was recommended to optimize the flow field and mobilize the substantial remaining oil in
this area.

Figure 25. Near-well permeability.
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Figure 26. Dynamic Lorenz Coefficient Map.

Figure 27. Remaining oil profile.

Figure 28. Time-of-Flight Distribution Map of Well F21 and Its Surrounding Wells.

Based on measure effect assessment and numerical simulation, propose 31 well-time
measures: 13 liquid lifting, 8 conformance and displacement, 2 layered injection, 6 water
shutoff, 2 cyclic injection groups. See Figure 29:
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Figure 29. Block measure adjustment suggestions.

3.5. Adjustment Effects

Field results confirmed the efficacy of the proposed adjustment strategies. In a pilot
test, a synergistic operation was implemented, coupling water injection in well D18H1
(NmO03 layer) with coordinated liquid lifting in the adjacent well HO7H. This combined inter-
vention successfully mobilized previously bypassed inter-well oil, resulting in a sustained
incremental production of approximately 7 tons/day. Subsequent diagnostic analysis
confirmed the physical mechanism behind this success: the flow field had been signifi-
cantly optimized (Figures 30 and 31). The waterflooded ratio in the target area became
more uniform, falling below the 45% threshold, while the TOF increased to over 200 days.
This indicates that the injected fluid was successfully diverted, enhancing sweep into
lower-permeability zones and mitigating the risk of channeling.

Figure 30. Waterflooded Ratio Map.

The diagnostic thresholds for conformance control were validated in the A31INM1 well
group. The area exhibited a TOF of less than 50 days and a dynamic Lorenz coefficient of
0.6438 (well above the 0.5 threshold), confirming the presence of strong heterogeneity and
dominant flow paths suitable for treatment (Figures 32 and 33). The subsequent success
of the conformance treatment in the analogous G31H1 well demonstrated the validity of
these criteria. Post-treatment, the well showed a significant and sustained increase in oil
production (Figure 34) and a corresponding stabilization of the water cut at a lower level
(Figure 35), indicating that the treatment successfully redirected injected fluid to previously
unswept oil zones.
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Figure 31. Time-of-Flight Distribution Map.
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Figure 32. A31INM1 well group Lorenz coefficient map.

Figure 33. A31NMI1 well group time-of-flight map.
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Figure 34. G31H1 pre- and post-conformance daily liquid production.
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Figure 35. G31H1 pre- and post-conformance daily water cut.

Figures 34 and 35 show G31H1 pre- and post-conformance daily oil and water cut
changes. Figure 34 post-conformance significant oil rise, upward trend, sealing dominant
paths diverted to low-permeability, utilizing prior unswept oil. Figure 35 post water cut
decrease, stable curve, effective channeling suppression. Validates dynamic Lorenz >0.5
and TOF <50 days thresholds optimize uniformity, enhance efficiency.

A31NM1 and G31H1 via conformance achieved marked oil increase, effective water
cut reduction, reflecting sealing optimized distribution. Dynamic Lorenz >0.5 and TOF <50
days thresholds engineering-validated.

Collectively, these field results validate the diagnostic thresholds and adjustment
strategies proposed in this study. The application of this methodology has enabled the
successful implementation of the world’s smallest offshore infill spacing (100-150 m) and
has significantly improved the field’s performance. As shown in Figure 36, the average oil
production rate in the QHD oilfield increased from 0.95 m3/d to 1.6 m3/d. The ultimate
recovery factor is now projected to reach 26.63%, demonstrating that stable, efficient
production can be achieved and sustained even in the ultra-high water-cut stage of a
complex heavy oil reservoir.
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Figure 36. QHD water cut, oil production rate, and recovery degree effects.

Based on QHD water injection adjustment strategies, 15 field well-time injection—
production adjustments were carried out: 8 lifting, 4 conformance, and 3 shutoff, with a
success rate of 93.3%. Field implementation is carried out as shown in Table 5:

Table 5. Field adjustment measure implementation table.

Implementation Effectiveness

Intervention Implementation  Implementation Cumulative
Recommendations Well Group Time Monthly Incremental Oil Incremental Oil
Production (10,000 m3) Production (up to
October 2024)
G34H 22 January 2024 0.0 0.0153
G44H 2024 August 22 0.0606 0.1324
G46H 27 August 2024 0.0409 0.0741
G37H 19 September 2024 0.0164 0.0164
Liquid Lifting
G47H 13 August 2024 0.0192 0.1088
D13 28 May 2024 0.0228 0.1175
I16H 17 March 2024 0.0032 0.0119
D28H 3 June 2024 0.0398 0.2757
Co03 20 August 2024 0.1104 0.6973
Profile Modification C05 22 August 2024 0.0737 0.5523
and Displacement C06 20 August 2024 0.1161 0.7248
C29 20 August 2024 0.1100 0.6993
B17 1 March 2024 0.012 0.0956
Water Shutoff B21 7 March 2024 0.0094 0.0412
118H 30 March 2024 0.0032 0.0119

4. Conclusions

This study established and applied a new flow diagnostics methodology to enhance
oil recovery in the challenging QHD32-6 heavy oilfield. We developed a multi-parameter
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evaluation system, using time-of-flight (TOF) and the dynamic Lorenz coefficient, to
precisely map the distribution of remaining oil. This system provided quantitative, data-
driven thresholds to guide targeted interventions, including infill drilling and conformance
control. Field results directly confirmed the method’s effectiveness, leading to significant
production gains and validating its practical value.

The specific quantitative thresholds derived in this work are, however, tailored to
the unique geological and fluid properties of the QHD32-6 field. Consequently, while
the diagnostic framework itself is robust, applying these exact numerical criteria to other
reservoirs will require field-specific recalibration. The scalability of the methodology across
geologically diverse formations warrants further investigation.

In conclusion, this work delivers a validated, practical framework for the refined
management of mature heavy oilfields. Its application in QHD32-6 demonstrates a targeted
approach crucial for unlocking remaining oil in complex, high water-cut reservoirs. Future
work will focus on adapting and testing this methodology in a wider range of fields to
establish its broader utility for improving oil recovery.
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Abstract: Residual oil (RO) in terrigenous reservoirs formed after waterflooding can exceed
60% of the original oil in place; approximately 70% is trapped at the macro-scale in barriers
and lenses, whereas about 30% remains at the micro-scale as film and capillary-held oil.
This review aims to synthesize current knowledge of RO formation mechanisms, localiza-
tion methods and chemical recovery technologies. It analyzes laboratory, numerical and
field studies published from 1970 to 2025. The physical and technological factors governing
RO distribution are systematized, and the effects of heterogeneities of various types, imper-
fections in pressure-maintenance (waterflood) systems and contrasts in oil-water properties
are demonstrated. Instrumental monitoring techniques—vertical seismic profiling (VSP),
well logging (WL), hydrodynamic well testing (WT) and geochemical well testing (GWT)—
are discussed alongside indirect analytical approaches such as retrospective production-
data analysis and neural-network forecasting. Industrial experience from more than
30,000 selective permeability-reduction operations, which have yielded over 50 Mt of
additional oil, is consolidated. The advantages of gel systems of different chemistries are
evaluated, and the prospects of employing waste products from agro-industrial, metallurgi-
cal and petroleum sectors as reagents are considered. The findings indicate that integrating
multi-level neural-network techniques with instrumental monitoring and adaptive selec-
tion of chemical formulations is crucial for maximizing RO recovery.

Keywords: residual oil (RO); terrigenous reservoirs; reservoir heterogeneity; localization
of reserves; polymer gel systems; physico-chemical enhanced oil recovery (EOR); optical
well logging; neural-network forecasting

1. Introduction

The development of oil fields inevitably leads to the formation of residual recover-
able reserves (RRR). According to [1], the design oil recovery factor (ORF) amounts to
0.375 frac. units; consequently, up to 62.5% of unrecovered reserves remain in the sub-
surface after the end of production, which, on a national scale, amounts to billions of
tons. The low ORF observed in Russian oil fields is a result of insufficient implementation
of enhanced oil recovery methods, the application of which requires additional capital
investment [2,3].

The largest portion of Russia’s oil reserves is concentrated in the West Siberian, Volga-
Ural, and Timan-Pechora petroleum provinces (PPs), with the majority of their unique fields
currently at the third and fourth stages of development. The final stage of development is
characterized by a sharp increase in water cut, a consistently high decline in oil production
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rates, the decommissioning of a large number of wells, a drop in reservoir pressure, and an
increase in the volume of hard-to-recover reserves [4,5].

The above-mentioned petroleum provinces are predominantly represented by terrige-
nous reservoirs composed of sandstones and siltstones. The oil- and gas-bearing formations
are characterized by complex geological structure, heterogeneity in filtration and storage
properties, and wide areal distribution [6-8]. Most fields are developed using waterflood-
ing systems to involve a larger portion of reserves in production and to increase the ultimate
oil recovery factor [9]. A common phenomenon during waterflooding is the uncontrolled
increase in water cut due to water breakthrough along more permeable zones, which leads
to the formation of undrained areas. These zones are of particular interest and require
localization using modern approaches in order to implement the most effective geological
and technical measures (GTMs) [10-12].

This topic has been addressed in the works of leading authors within the global
scientific and technical community, such as Surguchev M.L. [13,14], Zheltov Yu.V. [14], Gaz-
izov A.A. [15], Gazizov A.Sh. [16], Devlikamov V.V. [17], Kabirov M.M. [17], Khabibullin
Z.A. [17], Craig EF. [18], Willhite G.P. [19], Rose S.C. [20], Buckwalter J.F. [20], Woodhall
R.J. [20], Lake L.W. [21], and others.

2. Classification and Formation of Residual Oil

Within the framework of this review, terrigenous reservoirs of continental origin are
considered, where the processes of residual oil formation are most pronounced due to the
high lithological and structural heterogeneity. There are various forms and quantitative
distributions of residual reserves in oil reservoirs. As noted by the author, the causes may
include a range of natural and technological factors.

The general concept of residual oil formation can be represented by three main cate-
gories of causes: geological, physico-chemical, and technological. Geological causes include
reservoir heterogeneity in terms of filtration and storage properties, the presence of imper-
meable clay barriers, lack of lithological continuity, and lithological-facies heterogeneity.
Physico-chemical causes involve capillary phenomena, interfacial tension at the oil-water
boundary, hydrocarbon (HC) adsorption on the surface of rock grains, and end effects in
reservoir pores [22]. Technological causes include the characteristics of the selected water-
flooding system [20], the efficiency of the applied injection pattern, the distance between
injection and production wells, the injection rate, and the resulting pressure gradient [23].

Based on the aforementioned causes, several types of residual recoverable reserves
(RRR) are identified:

1.  Dispersed oil, which includes capillary-trapped and film oil [14,24];

2. Oil remaining in interlayer low-permeability zones not affected by waterflooding;

3. Oil located in lenses isolated from the productive reservoir by impermeable barriers
or baffles and not penetrated by wells;

4. Oil migrating into dead-end zones of homogeneous reservoirs.

According to the data presented in [25], the first type accounts for approximately 30%,
the second—27%, the third—24%, and the fourth—19% of the total RRR volume.

Thus, after the primary development phase of the field is completed, two levels of
residual recoverable reserves are formed. Residual oil at the microscale is represented by
dispersed oil, which in turn consists of capillary-trapped oil (0il globules in water) and
film oil (films wetting the surface of the solid rock). Macroscale residual oil, represented by
lenses and pillars, accounts for approximately 70% of the total RRR volume, which largely
determines the priority of its extraction among the various types of residual reserves.
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2.1. Formation of RRR at the Microscale

The presence of dispersed oil in the reservoir is determined by two main factors: rock
wettability and the geometry of the reservoir pore space [26,27]. Wettability is a property
defined by the interaction between two immiscible phases—water and oil—with a solid
surface and a liquid. Wettability is characterized by the contact angle, which indicates the
hydrophilic or hydrophobic nature of the rock. A hydrophilic rock is coated with a water
phase; in this case, the surface is said to be “wetted.” Water is present as a hydrophilic film
on the grain surfaces and as bound water located in dead-end pores. Hydrophobic rocks,
on the contrary, are coated with oil; however, such rocks are unlikely to exist in practice, as
it is generally accepted that all reservoir rocks formed in water-rich environments or were
submerged shortly after sediment deposition. Most reservoirs are composed of rocks with
mixed wettability.

The authors of [28], using experimental methods with X-ray computed tomography
(CT scanner) and a core flooding system, established that residual oil is distributed within
the capillary zones of the pore space: in hydrophilic reservoirs it remains in film form,
whereas in hydrophobic ones it is retained in isolated droplets. In addition to the results of
the study;, it should be noted that, despite the high methodological rigor and the use of a
modern experimental system (including X-ray computed tomography and controlled water
saturation under specified pressure), the paper does not indicate compliance with any
industry standards (such as [29-32]) that regulate the conditions of filtration experiments.
Parameters such as core dimensions (diameter ~2.5 cm, length 3-5 cm), filtration rate
(0.01 mL/min), and the viscosity of the working fluids (white oil with 2 mPa-s and Nal
solution) were selected based on laboratory practice and are typical for well-controlled
core-flooding studies. However, the lack of standardized reference points may complicate
direct comparison of the results with other works, particularly when assessing residual
oil saturation. As shown in specialized guidelines, the core size and filtration rate can
significantly affect the degree of edge capillary effects and the structure of the displacement
front, which, in turn, influences the quantitative value of residual oil. Therefore, when
interpreting such results, it is advisable to consider applicable standards and recommen-
dations for the unification of experimental conditions, which is especially important for
comparative analysis or attempts to upscale the findings to reservoir conditions.

The geometry of pores also directly influences the formation of dispersed oil. Reservoir
porosity is the result of sediment deposition and diagenesis. Depending on the pore size,
the degree of pore connectivity, and the sorting of grains, the amount of dispersed oil
varies. According to [33], experimental studies have shown that the geometry of the
pore space affects the distribution of residual oil by increasing its retention in medium
and small pores. In addition, the presence of clays can form dead-end zones and retain
capillary-trapped oil. Experimental studies using SEM and XRD methods, conducted on
low-permeability sandstone samples from the Daqing Oilfield (China), demonstrated that
residual oil is retained in capillary traps formed by clay minerals, which leads to a reduction
in permeability after water injection [34].

The distribution of dispersed oil in the reservoir is governed by three types of forces:
capillary, viscous, and gravitational. In this case, capillary forces—which are also referred
to as surface forces—are the dominant ones, as their magnitude can reach several MPa
depending on the wettability of the rock and the size of the pore channels. Hydrodynamic
resistance forces are negligible, as they are proportional to the filtration velocity. Gravi-
tational forces exert a constant effect ranging from 0.1 to 10 kPa, which is caused by the
density difference between the saturating fluids. Microscopic analysis of pore structure
in [35] showed that in reservoirs with high heterogeneity, residual oil is distributed in the
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form of films on grain surfaces and droplets in pore throats, indicating the significant role
of capillary forces in oil displacement processes.

In fact, dispersed oil is regarded as immobile due to the high-pressure gradients
generated by capillary forces. It should be noted that such oil is formed as a result of water
flooding, which means it can be considered to be ‘“at the threshold of mobility” [13,14].

According to the study [36], after polymer flooding in sandstone reservoirs with
varying permeability, residual oil is distributed as follows: In high-permeability reservoirs
(>1100 mD), 50-51% of the oil remains in a bound state, primarily in the form of adsorbed
films on particle surfaces, while 37% corresponds to free oil. In medium-permeability
reservoirs (470-490 mD), the distribution of free and bound oil is approximately equal (49%
and 32-49%, respectively). In low-permeability reservoirs (<180 mD), bound oil dominates
(47-49%), and free oil accounts for only 20-38%, which is attributed to the low mobility of
oil in small pore channels. Thus, the permeability of the pore space significantly affects
both the form and volume of residual oil in the reservoir.

2.2. Formation of RRR at the Macroscale

The formation of residual oil at the macroscale is caused by the incomplete displace-
ment of oil from the reservoir, which is associated with a number of factors. Formally, the
resulting oil-saturated pillars can be classified into categories according to their formation
mechanism [18].

1. Oil-saturated pillars formed as a result of high heterogeneity of the reservoir in terms
of geological and physical properties;

2. Oil-saturated pillars formed due to the manifestation of the viscoplastic properties
of oil;

3. Oil-saturated pillars formed as a result of an imperfect well pattern or other techno-
logical factors.

The size and shape of such RRR formations in the subsurface may vary widely de-
pending on the properties of the reservoir and the saturating fluids.

When designing a reservoir pressure maintenance (RPM) system, which is used in the
development of most existing fields, an important stage is the assessment of the degree,
nature, and direction of heterogeneity distribution within the production target [19], since
this directly affects the completeness of oil displacement. Reservoir heterogeneity can take
various forms, including:

1. The presence of multiple hydrocarbon-bearing interlayers composed of rocks with
significantly different properties, such as sandstones interbedded with carbonates;

2. Variations in the continuity, interconnection, and areal distribution of porous and
permeable layers within the reservoir;

3. The presence of a natural fracture system in the formation, resulting from regional
tectonic stresses in the rock;

4.  Directional development of permeability caused by depositional conditions or diage-
netic alterations;

5. The presence of faults that affect the connectivity between parts of the reservoir and
adjacent zones, either acting as barriers or enabling unrestricted fluid flow along the
fault plane;

6. Interbedding of permeable and porous reservoir layers with nearly or completely
impermeable layers of anhydrite, shale, or other minerals.

All of the above-mentioned types of heterogeneity, in one way or another, contribute to
incomplete displacement, as high-permeability filtration channels are formed and mainly
high-productivity zones are drained, while less permeable areas remain undeveloped.
Another case leading to the formation of undrained zones containing RRR is the presence
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of crossflows between two reservoirs with different filtration and storage properties. In
such situations, the displacing agent follows the path of least resistance, leaving large
portions of the reservoir undrained. A significant difference in the thermobaric conditions
of fluid occurrence, particularly reservoir pressure, leads to uneven depletion of layers
within a single production target. The mechanisms of oil-saturated pillar formation due to
heterogeneity are discussed in detail in the following studies [37,38].

Another major reason for the formation of oil-saturated pillars in the reservoir is the
physico-chemical difference between the properties of oil and the injected water. To analyze
this cause of stagnant zone formation, it is useful to consider the reservoir in terms of a
2D projection [39,40], that is, as a thin, isotropic horizontal plane. Studying oil and water
displacement under such conditions allows for the exclusion of several factors, such as
reservoir heterogeneity in thickness, geological and physical properties, and filtration—
storage characteristics. In the general case, only the interaction of the two fluids from the
standpoint of their physical and chemical behavior remains.

An example of a model representing this type of interaction is the so-called “Hele-
Shaw cell.” The cell consists of two superimposed plates made of plexiglass, with a gap
between them. This gap is considered to be infinitesimally small compared to the thickness
of the plates [41]. This assumption allows the flow within the cell to be treated as two-
dimensional, which simplifies the analysis of the effect and eliminates other influencing
factors. The flow observed in the Hele-Shaw cell is referred to as Hele-Shaw flow and is
described by the following Equation (1) [42]:

=-—-—Vp, 1)

where:

1—flow velocity (averaged over the gap thickness);
b—gap between the plates;

pu—fluid viscosity;

p—pressure.

Since the fluid is considered incompressible, the following condition also applies (2):
Vol =0V2p =0, @)

That is, the pressure satisfies the Laplace equation.

Oil displacement by water in a Hele-Shaw cell proceeds with the formation of break-
through fingers [43], which, from a geometrical point of view, are referred to as fractals.
The primary cause of fractal formation is the difference in viscosity between the displacing
and displaced fluids, as well as the wettability and interfacial tension at the water—oil
boundary [44,45].

In study [46], the Hele-Shaw cell is used to investigate the influence of the mobility
ratio between oil and the displacing fluid on the front behavior and the level of residual
oil. The authors show that in the case of high oil viscosity and low water viscosity, pro-
nounced fingering develops, leading to uneven sweep and increased residual oil saturation.
Conversely, increasing the viscosity of the displacing fluid (by adding polymer) stabilizes
the displacement front. Visualization in the Hele-Shaw cell convincingly demonstrated
that the difference in viscosities—and consequently in phase mobilities—is the key factor
responsible for the formation of residual oil zones under conditions where other influencing
factors are absent.

Similar conclusions are presented in study [47], where a Hele-Shaw cell was used to
analyze the effect of the displacing fluid’s viscosity on the oil displacement behavior. The
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authors demonstrated that increasing viscosity by adding cellulose nanoparticles leads
to a more stable displacement front that maintains a uniform shape during propagation.
Such displacement occurs evenly, without the development of unstable “fingers” or break-
through channels. The article emphasizes that this effect is achieved only under a favorable
mobility ratio between oil and the displacing phase, which is directly related to the vis-
cosity properties of the system. This confirms the key role of viscosity and relative phase
mobility in shaping the flow front and determining the volume of residual oil in the Hele-
Shaw model.

In article [48], the Hele-Shaw cell is used to study the dynamics of fingering during the
displacement of glycerin by water under conditions of complete mutual miscibility of the
phases. The authors model displacement in a sealed cell and identify several characteristic
flow regimes, including an initial slow front, rapid compression following breakthrough,
and uniform expansion. The study emphasizes that even in the absence of porosity, the
difference in viscosity between the displacing phase (water) and the displaced phase
(glycerin) determines the shape and stability of the displacement front. Visualization made
it possible to establish that increasing the viscosity contrast accelerates the transition from
a diffusion-dominated to a convection-dominated regime and enhances front instability,
increasing the volume of the residual, more viscous fluid.

Study [49] presents a review of micromodels, including Hele-Shaw cells, for analyzing
wettability alteration and mobility changes in oil-water systems when using nanofluids
and surfactants. Although the main focus of the article is on wettability modification, the
authors emphasize that Hele-Shaw cells enable direct visualization of phase redistribution
in response to changes in relative mobility and contact angles. Within the scope of this
review, it is highlighted that even with fixed pore channel geometry, differences in viscosity
and interfacial tension give rise to localized zones of residual oil. The Hele-Shaw cell is
regarded as an important tool for isolating capillary and viscous effects in their pure form.

The pressure maintenance systems currently applied at oil fields are intended to ensure
the most effective flooding of the entire reservoir. The systems described by the authors
in [20] as the main and most widespread are most efficient in homogeneous reservoirs
without any natural or artificial disturbances—an idealized scenario that rarely exists in
reality. The ratio of production to injection wells depends on the expected volume of
injected displacing agent and oil production. The distance between wells can be defined
as a function of the expected oil recovery factor increment, oil production rate, reduction
in operating costs, and minimization of drilling expenditures for additional wells [50].
The ORF increment, in turn, depends on the geological and physical characteristics and
heterogeneity of the reservoir, including porosity, permeability, anisotropy of rock proper-
ties, and technological performance of the wells. In general, designing the most efficient
development system plays a critical role in the rational exploitation of the field [51].

The main factors contributing to the formation of RRR as a result of development
system design include the following;:

1. Insufficient water injection—when the injection rate lags behind oil production, it
leads to pressure decline, resulting in a reduced pressure gradient. According to
Poiseuille’s law [52], water begins to preferentially flow through the most permeable
zones toward the nearest wells, bypassing distant areas and leaving them unswept.
Prolonged exposure to such conditions results in the formation of stable stream-
lines from injection to production wells, leading to the development of so-called
“dead zones.”

2. High-intensity reservoir flooding—when the injection rate significantly exceeds the
oil production rate. On the one hand, this causes water to push oil through high-
permeability channels, forming dominant filtration pathways. On the other hand, it
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may lead to the formation of auto-hydraulic fracturing (auto-HF) channels—high-
permeability paths from the RPM well—into which the injected water escapes. It
is important to note the difference in RRR formation in this case compared to point
1: here, the pressure is sufficient to reach remote zones of the reservoir, but water
bypasses large volumes due to high filtration velocity. In other words, the reservoir’s
filtration capacity was not properly accounted for during RPM system design.

The presence of multiple productive horizons within a reservoir, differing in filtration
and storage properties (FSP), penetrated by a common wellbore filter. When an im-
permeable barrier exists between them, water injection occurs predominantly into the
most permeable intervals, leaving other layers almost or entirely unaffected. If there is
some degree of hydrodynamic communication between the layers (i.e., crossflows),
along with lateral variability in reservoir properties, situations may arise in which
the injected water enters one formation and then flows into another, more perme-
able one, forming filtration channels and bypassing other portions of the reserves.
For example, analysis of low-permeability formations in China has shown that after
20 years of waterflooding, approximately one-third of the layers in the section had
never been swept by water; it is precisely in these layers that residual oil is concen-
trated [53]. The cause was the absence of an effective layer-by-layer RPM system
during the early years of development. A similar issue is observed at mature fields:
due to wear and damage of casing strings in old wells, it becomes difficult to imple-
ment proper zonal injection across the formations, which complicates the alignment
of the water front.

The distance between injection and production wells, as well as the density of the
well pattern, is another common cause of RRR formation. Large spacing between
injection and production wells can lead to low sweep efficiency—the water front may
not reach the production wells or may arrive in a weakened state. However, this
relationship is most relevant for heterogeneous reservoirs with variable filtration and
storage properties (FSP). It has been demonstrated repeatedly—mainly in fields in the
western part of Texas, developed in carbonate reservoirs—that in isotropic formations
with a high degree of continuity, reducing the spacing between wells did not lead to a
significant increase in development efficiency and had little effect on the ultimate oil
recovery factor. The optimal well pattern density depends on several factors, including
permeability; for example, low-permeability reservoirs require denser well spacing.
In practice, most fields started with sparse well patterns, gradually increasing density.
At the Romashkinskoye field, well spacing was reduced in 1968, and the development
system was switched from a linear to a block-pattern waterflood. In 1976, the grid
was further densified by implementing a 3:1 well ratio. It should be noted that well
pattern design is a complex task influenced by numerous factors [54].

Formation of zones with reduced pressure gradient between wells, where oil remains
in an almost immobile state. During waterflooding, a specific pressure distribution is
established in the inter-well space. The farther a given point is from the production
well, the lower the filtration velocity in that zone, as it is directly proportional to the
pressure gradient. High pressure gradients are established near the wellbore, while
with increasing distance, the gradients decrease accordingly.

Another cause of RRR formation is design errors in the waterflooding system with
respect to geological structures within the reservoir. For example, when there is strong
hydrodynamic communication between the outer and near-boundary zones and an
active aquifer, an improperly designed RPM system may lead to water bypassing into
the near-boundary zone. This, in turn, promotes the formation of zones with unswept
oil in the central part of the reservoir [55].
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From the standpoint of mobility, residual oil can be divided into movable and immov-
able parts. At present, the scientific literature devoted to the classification of residual oil
does not provide a definitive answer to whether it should be considered movable or immov-
able. Hypothetically, any oil can be regarded as movable if there are technologies capable
of altering the physicochemical conditions within the reservoir. In practice, the movable
portion of residual oil is defined as that which retains hydrodynamic connectivity with
the main drainage zones and can be recovered by modifying pressure gradients, mobility
ratio, wettability, or interfacial tension. The immovable 0il, on the other hand, is defined
as the oil that is difficult to affect due to technological limitations; it is typically localized
within capillaries and dead-end pores and exists in the form of thin films as a result of
dominant adhesive and capillary retention forces. Furthermore, part of the oil existing on
the macroscopic scale can also be considered immovable if it is hydrodynamically isolated
from the drainage zones or if pressure gradients are absent, precluding its movement.

The analysis results are presented in the form of a conceptual diagram (Figure 1)
illustrating the structure, hierarchy, and main factors governing the formation of residual
recoverable oil reserves (RRO) in terrigenous reservoirs. The diagram demonstrates the
relationship between microscopic (=30%) and macroscopic (=70%) forms of residual oil,
as well as the physical and technological processes controlling their distribution.

Residual Recoverable
Oil Reserves (ROS)

ROS formed at the

___| OS formed at the microscale

(Dispersed oil) - 30%

macroscale (Lenses and
isolated pockets) - 70%

Capillary-trapped oil

(Oil globules in water)

]

Reservoir heterogeneity

Manifestation of viscoplastic
properties of oil

__| Inefficiencies in the pressure

maintenance system (PMF)

Film oil (Oil film wetting

the solid rock surface)

Figure 1. Generalized block diagram of RRR classification [compiled by the authors].

Presence of fracture
networks in the reservoir

Physicochemical differences
between oil and water
properties

Insufficient water injection

Multiple hydrocarbon-
bearing layers composed
of different lithologies

Loss of continuity in porous
and permeable reservoir
layers

Directional permeability
development due
to sedimentation

Interbedding of permeable
and impermeable layers
in the reservoir

Presence of impermeable
faults in the reservoir

198

Excessive water injection

Multiple productive layers
accessed by a single
completion interval

Suboptimal well spacing
density

Formation of low pressure
gradient zones

Errors in pressure
maintenance system
design




Energies 2025, 18, 5649

Microscopic forms (capillary-trapped and film oil) are formed within the pore space
under the influence of capillary and adhesive forces, which depend on wettability, pore
geometry, and the surface characteristics of mineral grains.

Macroscopic forms (lensed and isolated accumulations) are determined by reservoir
heterogeneity, gravitational redistribution of fluids, and imperfections in the pressure-
maintenance system (PMS). Their formation is associated with the presence of fracturing,
interbedding of rocks with differing permeabilities, and uneven water injection within
the PMS.

3. Methods for Localizing Residual Recoverable Reserves

The RRR types classified above represent a source of additional oil production. Ac-
cordingly, the identification and targeted development of such reserves can significantly
increase the ultimate oil recovery factor (ORF) at oil fields by utilizing existing infrastruc-
ture. Various methods are used for localization, which are conventionally divided into two
groups: direct (instrument-based) methods and indirect methods.

Instrument-based methods include a number of investigations, among which are:

1. Seismic technologies, such as Vertical Seismic Profiling. This is a high-resolution
seismic exploration method in which geophones are placed along the wellbore, while
the seismic source is located on the surface—or vice versa. VSP provides higher
accuracy compared to conventional 3D surface seismic surveys. It is used both in
single-well mode for detailed examination of a local zone and in multi-offset mode
(e.g., walkaway VSP, where the seismic source is moved along a profile) [56,57].

This method allows for predicting hydrocarbon saturation near the wellbore and for
identifying poorly drained zones where o0il accumulates in the form of isolated pockets. Its
high vertical resolution enables detailed evaluation of reservoir intervals adjacent to the
well, while the recording of multicomponent P- and S-waves allows differentiation of fluid
types and qualitative assessment of their migration and volume. The method is widely
used at modern oil fields; however, it should be noted that each VSP session covers only
the vicinity of a specific well. Therefore, assessing the entire field requires

2. Well Logging. This group of instrument-based methods includes both open-hole
logging, i.e., conducted during drilling, and cased-hole logging. The fundamental
difference lies in the objectives of these investigations. Open-hole logging is aimed at
recording the initial parameters of the wellbore. Cased-hole logging—commonly re-
ferred to in modern literature as production geophysical investigations —is considered
a separate category and focuses on recording parameters during field development.

In the context of residual recoverable reserve localization, production geophysical
investigations include pulsed neutron logging and carbon-oxygen (C/O) logging. The
operating principle of neutron-based methods is based on the generation of neutrons by
a source placed in the wellbore and the subsequent detection of thermal or epithermal
neutrons, or gamma rays. The emitted neutron undergoes changes as a result of interactions
with the surrounding formation material. Neutron logging responses primarily depend on
the hydrogen and chlorine content in the vicinity of the well. C/O logging is one of the
few methods that allows for the evaluation of reservoir fluid saturation independently of
formation water salinity [58]. C/O logging directly measures the ratio of carbon to oxygen
concentrations in the rock: a high C/O ratio indicates the presence of oil (carbon), whereas
when oil is replaced by water, the oxygen content increases and the ratio decreases [59].
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These methods are routinely used by major oil companies for reservoir development
monitoring. The ability to determine the current oil saturation of the reservoir around
the wellbore without prolonged well shutdown, along with the possibility of repeated
measurements to track dynamic changes, is a clear advantage. However, the sensitivity
of these methods decreases in low-porosity formations, in the presence of thin productive
layers, and—specifically for neutron logging—in cases of low formation water salinity,
since low-salinity water produces signals similar to those of oil. The investigation radius of
these methods typically spans several tens of centimeters from the wellbore.

Well thermometry, noise logging, flowmetry, moisture logging, and densitometry are
also noteworthy methods widely used for development monitoring and assessment of
current oil saturation. These methods help answer the question of which fluids, and in what
quantities, are entering the wellbore from each penetrated reservoir interval. Accordingly,
they allow detection of oil-water contact (OWC) movement, behind-casing flow (BCF), and
interlayer crossflows, which result in the formation of stagnant oil zones [60].

3. Hydrodynamic well testing is another group of instrument-based investigation
method. Special attention should be given to the modern impulse-coded hydro-
dynamic listening (ICHL) method and tracer studies. ICHL is an advanced version of
inter-well hydrodynamic listening. Instead of continuous excitation, it uses a series
of short pulses delivered into one or several excitation wells. The reception of the
coded signal in the observation well eliminates the need to shut down surround-
ing wells, making the method highly resistant to various types of interference. The
method allows for the identification of stagnant oil zones based on the intensity of the
received signal.

Tracer studies involve injecting a labeled fluid—chemically inert with respect to
reservoir oil and rock—into an injection well and detecting it in a production well after a
certain time interval. This method makes it possible to evaluate inter-well hydrodynamic
connectivity, filtration heterogeneity, and the filtration and storage properties (FSP) of the
reservoir. When combined with other methods, tracer studies provide a comprehensive
picture of RRR formation in the reservoir [61]. The main advantage of this method lies in
its simplicity of application, which allows its use at any stage of field development [62,63].

4. Geochemical well investigations, when applied to the task of localization, represent a
group of methods based on the detection of anomalies and deviations from natural
background values during oil field development. Methods that are actively used in
practice include sampling of formation water and gas, determination of the component
composition of formation gas, determination of the physico-chemical properties of
formation fluids, optical studies (in the UV—-visible-NIR spectral range), infrared
(IR) spectral analysis, and luminescent-bituminological analysis of cuttings and core
samples. Unlike the previous groups of methods, this group is less labor-intensive
and does not require the suspension of production well operations.

Special attention should be given to optical studies of oil, as numerous studies have
demonstrated that the optical properties of oil are highly sensitive to changes in its chemical
composition during field development. The method is based on measuring the optical
density of oil across different spectral ranges and subsequently correlating these values
with the amount of residual oil in the reservoir. In other words, the analysis evaluates how
strongly oil absorbs light at specific wavelengths, and this data is used as an indicator of
whether the oil sample originates from a “depleted” or “unaffected” part of the reservoir.
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Optical studies are based on the Bouguer-Lambert-Beer law (3) [64]:

D

Kee = Sm3a3C1’

®)

where:

Kyc—absorption coefficient,

D—optical density of the analyzed solution,
C—concentration of the solution,

I—path length (thickness of the solution layer).

The physical basis of the method lies in the observation that the composition and
optical properties of oil change as the reservoir is depleted. During displacement pro-
cesses, lighter oil fractions are extracted first, while heavier oil—rich in asphaltenes and
resins—remains in stagnant zones. Such heavy oil has higher optical density and a greater
absorption coefficient.

The advantages of the method include its relative simplicity and the speed of optical
density analysis in laboratory conditions. However, it should be noted that during trans-
portation, samples undergo chemical changes due to the adsorption of natural surfactants
and the evaporation of light oil fractions. Another benefit of the method is its complemen-
tarity with other techniques—optical studies can fill gaps where other methods, such as
well logging, are limited or infeasible. Moreover, the method’s high sensitivity to resin and
asphaltene content—which is directly associated with the accumulation of RRR—offers
strong potential for its further development in localization technologies. It is important to
emphasize that the method characterizes the oil entering a specific well. If the well receives
a mixture of oil from multiple zones, the optical response becomes averaged, making it
difficult to attribute the signal to specific intervals. This requires either selective sampling
from wells that penetrate only a specific zone or the combined use of optical data with
interval-resolved well logging results. It is also evident that the presence of mechanical
impurities, additional water inflow, and other indirect factors can distort the final results.

In study [11], a method for localizing residual oil reserves was proposed based on
measuring the light absorption coefficient of wellhead samples. The method was tested
on 50 wells of the Minnibayevo section of the Romashkinskoye field and demonstrated
comparability with the results of geological modeling. The authors note the need for
further validation of the method when adapting it to various geological conditions, and
they emphasize the influence of laboratory factors as well as the importance of automating
measurements for field-scale application.

Indirect methods include approaches that involve the analysis and processing of large
datasets obtained from sensors and instruments installed at the wellhead or downhole.
These instruments may be stationary or handheld /mobile operator tools. This group
includes sensors from thermobarometric systems (TMS), downhole thermometers, pressure
gauges, the “SUDOS Automat 2” device, optical sensors, various types of flowmeters, and
other wellbore instrumentation.

1.  Methods based on neural network algorithms represent a rapidly developing set of
approaches for localizing residual recoverable reserves. Neural network algorithms
apply machine learning (ML) techniques to analyze large volumes of heterogeneous
field data and generate distribution forecasts. The main objective of using neural
networks is to identify hidden nonlinear relationships that are not detectable through
manual analysis. A key advantage of these methods lies in their ability to automat-
ically account for massive datasets, including development history, well logging,
hydrodynamic studies, and geochemical investigations. It is important to emphasize
that neural network models are most effective at fields with a large, accumulated
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data base and a sufficient number of examples for training. For example, in a large
producing field where RRR has been assessed in several pilot zones, a neural net-
work can be trained on those data and then applied to the rest of the area [65,66].
The application of neural network algorithms is especially justified in multilayered
and highly heterogeneous systems, where traditional methods struggle to generalize
information—neural networks can independently uncover complex dependencies.
They are also well suited for real-time forecast updates as new data become available:
the model can be retrained using fresh inputs. In small or poorly studied fields, neural
network methods are less reliable due to the scarcity of training data; in such cases,
they are more appropriate when combined with physical models—as part of history
matching or for hypothesis validation. Thus, the application of neural network algo-
rithms can be viewed as an integration of data from all types of investigations into a
unified base for further analysis and pattern discovery. The authors further propose
to explore the combined use of ML and optical oil analysis for RRR localization.

One of the most comprehensive and technologically advanced examples of integrating
machine learning methods into residual oil exploration is presented in study [67]. The
authors developed a unique architecture for forecasting residual oil saturation based on
convolutional neural networks (CNNSs), in which spatially normalized tensors are used
as input data. These tensors reflect the dynamics of cumulative oil production, water
injection, porosity, permeability, oil saturation, and results from geochemical investigations.
Particular attention is given to chemical indicators—such as the ratio of light to heavy
n-alkanes in associated gas—which allow for model prediction validation and the identifi-
cation of unswept zones that are inaccessible to conventional hydrodynamic simulators.
The methodology incorporates a stochastic analog of a hydrodynamic model based on
the Kalman filter, which ensures high adaptability when working with real field data.
Implementation of this technology enabled not only the accurate localization of residual
reserves but also the automation of geological and technical measure (GTM) selection at
mature fields.

2. Retrospective analysis is a method for identifying undeveloped or poorly developed
reservoir zones based on the analysis of field development over the entire production
history. Essentially, it is a search for missed oil-bearing intervals using development
data. Within this approach, all available information is collected: initial reserves,
inflow profiles for each reservoir object, well logging results, monthly production
reports (MPR), workover histories, well reassignments to other horizons, and so
on. Then, using a decision-making algorithm, potential zones containing RRR are
identified, along with applicable geological and technical measures for their recovery.

Based on a proprietary RRR classification algorithm developed by the authors and
implemented within the retrospective analysis of data from 2605 wells at one of the Ro-
mashkinskoye field sites, large-scale localization of previously unswept intervals was
performed. More than 96% of the identified RRR were classified as Category 1—zones
with high residual oil saturation that had not been previously affected during field devel-
opment. The main localization zones included inter-injection-well rows, central rows in
three-row patterns, areas near formation junctions, pinch-out zones, and oil-water contact
regions. The study proposed GTM selection algorithms tailored to each RRR category.
Their effectiveness was confirmed during field trials—in particular, additional perforation
in wells No. 16 and No. 6 led to actual oil inflow. The authors emphasize that the method
is still being refined, including optimization of production forecasting and adaptation of
the algorithm to other areas of the field, taking into account geological characteristics and
well stock condition [10].
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3. Voronoi diagrams, or analysis of specific production reserves by well. This method
is based on dividing the field area into so-called Voronoi polygons—filtration zones
in the form of polygons that are closer to a given well than to any other. Each such
polygon is considered the “zone of responsibility” of the corresponding well, from
which it is expected to extract oil. The initial oil reserves within each polygon are
then compared with the actual cumulative production. The difference is considered
the residual reserve associated with the well. The method is simple and visually
intuitive; however, it relies on a simplified model of streamlines, assuming that the
entire selected area is hydraulically connected to a single well—an assumption that
often does not reflect reality. The method requires highly reliable input data, as errors
in the initial reserves map will directly affect the accuracy of residual reserve estimates.
The approach is compatible with retrospective analysis—in fact, the Voronoi diagram
method is a formalized version of well-by-well retrospective analysis. It also integrates
well with categorical classification, allowing polygons to be classified as fully depleted
or underdeveloped.

From the standpoint of applicability ranges, the research methods span a scale from
1072 m to several kilometers. Thus, static core analysis methods allow for refinement at a
scale of 1072-10~! m, depending on the core sample size. It should be noted that the data
obtained vary significantly with the selected core size: researchers from TatNIPIneft have
reported permeability variations by an order of magnitude when transitioning from small
to full-size core samples. Routine well-logging methods provide data with a resolution
on the order of 107'-10° m, establishing a link between laboratory investigations and
reservoir-scale measurements. Hydrodynamic well testing (HWT) methods interpret filtra-
tion processes over a range from 10 to 10° m, enabling analysis of inter-well connectivity
and reservoir permeability. Field geochemical methods are applicable within the range of
10°-10 m, providing additional information on flow directions and fluid composition.
Tracer studies, which combine geochemical and hydrodynamic approaches, offer com-
parable resolution—from 1 to 10> m—and make it possible to identify active flow zones
and stagnant regions. Finally, seismic profiling covers the range of 10°~10* m, providing
insights into the large-scale structure and heterogeneity of the reservoir.

The accuracy and applicability ranges of localization methods belonging to the class
of indirect approaches are entirely dependent on the results obtained through instrumental
measurements. Their reliability decreases as the analysis extends beyond the applicability
range of the instrumental techniques. However, within the limits of field-scale investi-
gations, indirect approaches make it possible to refine data in areas where instrumental
interpretation was ambiguous.

Summarizing the above, it should be noted that there is no universal method for the
localization and evaluation of residual recoverable reserves; no single method is perfect
or self-sufficient. In practice, the highest efficiency is achieved through the integrated
application of multiple approaches. A consolidated classification of RRR localization and
evaluation methods is presented in Figure 2.
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Figure 2. Block diagram of the classification of RRR localization and evaluation methods [compiled
by the authors].

4. Chemical Methods for Enhanced Oil Recovery at the Macroscale

As previously noted, a significant portion of oil reserves remains in the reservoir
after the primary development phase. In practice, regulation of the development process
through methods such as increased injection pressure, cyclic injection, intensified fluid
withdrawal, isolation of reservoir intervals into separate production objects based on their
properties, and well pattern densification have proven effective under conditions of high
geological heterogeneity. However, these methods lack universality and are insufficiently
effective in formations where extensive waterflooding has already occurred. This fact
explains the stabilization of oil recovery factors in modern waterflooding projects at the
level of 0.3-0.5 of the geological reserves [15]. In this context, a key condition for further
improving oil recovery is the restriction of water movement through high-permeability
channels with established streamlines within the existing field development system.

Selective permeability reduction (SPR) methods, also known as water shutoff treat-
ments (WST), are gaining increasing popularity today. According to their target techno-
logical effect, SPR methods can be classified into flow-diverting technologies, injectivity
profile modification, and water inflow restriction. The essence of SPR technologies lies
in selectively increasing the filtration resistance in water-swept, high-permeability zones
of the reservoir, which leads to the redistribution of filtration flows within the formation.
A water-blocking barrier is created in the water-flooded interval, which prevents further
water movement and redirects it into oil-saturated, low-permeability layers. As a result,
the sweep efficiency and the oil recovery factor (ORF) are increased.
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Experience with the implementation of SPR technologies shows that their primary
targets are predominantly terrigenous multilayer reservoirs characterized by a high degree
of geological and physical heterogeneity, where permeability can vary by several orders
of magnitude both vertically and laterally [68]. In particular, several sources describe the
application of SPR methods in the northern Gulf of Mexico [69], in sandy reservoirs of
Indonesia [70], in China’s Daqing Oilfield, and at the Samotlor, Romashkinskoye, Vankor,
and Novo-Elkhovskoye fields in Russia.

Flow-diverting technologies (FDT) have gained widespread application both in Russia
and abroad. According to recent reviews [71], more than 100 different FDTs are currently
known. In Russia, over the period from 2010 to 2020, more than 30,000 operations were
carried out, resulting in a cumulative increase in oil production of 53 million tons. A
confirmed example of the successful implementation of a flow-diverting technology using
polymer systems is provided by the pilot field operations conducted at the Romashkin-
skoye field (reservoir Dy of the Kynov horizon). In 2015, approximately 700 m3 of a
polymer—microgel composition (polymer + crosslinker + surfactant) was injected into an
injection well. Following the treatment, a decrease in the water cut of producing wells from
approximately 80% to 66% and an increase in oil production from about 500 to 700 tons per
month were recorded. The achieved effect is attributed to selective permeability reduction.
In 2020 alone, approximately 9000 SPR operations were performed, with additional oil
production ranging from 0.3 to 1.6 thousand tons per well. The total contribution of FDTs
to additional oil production across the country in 2020 is estimated at around 9.5 million
tons, or approximately 8% of the total incremental production attributable to enhanced oil
recovery methods. These figures emphasize the high effectiveness of selective permeability
reduction technologies in addressing the growing problem of watercut and in localizing
residual oil reserves at mature Russian oil fields [72].

To ensure an objective comparison of the effectiveness of various gel formulations
used in chemical flooding technologies, real field application cases are summarized in
the table below. Table 1, compiled by the authors, presents the key parameters: reservoir
type and residual oil characteristics, the achieved effect—including production increase
and water cut reduction—as well as the limitations under which the formulations can be
applied, such as temperature, salt tolerance, rock sensitivity, and other conditions.

The technological approaches of flow-diverting technologies are classified into several
main categories based on the mechanism by which the blocking barrier is formed. These
include polymer gel-forming and viscoelastic systems, precipitate-forming compositions,
surfactant-based foam systems, and curable (setting) systems. In real field applications,
it is common to combine several mechanisms within a single treatment. For example,
there are complex formulations that combine gel-forming and dispersed-phase compo-
nents, which are injected sequentially to affect both the near-wellbore zone and deep
reservoir intervals.
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4.1. Gel-Forming Systems

Gels are gel-forming substances produced by the coagulation of a colloidal solution
into a semi-solid phase. In modern petroleum engineering literature, the term “gel” en-
compasses elastic and semi-solid materials formed through the chemical crosslinking of
water-soluble polymers in an aqueous solution.

An ideal gel injection technology for improving sweep efficiency should be applicable
to both production and injection wells, for the purposes of displacement enhancement,
inflow restriction, and flow control treatments. The technology must include a simple
and effective gelation chemical system that can be used across a wide range of reservoir
conditions, such as temperature, porosity, permeability, pressure, and others. The system
should be stable over extended periods, provide sufficient gel strength across a broad range
of conditions, and enable controlled and predictable thickening behavior. The gel should
be formulated using relatively inexpensive and readily available chemical reagents, based
on low-concentration compositions.

Field-applied gel systems for improving sweep efficiency exist in various forms and
encompass a wide range of chemical compositions [73]. Below is a classification of gel
systems most frequently referenced in contemporary literature.

Chromium(Ill) carboxylate/acrylamide-polymer gels are aqueous solutions of acrylamide-
based polymer gels in which the chemical crosslinking agent is a carboxylate complex of
Cr(III) [74]. These gels possess exceptionally stable chemical structures and are highly inert to
surrounding environmental conditions. They are applicable across a wide pH range, making
them suitable for use in both acidic and alkaline environments when properly formulated.
Chromium triacetate, Cr(CH3COQO)3, is often preferred as the crosslinking agent. To retard the
gelation reaction, either low-molecular-weight hydrolyzed polyacrylamide is used, or strong
carboxylate ligands are added, such as lactate ester or malonate ester [61].

Cr(IV) in redox reactions with acrylamide polymers represents one of the earliest
technologies for creating blocking systems. Today, this technology is no longer used due to
the high toxicity and carcinogenicity of Cr(IV), as well as the complexity of the crosslinking
chemical reaction [75].

Aluminum(III)-crosslinked gels. There are numerous technologies that incorporate
aluminum as a crosslinking agent; however, the most widespread involves the use of
aluminum in combination with citric acid ester. According to several studies, gels based on
high-molecular-weight hydrolyzed polyacrylamide encounter difficulties—and in some
cases become completely immobile—in low-permeability reservoirs, although they exhibit
good mobility in fractured formations. It is also noted that crosslinking with aluminum is
a slow reaction, typically occurring over the course of several hours, and the viscosity of
such systems does not exceed the viscosity of water-based polymer solutions without a
crosslinking agent [76].

Polyacrylamide gels crosslinked with aluminum and acetic acid esters have recently
gained popularity. These are referred to as colloidal dispersion gels and are primarily used
in porous reservoirs. These systems are of particular interest, as crosslinking occurs via
aluminum acetate, which provides thermal and chemical stability of the gel across a pH
range of 3.5 to 8.5, as well as high stability in salinity levels up to 50 g/L [77].

An interesting direction is the use of aluminum alkoxides for modifying ethylene-vinyl
acetate (EVA) copolymers, where transesterification reactions lead to the formation of three-
dimensional crosslinked structures [78]. As a result of the interaction between the hydroxyl
groups of the aluminum compounds and the acetate fragments of the polymer, a significant
increase in viscosity is observed, along with the formation of a spatially crosslinked gel
structure [79].
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Gels crosslinked with other multivalent metal ions, such as Cu?*, Zr**, Ni?*, and
Co?*, are also being investigated. For example, the use of Zr** in gel systems significantly
enhances their thermal stability and effectiveness when injected into high-temperature
reservoirs. Modern modifications of such gels utilizing biocompatible components demon-
strate stable behavior at temperatures up to 130 °C and effectively reduce permeability in
high-permeability reservoir intervals, providing a reliable flow-diverting effect [80].

As part of the search for environmentally safe alternatives to toxic Cr3* crosslinkers,
gels based on divalent metals, particularly Co?*, Ni?*, and Cu?*, are actively being studied.
Research has shown that cobalt acetate forms strong and stable gels suitable for use at
temperatures up to 150 °C and under high salinity conditions of formation water. Gel sys-
tems based on Ni** and Cu?* have also demonstrated satisfactory stability and operational
feasibility, effectively reducing water saturation and redistributing flow in heterogeneous
reservoirs [81].

Gels crosslinked with organic crosslinking agents. This group of gels was originally
developed in pursuit of strong and stable polymer gels that would eliminate the need for
metallic crosslinkers. Most of the organic-crosslinked gels developed to date are based
on the chemical properties of phenol and formaldehyde or their derivatives. However,
phenol and formaldehyde are known to be highly toxic. In this regard, one of the modern
solutions is the use of the amino acid L-lysine as a crosslinking agent for polyacrylamide.
Gels developed on this basis demonstrate stable structure formation at temperatures up
to 130 °C, high resistance to formation water salinity, and the ability to effectively reduce
permeability in water-bearing zones [80].

Another actively researched direction involves organic gel systems based on hydro-
quinone and hexamethylenetetramine. These formulations allow for precise control of
gelation time, which is critically important for the controlled placement of the gel within
the pore space of the reservoir. Gels formed using these components exhibit high resistance
to salinity and elevated temperatures, and are also effective in limiting water inflow in
fractured formations.

Biopolymer gels are gels based on the crosslinking of biopolymers with either organic
or inorganic crosslinking agents. One of the most established technologies in this category
involves xanthan-based formulations crosslinked with inorganic Cr(IIl). In recent years,
active attention has been given to the development of gels based on natural polysaccharides
such as guar gum, scleroglucan, diutan-gamma, pectins, and gum arabic, owing to their
biocompatibility, resistance to high salinity, and thermal stability. These polysaccharides act
as the gel base, while crosslinking is achieved using agents such as Cr>*, Zr**, and organob-
orate compounds, which effectively crosslink the hydroxyl groups of polysaccharides
under alkaline pH conditions [82,83].

Guar gum is one of the most commonly used biopolymer bases for gels, especially
under hydraulic fracturing conditions, due to its ability to form stable gel structures at
low concentrations in the presence of organoborate crosslinkers. Scleroglucan and diutan-
gamma are used under conditions of high temperature and high salinity, including in
systems crosslinked with Cr3* and Zr*" ions [84].

Pectins, due to their carboxyl group content, interact with divalent cations (e.g., Ca®*)
to form ionic gels suitable for moderate temperature conditions [85].

Gum arabic, although it has limited gelation capability on its own, can enhance the
solubility and thermal stability of other polysaccharides in mixed systems. It exhibits
resistance to saline environments and maintains viscosity in the presence of Na* and Ca?*
ions [86].
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A promising direction is also the use of cellulose-based biopolymers, such as car-
boxymethyl cellulose (CMC) and hydroxyethyl cellulose, which have high water solubility
and the ability to form gel-like structures. According to [87], such biopolymers are ef-
fectively used in environmentally friendly gel-forming systems aimed at enhancing oil
recovery and controlling water inflow. Furthermore, experimental studies have shown
that gelation of CMC may involve coordination crosslinking with multivalent cations, and
the viscoelastic properties of such gels depend on both concentration and environmental
conditions [88,89].

Another rapidly developing direction is the use of lignin as a natural biopolymer
characterized by high chemical stability and environmental compatibility. Due to its
polyfunctional structure, lignin can participate in the formation of gel-like networks, either
as a base material or as a functional additive. Experimental studies have shown that lignin
exhibits a high degree of adsorption on rock surfaces even under high salinity conditions,
making it an effective flow-diverting material [90]. Moreover, combinations of lignin with
inorganic components such as aluminum soaps allow the creation of durable gel-like
materials with pronounced sorption and structural-mechanical properties, suitable for
water-bearing zone isolation and enhanced oil recovery [91]. Additionally, hybrid gels
based on lignin-containing nanocellulose have been developed, demonstrating thermal
stability up to 150 °C and resistance to salinity levels up to 200,000 mg/L [92].

Monomeric gels are gels formed through the localized polymerization of organic
monomers, with or without the inclusion of crosslinking monomers. The earliest devel-
opments in this area were based on the in situ polymerization of acrylamide monomer.
However, due to its high toxicity, this method is now rarely used. Preference is currently
given to the localized polymerization of less toxic monomers, such as acrylates. A key ad-
vantage of this type of gel is the low viscosity of the gel-forming solution, which facilitates
injection. The main disadvantage is its high sensitivity to reservoir properties, which can
limit the applicability of the method.

A promising direction is the use of multifunctional monomeric systems containing
N,N-dimethylacrylamide, AMPSNa, and N-vinylpyrrolidone, which are polymerized in
situ to enhance the thermochemical stability of gels under reservoir conditions [93]. In
addition, technologies for controlled delayed polymerization are actively being developed.
These are aimed at achieving deep flow diversion and uniform distribution of the gel front
within the reservoir [94].

Gels based on synthetic organic polymers are gel-forming systems in which the
primary component is a pre-synthesized polymer, such as polyacrylamide (PAM) and its
copolymers. Unlike monomeric gels, which are formed in situ, these systems are injected
into the reservoir in ready-to-use form, often in combination with crosslinking agents to
stabilize the gel structure. A typical example is the PAM/PEI gel, which has demonstrated
high efficiency at temperatures up to 120 °C, increasing the oil recovery factor by 24% in
laboratory conditions [95]. To improve placement selectivity and blocking stability, such
gels can be modified with inorganic nanoparticles, such as Fe3Oy4, without altering the
organic nature of the base polymer. In particular, one study developed a magnetically
responsive PAM gel modified with Fe3Oy, capable of directed placement in porous media
and thermal stability under reservoir conditions [96]. Synthetic organic polymers also serve
as the basis for preformed particle gels (PPGs) in the micron size range [97]. The advantages
of synthetic organic polymers include high salinity resistance, adaptability to various
reservoir conditions, and a wide range of crosslinker options. However, limitations include
increased viscosity prior to gelation and the potentially reduced depth of penetration
compared to monomeric systems.
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Inorganic gels. Throughout the study of inorganic gels, a wide variety of formulations
have been examined and applied. These systems typically utilize gels based on silicates
or aluminum ions, as well as gels formed from iron and magnesium hydroxides. Silicate
gel is formed when an aqueous solution with a relatively high pH, containing a sufficient
amount of monomeric orthosilicic acid ester or oligomers of orthosilicic acid, undergoes
pH reduction or is exposed to hardness cations. Silicate gels may form under the influence
of either an external or internal catalyst. An internal catalyst is typically an acid-generating
compound that spontaneously lowers the pH after injection into the reservoir. Silicate gel
formation via external catalysis occurs when the monomeric orthosilicic acid or oligomer
solution comes into contact with formation water containing hardness cations, such
as Ca?".

Such systems demonstrate high thermal stability and resistance to saline environments,
as confirmed by numerous studies. In particular, interactions with Ca?* and Mg?* ions
lead to the formation of strong CSH (calcium silicate hydrate) and MSH (magnesium
silicate hydrate) gels, which maintain stability at temperatures up to 140 °C and provide an
increase in oil recovery factor of up to 23.87% [98]. A similar approach was implemented
in an earlier study, where a silicate gel was used for flow diversion and demonstrated
high efficiency in selective water shutoff in permeable zones, while maintaining stability
under reservoir temperature and salinity conditions [99]. More recent developments have
shown that the use of inorganic reagents can achieve high residual resistance factors
(RRF > 180) and confirm the promising potential of such systems for injection profile
control, without the need for complex organic components [100]. Despite their advantages,
the main limitations of inorganic gels include limited controllability of gelation time and
possible instability under varying reservoir pH and water composition.

Subsequently, Table 2 presents a summary of laboratory studies and pilot field trials
of various gel-forming compositions.
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4.2. Other Methods for Selective Permeability Reduction

Other technologies exist that are based on different mechanisms of barrier formation.
For example, precipitate-forming systems are also effective tools under field conditions.
These systems consist of chemical reagent compositions that rely on the precipitation of am-
photeric or crystalline solids. An example of such a technology includes sodium carbonate
and calcium chloride solutions. Other known approaches involve sulfate—sodium mixtures
with calcium chloride, or sodium silicate injected together with inorganic acids. Injection is
typically performed by displacing chemical slugs into the reservoir. Precipitation-based
technologies were widely used in the past, and field experience has shown them to be
both effective and economically accessible. The technology was actively applied by Surgut-
neftegaz, with over 250 wells treated between 2012 and 2014. However, field results
indicated that the method was effective mainly during the second and third stages of field
development, when reserve depletion was still relatively low. This limited applicability is
likely due to the insufficient mobility of the precipitate barriers within the reservoir, as well
as significant sensitivity to formation water salinity and pH conditions [103].

Curable systems, most commonly represented by resins, are also used in selective
permeability reduction. The application of resins is currently proposed by a limited number
of modern companies, yet several types are distinguished: epoxy resins, phenolic resins,
furan resins, and crosslinked styrene-butadiene block copolymers [110,111]. The advan-
tages of this technology include high mechanical strength, adhesion, thermal stability, and
chemical resistance of the resins. Among the disadvantages, a key limitation is the short
treatment radius from the wellbore due to the high viscosity of resin solutions. Additionally,
the systems are chemically complex, which requires especially careful injection modeling.
Resins are also expensive per unit volume, which often leads to the use of resin-transported
dispersed phases to reduce consumption [112]. Field applications include: Furan resin
treatments in production wells at the Kern River and San Ardo fields in California; Phenolic
resin treatments at the Midway-Sunset field; Epoxy resin treatments at the Green Canyon
field in the Gulf of Mexico.

Surfactant-foam systems currently have three main applications in oil production:

1.  Mobility control agent during steam injection into the reservoir;

Mobility control agent during CO, injection;

3. Gas-blocking agent around production wells.

Despite their potential, foam systems have not seen widespread use, primarily because
the injection process is technically complex and labor-intensive. Gel-based systems are
generally preferred due to their greater operational simplicity and reliability.

Based on the information presented above regarding selective permeability reduction
(SPR) compositions, as well as practical experience described in recent publications, a large
number of modifications of various systems have been developed—many of which have
now evolved into distinct classes of formulations. The main modifications that enhance the
performance of flow-diverting technologies include:

1. Thermal stabilizers—chemical additives that prevent the degradation of chemical
systems under high-temperature conditions;

2. Catalysts—substances that accelerate chemical reactions within the reservoir, for
example, external and internal catalysts used in inorganic gel systems;

3. Stabilizers—compounds that ensure the integrity and functional performance of gel
systems over time by providing resistance to salinity, pH fluctuations, shear stress,
and filtration effects;

4.  Fillers—solid particles introduced into the dispersed phase to increase mechanical
strength and plugging capability. They enhance the mechanical properties of the
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system and may provide additional filtration resistance. For instance, the combined
addition of wood flour and clay powder significantly increases resistance to flow in
water-swept zones: wood flour swells on contact with water, while clay flocculates
with the polymer, forming a strong structural framework. Another example is the use
of rubber crumb, where shredded recycled rubber is mixed with sodium silicate or
bitumen; the crumb swells, blocking fractures and flow channels.

Thus, new subclasses of flow-diverting compositions are being developed, includ-
ing thermotropic systems, polymer—dispersed systems, fiber—dispersed systems, gel—
precipitate-forming systems, and others.

As previously noted, one of the criteria for an ideal flow-diverting system is the use
of the most effective and relatively low-cost components. Under current conditions, a
particularly relevant area of focus is the identification and implementation of industrial
waste products as reagents for FDT applications. Such materials may include sludges from
oil refineries, byproducts of metallurgical processes, and components from the pulp and
paper or agricultural industries. Data from several projects involving the application of
recycled materials have been summarized in Table 3.
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The efficiency of gel-forming and flow-diverting compositions based on industrial
waste is determined by their granulometric and chemical composition. Modified fly
ash and blast furnace slag represent inorganic matrices with particle sizes of 5-50 pm
and a predominance of SiO,, Al,O3, and CaO. Activation with alkaline agents (NaOH
0.3-2%) and the use of borax or CaCl, as curing regulators enhance polymer adsorption and
promote the formation of a dense silicate—polymer structure with a compressive strength
of 0.8-1.5 MPa and thermal stability up to 300 °C [118].

Systems based on oily sludge contain both mineral and organic phases (1025 wt.%),
which determine the gelation kinetics. Finely dispersed particles (<20 pm) increase gel
strength, while a moderate organic content imparts elasticity and hydrophobicity. When
the organic phase is excessive, crosslinking slows down, reducing long-term stability.
Optimization of the phase ratio allows regulation of the gelation time within 3-300 h,
achieving sealing efficiency above 85% and thermal stability up to 350 °C [119].

Cellulose-based compositions [116] include microfibrous fillers and hydromicas, which
provide reinforcement and salt tolerance at mineralization levels up to 200 g/L and tem-
peratures of 120-150 °C. Natural biodegradable materials also exhibit selective water
shutoff properties with minimal environmental impact, offering a sustainable alternative to
synthetic systems.

Based on the analysis of available sources, several examples of industrial waste utiliza-
tion as components for selective permeability reduction in reservoirs have been identified.
Most case studies demonstrate a positive effect from implementation, and the diversity
of waste products offers a wide range of chemical compositions, allowing their use in
various modifications of base FDT systems. Bauxite residues deserve special mention, as
they contain significant amounts of metal cation impurities, including Fe,O3, Al,O3, SiO»,
TiO,, and NayO. In addition to their high content of reactive components, this byproduct is
also highly alkaline due to the specifics of its processing. Other types of waste also contain
multivalent metals, which, in turn, determine the direction of the authors’ future research.

5. Results and Discussion

The current pace of field development inevitably leads to the formation of residual
oil reserves. After the completion of primary recovery, up to 62.5% of oil reserves may
remain unproduced in the reservoir. As noted by several authors, the low oil recovery
factor observed at many Russian fields is a result of insufficient application of enhanced oil
recovery methods, the implementation of which requires significant capital investment, as
well as the lack of technologies capable of targeting the underlying causes of incomplete
reservoir depletion [121].

Residual reserves in terrigenous reservoirs are formed at both the microscale, which
accounts for approximately 30% of residual oil, and the macroscale, which accounts for
about 70%. In the first case, as noted in fundamental sources, the primary cause of such ac-
cumulation is reservoir rock wettability, with oil existing in the form of films and dispersed
droplets. In the second case, oil is present as accumulations—so-called pockets and lenses—
formed due to reservoir heterogeneity, the viscoplastic properties of oil, and technological
factors associated with the imperfections of the development system. There is no doubt that
targeting oil reserves formed at the macroscale is a more universal and effective approach
compared to attempting to recover capillary- and film-trapped oil. The predominance of
macroscale residual reserves, as well as the availability of effective methods to act upon
them, determines the authors’ research focus on improving oil field development efficiency
by involving previously undrained zones containing RRR.

At present, there are numerous field-proven methods for monitoring oil field develop-
ment, many of which have long become routine practice for operating companies. Based
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on an analysis of modern advancements in this area, the authors have classified these
monitoring methods into two groups: instrument-based methods and indirect (analytical)
methods. The fundamental difference lies in how information is obtained regarding the
current state of the development object. The instrumental methods group includes Vertical
Seismic Profiling, well logging, well testing, and geochemical investigations. Each of these
classes is actively evolving and, under current conditions, constitutes an essential part
of field monitoring. Indirect or analytical methods refer to approaches for localizing and
evaluating residual recoverable reserves. These include retrospective analysis, Voronoi
diagram analysis, and the use of neural network algorithms, which—given the ongoing
digital transformation of the industry—represent a promising direction. Among instrumen-
tal methods, the authors emphasize geochemical investigations, particularly the optical
method for well analysis in the UV-visible-NIR spectrum. The optical properties of oil are
extremely sensitive to changes in chemical composition during production, which, when
properly implemented, can be effectively used as a tool for identifying and localizing zones
containing RRR. Going forward, the authors plan to implement neural network approaches
in combination with optical oil analysis to localize RRR zones—an approach that has the
potential to become a highly effective technological solution.

The formation of dominant water-swept zones within the reservoir is an inevitable
consequence of current field development systems, due to a number of factors. Although
technological methods based on adjusting well operating parameters are effective tools
for enhancing oil recovery, their application does not sufficiently enable the involvement
of previously undrained reservoir zones. In this regard, given the substantial volumes of
residual recoverable reserves at Russian oil fields, physicochemical enhanced oil recovery
methods based on selective permeability reduction have proven highly effective. Injectivity
profile control aimed at improving sweep efficiency, isolation of water-swept intervals, and
redistribution of flow paths in the reservoir via the creation of remote blocking barriers are
all recognized as efficient tools widely applied at oil fields around the world. Chemical
systems for such applications can be classified by the physicochemical mechanism used to
create the blocking barrier, namely into gel-forming systems, precipitate-forming systems,
curable (setting) systems, and surfactant—foam systems.

Through source analysis, the authors have identified gel-forming systems as the most
extensive, rapidly developing, and highly tunable group among selective permeability
reduction technologies. Among gel systems, the most frequently applied are those based
on Cr(III) and AI(III) crosslinked gels, biopolymer gels, inorganic gels based on sodium
silicate, and gels based on synthetic organic polymers. Various modifications of these
gels are also known, including the use of thermal stabilizers, catalysts, and the addition
of dispersed fillers into the gel framework. Field applications have demonstrated the
high efficiency of these compositions both in Russia and internationally. Under current
technological and economic conditions, systems incorporating industrial waste products
are gaining popularity. Numerous industrial sectors generate chemical components that
can either serve as crosslinkers, form the base of a gel, or act as modifiers. Examples include
byproducts from the pulp and paper, agricultural, metallurgical, and oil refining industries.
Due to the presence of multivalent metals and natural polymers in production sludges, the
authors propose this area as a promising direction for future research.

6. Conclusions

The present study outlines the principles of residual oil reserve formation at both the
micro- and macroscale during oil field development, along with the methods for evaluation
and localization of residual recoverable reserves and physicochemical enhanced oil recovery
methods, specifically selective permeability reduction techniques, which represent one of
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the most promising directions in this field. Based on the results of this study, the following
conclusions can be drawn:

1. At large oil fields in Russia, up to 62.5% of oil reserves remain unrecovered in the
reservoir, of which 30% correspond to oil retained at the microscale and 70% to oil
accumulated at the macroscale.

2. The formation of macroscale residual oil is caused by various types of reservoir
heterogeneity, differences in oil and water properties, and imperfections in the pressure
maintenance system.

3. A wide range of monitoring methods is used in the field to control reservoir devel-
opment. These include both instrumental and indirect (analytical) methods. The
key distinction between them lies in the manner of acquiring information about
the reservoir.

4. A promising direction is the integration of optical well investigation methods in the
UV-visible-NIR spectrum with neural network algorithms operating in situ. The
combined implementation of these methods will improve mapping by enabling the
localization of residual oil that differs significantly in its optical properties. However,
the question of the feasibility and necessity of large-scale pilot projects for integrating
neural network algorithms in field operations remains relevant.

5. Chemical methods for residual oil recovery based on selective permeability reduction
have proven effective. These include gel-forming, precipitate-forming, curable, and
surfactant-foam systems for creating blocking barriers. Gel systems, in particular,
offer the highest degree of tunability.

6. A promising direction in the field of flow-diverting technologies is the use of waste
products from various industries, including pulp and paper, agricultural, metallurgical,
and petroleum refining sectors. These recycled materials may contain useful components
such as crosslinking agents, gel-forming substances, and thermal stabilizers.
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Abstract

Depressurization combined with thermal stimulation based on injection-production well
patterns is considered promising for gas hydrate development. Nevertheless, its direct
application to Shenhu challenging hydrates may be problematic due to the presence of
low reservoir permeability and permeable boundaries. The present study proposes to im-
prove the development potential of Shenhu hydrate by reservoir reconstruction, including
boundary sealing and reservoir fracturing, and numerically investigates the production
performance. The results showed that water intrusion, hot loss, and gas leakage can be
effectively addressed by boundary sealing. Nevertheless, it cannot enhance productivity as
thermal decomposition gas accumulated around the injection well. Conversely, reservoir
fracturing can significantly improve extraction efficiency as substantial amounts of hydrates
dissociate along the fractures, and the gas can be well recovered through the fractures.
However, reservoir fracturing was not conducive to water control and energy utilization as
it induced more severe water flooding and gas leakage. Under the synergistic effect of the
two, there was no methane leakage, and the gas production rate increased with increasing
fracture conductivity, while the gas-to-water ratio and energy ratio presented the opposite
trend. To obtain a favorable production performance, a fracture with a conductivity of
1-10 D-cm was recommended. Therefore, the combination of boundary sealing and reser-
voir fracturing makes it feasible for safe and efficient extraction of offshore challenging
hydrate under the injection-production mode.

Keywords: gas hydrate; boundary sealing; reservoir fracturing; productivity enhancement;
water control

1. Introduction

Natural gas hydrate (NGH) is a crystalline compound in which guest gas molecules
(mainly methane) are encapsulated in a cage of water molecules [1]. Due to the wide
distribution and huge reserves, with a carbon content of about 1/3 of the global total [2,3],
NGH is widely recognized as a promising new clean energy resource that will play a
significant role in future energy supply [4].

At present, Japan, China, the European Union, as well as other countries and re-
gions, have been vigorously advancing the commercial development and utilization of
hydrates [5]. However, more than 97% of NGH is hosted in deep-sea shallow sediments, fac-
ing enormous challenges for development due to the complex marine environment, unique
occurrence conditions, and a range of potential geo-environmental issues [6]. The Shenhu
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Area of the South China Sea is currently one of the most active NGH trial production sites
in the world, where NGH is endowed in low-permeability clayey silty sediments without
impermeable boundaries [7-9]. According to the classification of hydrates by Moridis et al.
(2011), this falls under the category of challenging hydrates due to the great extraction
difficulty [10]. Furthermore, the two rounds of trial production of Shenhu hydrates have
proven the feasibility of recovering gas from this deposit [11,12]. Especially in the second
trial production, horizontal wells were used for productivity enhancement, with 86.14 x
10* m3 of gas produced within 30 days [12]. Nevertheless, it is still far below the accepted
commercial productivity of 5-50 m>/d [13,14]. Consequently, enhancing the productivity
of challenging hydrates has become a hot topic.

The feasible NGH extraction methods include depressurization, thermal stimulation,
gas displacement (mainly CO,), and inhibitor injection [15]. Among them, the combination
of depressurization and thermal stimulation is generally considered highly promising as it
can provide sufficient heat for hydrate decomposition [16-19]. Particularly, the injection-
production mode based on a multi-well shows tantalizing potential because of the efficient
mass and heat transfer and has been proposed for the commercial development of NGH
by Japan [20]. However, this development mode may be problematic if applied directly
to challenging hydrates. The most pronounced distinction is that the permeability of the
clayey silty deposits in the Shenhu Area (mostly less than 10 mD) is much lower than the
sandy deposits in the Nankai Trough (hundreds to thousands of mD), which is unfavorable
for temperature—pressure transfer and fluid flow. Li et al. (2010) and Su et al. (2012) found
that thermal stimulation was confined to a limited area [21,22]. Feng et al. (2015) and Jin
et al. (2016) revealed that the low permeability cuts off the inter-well hydraulic connection,
resulting in the thermal decomposition gas being hard to recover [23,24]. Additionally,
the absence of an impermeable boundary results in significant heat fluid losses, which are
highly detrimental to energy utilization [25]. Most importantly, thermal decomposition
gas tends to escape to the cover layers driven by the high injection pressure, significantly
increasing the geo-environmental risk [26]. These issues need to be well addressed in
challenging hydrate development under the injection-production mode.

Reservoir fracturing (RF) is an important strategy for unconventional oil and gas
development [27-29]. Because of this, RF has been proposed to improve the injection-
production performance of challenging hydrates. Furthermore, the fracability of hydrate
deposits and the stimulation potential have been initially evaluated [30-36]. Ju et al.
(2020) found that RF improved the hot water wave area, thereby facilitating hydrate
decomposition [34]. Zhong et al. (2011, 2022) discovered that RF greatly increased the
mass and heat transfer between injection and production wells, and was expected to
reach commercial productivity [13,37]. However, the hot water loss and gas leakage
induced by the open boundary were not considered. According to our previous assessment,
uncontrolled hydrate decomposition caused by RF can significantly increase the risk of gas
leakage [38]. Against this background, the current study attempts to address the negative
effects induced by RF and permeable boundaries.

The permeable cover layer of the NGH deposits is similar to the boundary conditions of
gas reservoirs containing edge or bottom water. The primary solution technique is boundary
sealing (BS), that is, the use of sealing and plugging materials (e.g., cement) to create
impermeable artificial barriers that prevent water intrusion. Yue et al. (2012) developed
a flow model for horizontal wells in bottom-water-driven reservoirs with impermeable
barriers, demonstrating that the barrier can enhance the critical rate and delay water
breakthrough [39]. Liu et al. (2023) constructed an improved artificial barrier by injecting
oil-soluble resin as the selective water shut-off agent during the crack generation phase [40].
Bai et al. (2024) reviewed the macroscopic effects and microscopic mechanisms of gel
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agents during the “injection, migration, plugging, and stabilization” process [41]. Similarly,
this technology can be integrated into hydrate development. Our previous research has
demonstrated that the hydraulic connection between the reservoir and caprock can be
severed by the BS, thereby addressing issues including injected hot loss, boundary water
intrusion, and methane leakage [42]. However, the low reservoir permeability hindered the
migration of thermal decomposition gas to production wells, resulting in no contribution to
productivity during the first three years of hot water injection. Given all the considerations
above, the combination of BS and RF may be a novel and promising development mode
for offshore challenging hydrates.

This study intends to improve the development potential of challenging hydrates
under the injection-production mode through reservoir reconstruction, including BS and
RE. The production performance, including NGH decomposition, gas—water production,
energy utilization, as well as hot loss and gas leakage, was numerically analyzed, with
Shenhu challenging hydrates as the geological background. Furthermore, the synergistic
effects between BS and RF were thoroughly evaluated. The novel findings of this study
could provide valuable insights for challenging hydrate extraction.

2. Modeling
2.1. Development Plan

The development plan is designed based on the geological characteristics of hydrates
at the Shenhu SH2 site, as shown in Figure 1. Geological surveys indicate that the hydrate
deposits at the Shenhu SH2 site belong to Class 2 [43,44]. Furthermore, both the overlayer
(OL) and underlayer (UL) are permeable with the same permeability as the hydrate-bearing
layer (HBL) of 10 mD. Consequently, this represents a classic challenging hydrate character-
ized by the absence of impermeable boundaries and low reservoir permeability [10]. In the
development plan, a five-spot horizontal well pattern with a rectangular distribution was
adopted, including one hot water injection well located in the middle of the reservoir and
four production wells distributed at the top and bottom of the HBL. Previous studies have
demonstrated that this type of well deployment is efficient for gas recovery [45,46]. One
feasible reservoir reconstruction scheme is given as follows: firstly, a high-conductivity
artificial fracture is created in the middle of the HBL by RF through the injection well;
then, impermeable artificial barriers are formed at the top and bottom of the HBL by
injecting sealing materials (e.g., cement) through the production wells, thereby sealing
open boundaries.

Sea level 4

Production well

1423 m

7-Sealing overlayer”

Injection well

U Y D ASTIRG TS SRR TN 7 ¥ S AKTH S ST Y S0 AT ST P TANT X SDARTW 5

Sealing underlayer

X

Figure 1. Proposed development plan for the NGH reservoir at the Shenhu SH2 site, wherein the
injection and production horizontal wells were arranged along the X-axis; all horizontal sections
were drilled along the Y-axis; and the Z-axis represents the vertical direction.
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2.2. Geometric Modeling

The HBL thickness at Shenhu SH2 is reported to be 0—44 m [43], and 40 m is taken
here. Several researchers have demonstrated that a 30 m thick cover layer is sufficient for
the simulation of reservoir temperature—pressure evolution [47-49]. While considering
the permeable characteristics in this case, the thickness of the OL and UL was set to
be 80 m. The horizontal well spacing between the injection and production wells was
100 m, assuming that the reservoir was homogeneous along the Y-axis, and thus only one
unit length of the horizontal well section was modelled. As a result, the model size is
200 m (X) x 1 m (Y) x 200 m (Z).

The fracture width and half-length were set as 0.01 and 1 m, with a conductivity of
1-50 D-cm. The 1 m-thick layer at the top and bottom of the HBL was modeled as the
barrier, and the permeability was set as 0 to simulate the sealing effect. In the X direction,
the grids were refined from 1 m to 0.2 m toward the wellbore, resulting in 203 subdivided
meshes. In the Y direction, only one grid was subdivided. In the Z-direction, the grids were
refined from the model boundary toward the fracture to 0.01 m, resulting in 106 subdivided
meshes. As a result, the total number of meshes is 21,518.

2.3. Simulation Code

Tough + Hydrate (T + H, v1.0), developed by Lawrence Berkeley, was used here
because of its reliability in describing phase transitions, heat exchange, and fluid flow in
complex media. Furthermore, its accuracy has been fully tested on both experimental and
mine scales [50-52], which ensures the accuracy of the simulation results.

2.4. Initial and Boundary Conditions

Reservoir pressure and temperature were initialized using hydrostatic pressure and
geothermal gradients due to the permeable cover layers. Dirichlet boundary conditions
were imposed at the top and bottom model boundaries, as sufficient cover layers have been
considered. Model parameters are presented in Table 1. Notably, to ensure the reliability
of simulation results, the selected reservoir parameters in the model, including porosity,
permeability, and hydrate saturation, as well as the properties of the OL and UL, were
consistent with the real geological conditions of Shenhu SH2 Site.

Table 1. Model parameters.

Reservoir Parameters Value and Unit

Sediment and seawater densities 2650 kg/ m3, 1024 kg/ m3
Sediment porosity 0.38

Sediment permeability 10 mD

Hydrate saturation 0.55

Sediment specific heat 1000 J/ (kg-K)

Dry and wet thermal conductivity

of sediments 1W/(m-K), 3.1 W/(m-K)
Initial average reservoir pressure 14.70 MPa

Seafloor temperature 3.60 °C

Thermal gradient 50 °C/km

Injection and production parameters Value & Unit

Production pressure 4.50 MPa

Injection pressures 20 MPa

Hot water temperature 60 °C
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Table 1. Cont.

Constitutive parameters Value & Unit
1-A
i Sa—Sia \ /A
Capillary pressure Py Peap = — Py (Sm iAfS ;\A ) 1
. .1e S _Sir ng
Gas phase relative permeability k¢ ke = ( 1675”14@ )
. .1 —Q. n
Aqueous phase relative permeability k; 4 koo = (S ftsf:;A )
Py 1 x 10° Pa
A 0.45
SmxA 1.00
n 3.50
ne 3.50
Sira 0.30
SirG 0.03

2.5. Simulation Scheme

In our simulations, the production behaviors under various BS cases including sealing
OL (BSp), UL (BSy), or both (BSoy) were investigated; subsequently, various RF cases
were analyzed, including C¢ of 1 (RFy), 5 (RFs), 10 (RFyg), and 50 (RFs5p) D-cm, respectively;
and finally, the synergistic effect between RF and BS was evaluated. Notably, the unrecon-
structed reservoir serves as a base case for comparative analyses. Consequently, the final
simulation scheme in Table 2 was developed.

Table 2. Simulation scheme.

Cases Sealed Layer C¢, D-cm Cases Sealed Layer C¢, D-cm
Base case None None RFqo None 10
BSou OL, UL None RFs5q None 50
BSO OL None BSOU + RF; OL, UL 1
BSy UL None BSou + RFs OL, UL 5
RF; None 1 BSou + RFjg OL, UL 10
RF5 None 5 BSou + RFs OL, UL 50

3. Results and Discussion

3.1. Production Performance Under BS
3.1.1. Reservoir Physical Field Distribution

The reservoir physical field distribution at 1800 days in the base, BSoy, BSo, and BSy
cases is shown in Figure 2.

The high injection pressure extended to the cover layer in the base case (Figure 2a),
and considerable injected hot water flowed into the OL and UL (Figure 2b). Furthermore,
the propagation of low production pressures was suppressed, similar to the boundary
water intrusion phenomenon in the development of conventional gas reservoirs containing
edge or bottom water. This interlayer permeability difference is detrimental to hydrate
dissociation and gas recovery. It can be observed that the thermal decomposition gas
escaped into cover layers (Figure 2¢) and a significant amount of NGH was reserved
(Figure 2d). In the BSoy case, the high injection pressure can be successfully maintained
in the HBL, and the low production pressure was also efficiently propagated, creating a
satisfactory pressure gradient between the injection and production wells (Figure 2e). In
addition, there was no hot water loss (Figure 2f) and gas escape (Figure 2g). Regrettably,
gas was hard to transport to the production wells due to the low reservoir permeability.
This causes a large amount of gas that is trapped in the vicinity of the injection wells
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(Figure 2g), thus inhibiting the injection and diffusion of hot water (Figure 2f). As a result,
the NGH decomposition efficiency (Figure 2h) was lower relative to the base case. In the
BSo case, high injection pressure maintenance failed (Figure 2i). The mechanism is that
the injected hot water penetrated through the bottom of the HBL and migrated downward
into the permeable UL, causing partial thermal decomposition gas to escape into the UL
(Figure 2j-1). In the BSy case, high injection pressure primarily propagated towards the
permeable OL (Figure 2m). This results in hot water breaking through the top of the HBL
and thermal decomposition gas escaping into the permeable OL (Figure 2n—p). Thus,
partial sealing does not fully prevent hot water loss and gas escape.
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Figure 2. Reservoir pressure (P), temperature (T), hydrate saturation (S), and gas saturation (Sg) in
the base, BSoy, BSp, and BSy cases.

3.1.2. Hydrate Dissociation Behavior

The variation of NGH dissociation rate (Qy,, gas released volume per day) and NGH
decomposition ratio (Ryg, defined by the ratio of decomposed hydrate mass to the in situ
hydrate mass) in the base, BSoy, BSp, and BSy cases is shown in Figure 3. The variation
of Qy, in the base case presents four different phases. In the first phase (~330 days), Qp
increased greatly with injected hot water spreading and low production pressure propa-
gation and peaked at 113 m3/d. Subsequently (~1000 days), Q}, decreased sharply, with
a minimum value of 50 m3/d. Mechanisms contributing to this phenomenon include a
significant amount of hot water leaked into UL and OL, the slower and slower forward ad-
vance of the thermal decomposition leading edge, as well as the boundary water intrusion
that inhibits the propagation of low production pressures. In the third phase (~2340 days),
inter-well interaction gradually intensified with NGH decomposition, and therefore Qy,
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increased slowly and peaked at 71 m3/d. After that, Q, dropped sharply as there was less
and less hydrate remaining in the reservoir.
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Figure 3. Variation of Qp, and V4 in the base, BSoy, BSp, and BSy cases.

Unlike the base case, the initial Qj, in the BSoy case decreased rapidly with a minimum
value of 45 m3/d at 327 days. This is because the gas accumulated around the injection well
suppressed the injection and diffusion of hot water. Then, a piston-like displacement grad-
ually formed under a stable inter-well pressure gradient, and thus Qy, stabilized at 55 m?/d.
Afterward, Qp, began to rise at about 1800 days and peaked at 98 m®/d at 3090 days. This
is because the gas is recovered by the production wells, which promotes the injection and
diffusion of hot water, thus increasing the hydrate decomposition efficiency. After that,
Qp decayed dramatically as the inter-well NGH was nearly completely decomposed. The
variation of QQ}, in BSg and BSy cases is similar to the base case. In addition, the NGH
decomposition cycle Ty, for the base, BSy, and BSq cases is 4130-4530 days, suggesting that
sealing the UL or OL alone has a limited effect on hydrate decomposition. Nevertheless,
simultaneously sealing both of them decreased the initial Q},, but the mid- and post-Qy,
were more substantial, resulting in the shortest T}, of 3800 days.

3.1.3. Gas Production Behavior

Gas production rate Q, (m¥d)

The variation of gas production rate Qg and cumulative gas production Vg in the base,
BSou, BSp, and BSy cases is presented in Figure 4.
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Figure 4. Variation of Qg and Vg in the base, BSoy, BSp, and BSy cases.
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As shown in Figure 4, the variation of Qg presented three phases in all cases. Firstly,
there was a low gas production phase, where Qg stabilized after a slight decrease, and the
produced gas was contributed by depressurized decomposed gas. Furthermore, Qg in the
BSou case is the maximum, about 20 m3/d, followed by those in BSg and BSy cases, about
15 m3/d, and the minimum is 12 m3/d in the base case. The second phase was entered
at approximately 1000 days, where Qg increased significantly as more and more thermal
decomposition gas was recovered by production wells. Affected by the evolutions of Qy,
the peak values of Qg in the BSoy case are the maximum (118 m?/d), followed by 100 m®/d
in the base case, 88 m®/d in the BSg case, and 86 m?/d in the BSy case. Ultimately, there is
a gas production depletion phase due to the insufficient gas supply. Additionally, the final
Vg within 5760 days in all cases was consistent, and boundary conditions barely affected
the gas recovery cycles Ty as they were about 47004900 days.

3.1.4. Water Production Behavior

Figure 5 shows the variation of water production rate Q,y, and cumulative water
production Vi, with gas recovery ratio Rg, (defined by the ratio of Vg to total gas available
in the reservoir) in the base, BSoy, BSp, and BSy cases. It can be seen that Qs exhibits
three phases in all cases, including an initial slight rise, followed by a brief decline, and
another rapid rise. The mechanism is that more and more injected water was recovered
by the production wells as inter-well interactions increased. This is similar to the water
flooding phenomenon in water-driven reservoir development, since open boundaries could
induce severe water intrusion. The Q,, in the base case is the highest, followed by the
BSo, BSy, and BSoy cases, respectively. Specifically, the Vi at Rgr of 0.7 (acceptable for
water-driven development of China’s offshore low-permeability gas reservoirs) in the base
case is 3.13 x 10* m3, which is 5.89, 1.38, and 1.61 times that of BSp, BSy, and BSpy cases,
respectively. Consequently, boundary intrusion can be well addressed by simultaneously
sealing the upper and lower boundaries, which is an effective means of water control.
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Figure 5. Variation of Qy, and Vy, in the base, BSoy, BSp, and BSy cases.

Figure 6 shows the variation of gas-to-water ratio Rgy, (defined by the ratio of Vg
to Vi) in the base, BSoy, BSp, and BSy cases. It can be seen that Rgy, in the base case
is the lowest (<5), and its change presents three stages of fall-rise-fall, which correspond
to the initial stage of low gas and low water production, the middle stage of increasing
water and gas production, and the later stage of low gas and high water production,
respectively. Compared to the base, the evolution of Rgy, in BSp and BSy cases is similar,
and its enhancement is not significant. Encouragingly, R,y in the BSoy case is satisfactory,
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reaching 32 at an R, of 0.7, 5.87, 4.25, and 3.63 times that of the base, BSp, and BSy cases,
respectively. Therefore, gas—water production behavior can be improved by sealing OL

and UL.
40
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Figure 6. Variation of Rgy, in the base, BSoy, BSp, and BSy cases.

3.2. Injection-Production Performance Under Reservoir Fracturing
3.2.1. Reservoir Physical Field Distribution

Figure 7 shows the reservoir physical field distribution at 720 days in the RF;, RFs,
RFjp, and RFs5 cases. It can be seen that as Cy increases from 1 to 50 D-cm, the high injection
pressure propagates faster (Figure 7a—d) and a wider wave of hot water in the horizontal
direction is observed (Figure 7e-h). This improves the reservoir heating efficiency, thus
promoting hydrate decomposition (Figure 7i-1). Furthermore, more hydrate dissociates
along the fracture surface as Cy increases, which leads to a shift in hydrate decomposition
mode from piston-type to volumetric-type. However, increasing C; could not avoid gas
leakage (Figure 7m—p), which is consistent with previous studies. It should be specifically
pointed out that the current model assumes a constant C¢ value throughout the production
process. In reality, given the weakly cemented nature of NGH deposits, fractures may
buckle, become plugged with sand proppant, or interact with natural heterogeneities. This
may impact long-term forecasts. Consequently, the variation pattern of C; as well as its
influence needs to be further investigated.

3.2.2. Hydrate Dissociation Behavior

Figure 8 shows the variation of Q}, and R4 in the base, RF;, RF5, RFy(, and RF5 cases.
As can be seen, the variation of Q}, in the RF cases is similar to that in the base case. The
difference is that the initial Qy, increases with the increase in C¢. Specifically, the peak value
increases from 130 to 317 m3/d as C¢ increases from 1 to 50 D-cm, which is 1.16-2.83 times
higher than that in the base case. The mechanism is that a greater Cs is more favorable for
hot water migration, allowing more hydrate to dissociate along the fracture. Additionally,
at greater Cy, the leading edge of hydrate decomposition moves away from the fracture
faster, which leads to a higher post-peak Qy, decay rate. The T}, reduces from 3700 to
2170 days as C; increases from 1 to 50 D-cm, a reduction of 430-1960 days compared to the
base case. As a result, increasing C is helpful for hydrate decomposition.
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3.2.3. Gas Production Behavior
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Figure 9 shows the variation of Qg and Vy in the base, RF;, RFs5, RFyg, and RFs cases.

With Cg increasing, the initial low productivity phase is greatly shortened, and the

corresponding time for Qy to peak is earlier. Specifically, this time is shortened from
2160 days to 400 days as C; increases from 1 to 50 D-cm, a reduction of 260-1790 days
relative to the base case. The mechanism is that the gas flow rate inside the fracture is

higher with a greater Cy, and therefore, thermal decomposition gas can be extracted more

rapidly from production wells. However, the peak value of Qg does not always increase

as C; increases, with a maximum value of 161 m3/d occurring at C¢ of 10 D-cm. This is

attributed to the fact that increasing Cr simultaneously increases the hot water injection

rate, thereby reducing the gas-phase relative permeability in the fracture. Additionally,
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it is observed that the V; within 5760 days decreases from 24.13 to 22.12 x 10* m® as Cg
increases from 1 to 50 D-cm, a reduction of 0.18-2.18 x 10* m® compared to the base case.
This suggests that gas leakage occurs in the RF case and that the amount of leaked gas
increases with increasing C¢. Thus, increasing Cy can substantially increase the gas recovery
efficiency, but also induce more serious gas leakage.
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Figure 9. Variation of Qg and Vy in the base, RFy, RFs, RFqg, and RFs5q cases.

3.2.4. Water Production Behavior

Figure 10 shows the variation of Q,, and V,, in the base, RF;, RFs5, RF;p, and RFs
cases. At the early production stage (Rgr < 0.1), the influence of C¢ on Q,y is not significant.
Interestingly, Q\y and V,, do not always increase with increasing C¢. Specifically, when
Rgr is 0.7, Vy, decreases from 2.84 to 1.94 x 10* m® as Cs increases from 1 to 5 D-cm, a
reduction of 0.29-1.19 x 10* m> compared to the base case. In contrast, V,, increases from
1.94 to 3.60 as Cs increases from 5 to 50 D-cm, indicating that increasing C in this interval is
more favorable for water production compared to gas production. Consequently, properly
controlling the C; value of 1-10 D-cm is conducive to water control.
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Figure 10. Variation of Qy, and Vy, in the base, RF;, RF5, RFqj, and RF5 cases.

Figure 11 shows the variation of Ry in the base, RF;, RFs5, RFyg, and RFs) cases. The
Rgr corresponding to the peak value of Rgy reduced from 0.72 to 0.20 as C¢ increases from 1
to 50 D-cm, a reduction of 0.08-0.60 relative to the base case. The reason is that increasing
C¢ can significantly improve Qg, but also induce premature water flooding. The Rgy at Rgy
of 0.7 increases first and then decreases with increasing Cy, and the maximum value of 8.82
appears at Cp of 5 D-cm, 1.61 times that in the base case. As a result, RF can improve the
gas and water production behavior, but needs to control C¢ reasonably.
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Figure 11. Variation of R,y in the base, RF;, RF5, RFqg, and RF5 cases.

3.3. Production Performance Under BS and RF
3.3.1. Reservoir Physical Field Distribution

Figure 12 shows the reservoir physical field distribution at 1800 days in the BSoy + RFy,
BSou + RFs, BSoy + RFjg, and BSoy + RFsg cases. The high injection pressure only
propagated in the HBL, and ideal pressure gradients between the injection and production
wells were generated (Figure 12a—d). Similar to the RF cases in Figure 6, the hot water
spread area increases as Cy increases (Figure 12e-h), and therefore, more hydrates are
decomposed along the fracture (Figure 12i-1). The difference is that there is no hot water
loss (Figure 12e-h) and gas leakage (Figure 12i-1). As a result, BS can improve the utilization
efficiency of hot water while effectively addressing gas leakage induced by RE.
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Figure 12. Reservoir pressure (P), temperature (T), hydrate saturation (Sy,), and gas distribution (Sg)
in the BSoy + RFq, BSou + RFs, BSoy + RFqg, and BSoy + RF5 cases.
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3.3.2. Hydrate Dissociation Behavior

The variation of Q}, and V}4 in the base, BSoy + RFq, BSou + RF5, BSouy + RFqg, and
BSou + RFs5 cases is shown in Figure 13. As can be seen, the peak value of Qy, increases
from 122 to 204 m3/d as C; increases from 1 to 50 D-cm, which is 1.72-2.87 times that of the
base case. Additionally, the T}, reduced from 3370 to 2380 days as C¢ increased from 1 to
50 D-cm, a reduction of 760-1750 days relative to the base case. As a result, increasing Cy in
BS + RF cases is still an effective method for promoting hydrate decomposition.
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Figure 13. Variation of Qp and Ryg in the base, BSoy + RF1, BSoy + RFs, BSoy + RFjp, and
BSoy + RFs5( cases.

3.3.3. Gas Production Behavior

Figure 14 shows the variation of Qg and Vg in the base, BSoy + RF1, BSou + RFs,
BSou + RFyp, and BSpy + RF5g cases. The Qg in the BS + RF cases is much higher than that
in the base case. Furthermore, as Cg increases from 1 to 50 D-cm, the peak value of Qg
increases from 142 to 186 m3/d, and the Ty is shortened from 4210 to 3720 days, indicating
that the extraction efficiency is greatly improved by increasing Cy. The final Vg within
5760 days in all cases is consistent, indicating there is no gas leakage. As a result, BS can
greatly improve gas recovery efficiency while addressing gas leakage induced by RF.
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Figure 14. Variation of Qg and Vg in the base, BSoy + RF;, BSouy + RFs, BSoy + RFyg, and
BSoy + RFs5q cases.

3.3.4. Water Production Behavior

The variation of Q,, and Vy, in the base, BSoy + RF;, BSoy + RF5, BSoy + RFqg, and
BSou + RF5q cases is shown in Figure 15. The Q,, in C¢ of 1-10 D-cm cases is much lower
than that in the base case. For C; of 50 D-cm, Q,, is higher than that of the base case in the
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mid and late periods. In addition, Qw and Vy increase with increasing C;. At Rgr of 0.7,
V. increases from 0.55 to 1.61 x 10* m® as C¢ increases from 1 to 50 D-cm, accounting for
17-51% of the base case. Thus, significant reductions in water production are achieved.
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Figure 15. Variation of Qy and Vy in the base, BSoy + RF;, BSoy + RFs5, BSoy + RFjp, and
BSoy + RFs5q cases.

Figure 16 shows the variation of Rgy in the base, BSoy + RFy, BSou + RF5, BSoy + RFy,
and BSpy + RF5 cases. The Rgy, in BS + RF cases is much higher than in the base case, and
it decreases with increasing C;. Specifically, the Rgy, at Rgr of 0.7 decreases from 30 to 10
as Cp increases from 1 to 50 D-cm, 1.84-5.53 times higher than the base case. Therefore,
combining BS with RF greatly improves gas—water production performance.
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Figure 16. Variation of Reyy in the base, BSoy + RFy, BSou + RFs, BSou + RF10, and BSoy + RF5 cases.

4. Synergistic Effects of BS and RF

From the analysis of the above results, it is found that the hot water loss and boundary
water intrusion can be addressed by BS; RF can significantly improve extraction efficiency,
but also exacerbate the gas leakage, whereas the combination of the two seems to result in
a satisfactory production behavior. Here, the synergistic effects of BS and RF on gas and
water production are analyzed with the average gas production rate Q,g (Figure 17a) and
Rgw (Figure 17b) at Rg;y of 0.7. In addition, for the multi-well injection development mode,
energy ratio ER, defined by Vg-Cg/[Cy-M;-(Ti=Ty)], is a crucial parameter to measure the
economy and feasibility of exploitation [53]. As a result, the ER at Rg; of 0.7 is employed as
a key indicator for synergistic effect analysis (Figure 17c). Notably, the ER used here did not
account for the energy required to create artificial barriers and perform reservoir fracturing.
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Given the significant challenges in reconstructing hydrate deposits, more comprehensive
economic feasibility assessments need to be conducted based on systems analysis methods
before field application [54].
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Figure 17. The Qag (a), Rgw (b), and ER (c) at Rgy of 0.7 in all simulation cases.

As can be observed from Figure 17a, the Q,g in the BSo, BSy, and BSoy cases is slightly
lower than that in the base case. The mechanism involves the thermal decomposition gas
accumulating around the injection well, which suppresses hot water injection and thereby
reduces the thermal stimulation area. This indicates that boundary sealing alone does not
enhance productivity. Surprisingly, Qg can be significantly increased by RF, especially
at C¢ > 5 D-cm. Furthermore, the synergistic effect of BS and RF shifts with changes in
C¢. That is, they exhibit positive synergy at C¢ of 1 and 50 D-cm, and negative synergy
at C¢ of 5 and 10 D-cm. However, this synergistic effect is not significant as the variation
interval of Q,g is only [—9, 11]. This indicates that in fractured reservoirs, the effect of BS
on productivity is very limited. Furthermore, under the synergistic effect of BS and RF, Qag
increases significantly with the increase in C, specifically from 64 to 99 m3/d as C increases
from 1 to 50 D-cm, an enhancement of 10-45 m3/d relative to the BSoy case. Given that BS
can address RF-induced methane leakage and has a limited impact on Q,g, it is suggested
here to increase productivity by adjusting C.

As can be seen from Figure 17b, relative to the base case, there is very limited im-
provement in Rg,, by RF alone or sealing one open boundary. However, simultaneously
sealing the upper and lower boundaries obtains the highest Ry of 32, 6.40 times that of
the base case. At different C¢ values, the Rg,, after boundary sealing is all enhanced, which
demonstrates the excellent water control ability of the BS. However, the increase in Cg
weakens the water control ability of BS as a considerable amount of injected water induces
severe water flooding. Nevertheless, the final water yield under the synergistic effect of BS
and RF is still much lower than that of the base case.

As can be seen from Figure 17c, the ER of the base case is 1.06, indicating that it is
not economically feasible to develop challenging hydrates directly using the multi-well
injection-production mode. After the application of BS, the ER reaches 1.28, 1.30, and
3.76 for the BSp, BSy, and BSoy cases, respectively, indicating that only the simultaneous
sealing of the upper and lower boundaries could significantly improve ER because hot
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water loss is effectively addressed. The ER values in the RF case are all lower than 1.0,
indicating that the application of RF alone is still not economically feasible. In addition,
ER decreases significantly with increasing C; under the synergistic effect of BS and RF.
However, they are still greater than 1.0, 1.18-3.41 times that of the base case.

To summarize, BS can effectively address boundary water intrusion and hot water
loss, thereby substantially increasing Rgy, and ER, but barely affecting Q.g, whereas RF can
significantly increase Qag, but also induce severe gas leakage and decrease Rgy and ER.
Nevertheless, with the synergistic effect of the two, safe extraction and the relatively ideal
production behavior can be obtained by regulating the Cj.

5. Conclusions

The present research numerically investigated the injection-production performance
under various BS and/or RF cases and thoroughly analyzed their synergistic stimulation
mechanisms. The following conclusions can be drawn.

1. BS can effectively address boundary water intrusion, hot loss, and methane leakage,
thereby reducing water production and enabling the full utilization of injection energy.
However, it cannot speed up hydrate decomposition and gas production. Additionally,
partial sealing does not fully prevent hot water loss and gas escape.

2. RFis very effective in facilitating hydrate decomposition and gas recovery, and the
extraction efficiency improves greatly with increasing C;. However, the final ER is
lower than 1.0 due to the severe water flooding induced by the fracture, making
it unfeasible for economic extraction. Additionally, RF exacerbates the risk of gas
leakage, which poses a great challenge for the safe exploitation of marine hydrates.

3. There is no methane leakage under the synergistic effect of RF and BS. Furthermore, Q,
and Qg improve significantly as C¢ increases, whereas Rgy and ER show the opposite
trend. Therefore, rational regulation of C; value is essential to obtain satisfactory
multi-well injection-production behavior, with 1-10 D-cm recommended.

4. BSis an indispensable technology for the economic and safe extraction of offshore
challenging hydrates under the multi-well injection-production mode. Although RF
is helpful for hydrate decomposition and gas production, its induced water flooding
and methane leakage should not be neglected in future applications.

The current simulations indicate that the combination of BS and RS can significantly
enhance the performance of the injection-production well pattern. Nevertheless, it should be
noted that the fracture and barrier settings in our model are relatively ideal to maximize the
desired effect, and the injection-production parameters employed also need further evaluation
and optimization. Additionally, a homogeneous model without interlayers was employed
because the hydrate distribution remains unclear. Consequently, follow-up research should
fully account for these issues to advance and support engineering implementation.

Author Contributions: Conceptualization, S.N. and K.L.; data curation, K.L.; software, X.Z. and
S.N.; writing—original draft, S.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was Funded by Science Research Project of Hebei Education Department,
grant number QN2024286.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

https://doi.org/10.3390/en19010120
241



Energies 2026, 19, 120

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Soga, K.; Lee, S.L.; Ng, M.Y.A; Klar, A. Characterisation and engineering properties of Methane hydrate soils. In Proceedings of
the 2nd International Workshop on Characterisation and Engineering Properties of Natural Soils, Singapore, 29 November—1
December 2006.

Milkov, A.V. Global estimates of hydrate-bound gas in marine sediments: How much is really out there? Earth-Sci. Rev. 2004, 66,
183-197. [CrossRef]

Klauda, ].B.; Sandler, S.I. Global Distribution of Methane Hydrate in Ocean Sediment. Energy Fuels 2005, 19, 459-470. [CrossRef]
McGinnis, D.E; Greinert, J.; Artemov, Y.; Beaubien, S.E.; Wiiest, A. Fate of rising methane bubbles in stratified waters: How much
methane reaches the atmosphere? J. Geophys. Res. 2006, 111, 09007. [CrossRef]

Chong, Z.R.; Yang, S.H.B.; Babu, P; Linga, P.; Li, X. Review of natural gas hydrates as an energy resource: Prospects and
challenges. Appl. Energy 2016, 162, 1633-1652. [CrossRef]

Xie, Y,; Li, R.;; Wang, X.; Zheng, T.; Cui, J.; Yuan, Q.; Qin, H.; Sun, C.; Chen, G. Review on the accumulation behavior of natural
gas hydrates in porous sediments. J. Nat. Gas Sci. Eng. 2020, 83, 103520. [CrossRef]

Su, M,; Yang, R.; Wang, H.; Sha, Z.; Liang, J.; Wu, N.; Qiao, S.; Cong, X.; Yang, R. Gas hydrates distribution in the Shenhu Area,
northern South China Sea: Comparisons between the eight drilling sites with gas-hydrate petroleum system. Geol. Acta 2016, 14,
79-100.

Kang, D; Lu, J.A,; Zhang, Z.; Liang, ].; Kuang, Z.; Lu, C.; Kou, B.; Lu, Q.; Wang, ]J. Fine-grained gas hydrate reservoir properties
estimated from well logs and lab measurements at the Shenhu gas hydrate production test site, the northern slope of the South
China sea. Mar. Pet. Geol. 2020, 122, 104676. [CrossRef]

Zhang, W,; Liang, J.; Wei, J.; Lu, J.A.; Su, P; Lin, L.; Huang, W.; Guo, Y.; Deng, W.; Yang, X.; et al. Geological and geophysical
features of and controls on occurrence and accumulation of gas hydrates in the first offshore gas-hydrate production test region
in the Shenhu area, Northern South China Sea. Mar. Pet. Geol. 2020, 114, 104191. [CrossRef]

Moridis, G.J.; Reagan, M.T.; Boyle, K.L.; Zhang, K. Evaluation of the Gas Production Potential of Some Particularly Challenging
Types of Oceanic Hydrate Deposits. Transp. Porous Media 2011, 90, 269-299. [CrossRef]

Li, J; Ye, J.; Qin, X,; Qiu, H.; Wu, N.; Lu, H.; Xie, W,; Lu, J.; Peng, F.; Xu, Z; et al. The first offshore natural gas hydrate production
test in South China Sea. China Geol. 2018, 1, 5-16. [CrossRef]

Ye, J.; Qin, X.; Xie, W,; Lu, H.; Ma, B.; Qiu, H,; Liang, J.; Lu, J.; Kuang, Z.; Lu, C,; et al. The second natural gas hydrate production
test in the South China Sea. China Geol. 2020, 3, 197-209. [CrossRef]

Zhong, X.; Pan, D.; Zhu, Y,; Wang, Y.; Tu, G.; Nie, S.; Ma, Y,; Liu, K.; Chen, C. Commercial production potential evaluation of
injection-production mode for CH-Bk hydrate reservoir and investigation of its stimulated potential by fracture network. Energy
2022, 239, 122113. [CrossRef]

Konno, Y.; Fujii, T.; Sato, A.; Akamine, K.; Naiki, M.; Masuda, Y.; Yamamoto, K.; Nagao, J. Key Findings of the World’s First
Offshore Methane Hydrate Production Test off the Coast of Japan: Toward Future Commercial Production. Energy Fuels 2017, 31,
2607-2616. [CrossRef]

Li, X.; Xu, C.; Zhang, Y.; Ruan, X,; Li, G.; Wang, Y. Investigation into gas production from natural gas hydrate: A review. Appl.
Energy 2016, 172, 286-322. [CrossRef]

Wan, Q.; Si, H.; Li, B.; Li, G. Heat transfer analysis of methane hydrate dissociation by depressurization and thermal stimulation.
Int. ]. Heat Mass Transf. 2018, 127, 206-217. [CrossRef]

Feng, J.; Wang, Y.; Li, X. Large Scale Experimental Evaluation to Methane Hydrate Dissociation Below Quadruple Point by
Depressurization Assisted with Heat Stimulation. Energy Procedia 2017, 142, 4117-4123. [CrossRef]

Li, B,; Liu, S.; Liang, Y.; Liu, H. The use of electrical heating for the enhancement of gas recovery from methane hydrate in porous
media. Appl. Energy 2018, 227, 694-702. [CrossRef]

Ma, X,; Sun, Y,; Liu, B.; Guo, W,; Jia, R.; Li, B.; Li, S. Numerical study of depressurization and hot water injection for gas hydrate
production in China’s first offshore test site. J. Nat. Gas Sci. Eng. 2020, 83, 103530. [CrossRef]

Consortium M.R. 2017. Available online: http://www.mh21ljapan.grjp/mh21wp/wp-content/uploads/mh21form2017_doc01.pdf
(accessed on 1 December 2024).

Li, G.; Moridis, G.J.; Zhang, K.; Li, X. Evaluation of Gas Production Potential from Marine Gas Hydrate Deposits in Shenhu Area
of South China Sea. Energy Fuels 2010, 24, 6018-6033. [CrossRef]

Su, Z.; Moridis, G.J.; Zhang, K.; Wu, N. A huff-and-puff production of gas hydrate deposits in Shenhu area of South China Sea
through a vertical well. . Pet. Sci. Eng. 2012, 86—87, 54—61. [CrossRef]

Feng, ].-C.; Wang, Y.; Li, X.-S.; Li, G.; Chen, Z.-Y. Production behaviors and heat transfer characteristics of methane hydrate
dissociation by depressurization in conjunction with warm water stimulation with dual horizontal wells. Energy 2015, 79, 315-324.
[CrossRef]

https://doi.org/10.3390/en19010120
242



Energies 2026, 19, 120

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Jin, G.; Xu, T.; Xin, X.; Wei, M,; Liu, C. Numerical evaluation of the methane production from unconfined gas hydrate-bearing
sediment by thermal stimulation and depressurization in Shenhu area, South China Sea. J. Nat. Gas Sci. Eng. 2016, 33, 497-508.
[CrossRef]

Nie, S.; Zhong, X.; Ma, Y; Pan, D.; Liu, K,; Wang, Y.; Li, X.; Chen, C. Numerical simulation of a new methodology to exploit
challenging marine hydrate reservoirs without impermeable boundaries. J. Nat. Gas Sci. Eng. 2021, 96, 104249. [CrossRef]

Ma, S.; Zheng, ].; Zhao, J.; Yang, M.; Song, Y. Experimental analysis on thermodynamic stability and methane leakage during
solid fluidization process of methane hydrate. Fuel 2021, 284, 119020. [CrossRef]

Xie, L.; Min, K.-B.; Song, Y. Observations of hydraulic stimulations in seven enhanced geothermal system projects. Renew. Energy
2015, 79, 56-65. [CrossRef]

Nianyin, L.; Yu, J.; Daocheng, W.; Chao, W.; Jia, K.; Pingli, L.; Chengzhi, H.; Ying, X. Development status of crosslinking agent in
high-temperature and pressure fracturing fluid: A review. J. Nat. Gas Sci. Eng. 2022, 107, 104369. [CrossRef]

Liu, W.; Zeng, Q.; Yao, J.; Liu, Z.; Li, T.; Yan, X. Numerical Study of Elasto-Plastic Hydraulic Fracture Propagation in Deep
Reservoirs Using a Hybrid EDFM-XFEM Method. Energies 2021, 14, 2610. [CrossRef]

Nie, S.; Liu, K.; Zhong, X.; Wang, Y.; Yang, B.; Song, J. Research on Hydraulic Fracture Propagation Patterns in Multilayered
Gas Hydrate Reservoirs Using a Three-Dimensional XFEM-Based Cohesive Zone Method. Energy Fuels 2024, 38, 5106-5123.
[CrossRef]

Ito, T.; Igarashi, A.; Suzuki, K.; Nagakubo, S.; Matsuzawa, M.; Yamamoto, K. Laboratory Study of Hydraulic Fracturing Behavior
in Unconsolidated Sands for Methane Hydrate Production. In Proceedings of the Offshore Technology Conference (OTC19324),
Houston, TX, USA, 5-8 May 2008.

Chen, C,; Yang, L.; Jia, R.; Sun, Y.,; Guo, W.; Chen, Y,; Li, X. Simulation Study on the Effect of Fracturing Technology on the
Production Efficiency of Natural Gas Hydrate. Energies 2017, 10, 1241. [CrossRef]

Guo, W.; Zhang, P.; Wang, Y.; Jia, R.; Li, B. Evolution on the Gas Production from Low Permeability Gas Hydrate Reservoirs by
Depressurization Combined with Reservoir Stimulation. Energy Fuels 2020, 34, 15819-15828. [CrossRef]

Ju, X.; Liu, F; Fu, P; White, M.D.; Settgast, R.R.; Morris, J.P. Gas Production from Hot Water Circulation through Hydraulic
Fractures in Methane Hydrate-Bearing Sediments: THC-Coupled Simulation of Production Mechanisms. Energy Fuels 2020, 34,
4448-4465. [CrossRef]

Li, B.; Ma, X.; Zhang, G.; Guo, W.; Xu, T.; Yuan, Y.; Sun, Y. Enhancement of gas production from natural gas hydrate reservoir by
reservoir stimulation with the stratification split grouting foam mortar method. J. Nat. Gas Sci. Eng. 2020, 81, 103473. [CrossRef]
Ma, X,; Sun, Y.; Guo, W,; Jia, R.; Li, B. Numerical simulation of horizontal well hydraulic fracturing technology for gas production
from hydrate reservoir. Appl. Ocean Res. 2021, 112, 102674. [CrossRef]

Zhong, X; Pan, D.; Zhu, Y.; Wang, Y.; Zhai, L.; Li, X.; Tu, G.; Chen, C. Fracture network stimulation effect on hydrate development
by depressurization combined with thermal stimulation using injection-production well patterns. Energy 2021, 228, 120601.
[CrossRef]

Nie, S.; Chen, C.; Chen, M.; Song, J.; Wang, Y.; Ma, Y. Numerical Evaluation of a Novel Development Mode for Challenging
Oceanic Gas Hydrates Considering Methane Leakage. Sustainability 2022, 14, 14460. [CrossRef]

Yue, P; Du, Z.; Chen, X; Liang, B. The critical rate of horizontal wells in bottom-water reservoirs with an impermeable barrier.
Pet. Sci. 2012, 9, 223-229. [CrossRef]

Liu, K,; Zhu, W,; Pan, B. Laboratory evaluation on oil-soluble resin as selective water shut-off agent in water control fracturing for
low-permeability hydrocarbon reservoirs with bottom aquifer. Geoenergy Sci. Eng. 2023, 225, 211672. [CrossRef]

Bai, Y.; Pu, W,; Jin, X; Shen, C.; Ren, H. Review of the micro and Macro mechanisms of gel-based plugging agents for enhancing
oil recovery of unconventional water flooding oil reservoirs. J. Mol. Liq. 2024, 399, 124318. [CrossRef]

Nie, S.; Liu, K; Xu, K.; Zhong, X.; Tang, S.; Song, J.; Zhang, H.; Li, J.; Wang, Y. Numerical study on the stimulation effect of
boundary sealing and hot water injection in marine challenging gas hydrate extraction. Sci. Rep. 2024, 14, 15280. [CrossRef]
Wu, N.; Zhang, H.; Yang, S.; Zhang, G.; Liang, J.; Lu, J.A.; Su, X.; Schultheiss, P.; Holland, M.; Zhu, Y. Gas Hydrate System of
Shenhu Area, Northern South China Sea: Geochemical Results. |. Geol. Res. 2011, 2011, 370298. [CrossRef]

Moridis, G.J.; Collett, T.S. Strategies for Gas Production from Hydrate Accumulations Under Various Geological and Reservoir Conditions;
Report LBNL-52568; Lawrence Berkeley National Laboratory: Berkeley, CA, USA, 2002.

Liang, Y.; Li, X.; Li, B. Assessment of Gas Production Potential from Hydrate Reservoir in Qilian Mountain Permafrost Using
Five-Spot Horizontal Well System. Energies 2015, 8, 10796-10817. [CrossRef]

Wang, Y.; Feng, J.; Li, X.; Zhang, Y.; Li, G. Analytic modeling and large-scale experimental study of mass and heat transfer during
hydrate dissociation in sediment with different dissociation methods. Energy 2015, 90, 1931-1948. [CrossRef]

Moridis, G.J. Numerical Studies of Gas Production from Methane Hydrates. SPE ]. 2003, 8, 359-370. [CrossRef]

Moridis, G.J. Numerical Studies of Gas Production from Class 2 and Class 3 Hydrate Accumulations at the Mallik Site, Mackenzie
Delta, Canada. SPE Reserv. Eval. Eng. 2004, 7, 175-183. [CrossRef]

https://doi.org/10.3390/en19010120
243



Energies 2026, 19, 120

49.

50.

51.

52.

53.

54.

Moridis, G.J.; Kowalsky, M.B.; Pruess, K. Depressurization-Induced Gas Production from Class-1 Hydrate Deposits. SPE Reserv.
Eval. Eng. 2007, 10, 458—-481. [CrossRef]

Yin, Z.; Moridis, G.; Chong, Z.R.; Tan, H.K.; Linga, P. Numerical analysis of experimental studies of methane hydrate dissociation
induced by depressurization in a sandy porous medium. Appl. Energy 2018, 230, 444-459. [CrossRef]

Feng, Y,; Chen, L.; Suzuki, A.; Kogawa, T.; Okajima, J.; Komiya, A.; Maruyama, S. Numerical analysis of gas production from
layered methane hydrate reservoirs by depressurization. Energy 2019, 166, 1106-1119. [CrossRef]

Chen, L.; Feng, Y.; Okajima, J.; Komiya, A.; Maruyama, S. Production behavior and numerical analysis for 2017 methane hydrate
extraction test of Shenhu, South China Sea. J. Nat. Gas Sci. Eng. 2018, 53, 55-66. [CrossRef]

Feng, ].-C.; Wang, Y.; Li, X.-S.; Li, G.; Zhang, Y. Three dimensional experimental and numerical investigations into hydrate
dissociation in sandy reservoir with dual horizontal wells. Energy 2015, 90, 836-845. [CrossRef]

Ilyushin, Y.; Nosova, V.; Krauze, A. Application of Systems Analysis Methods to Construct a Virtual Model of the Field. Energies
2025, 18, 1012. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/en19010120
244



‘ energies

Article

Thermal Displacement with CO, for E-CBM Recovery:
Mechanisms and Efficacy of Temperature-Pressure Synergy in
Permeability Enhancement

Xiaohu Xu %3, Tengze Ge >3, Ersi Gao >3, Shuguang Li >3, Kai Wei 4, Yulong Liu ** and Ao Wang *

School of Chemical Engineering, University of Chinese Academy of Sciences, Beijing 100049, China
China United Coalbed Methane National Engineering Research Center Co., Ltd., Beijing 100095, China
PetroChina Coalbed Methane Co., Ltd., Beijing 100028, China

State Key Laboratory of Low Carbon Catalysis and Carbon Dioxide Utilization (Yangtze University),
School of Petroleum Engineering, Yangtze University, Wuhan 430100, China

*  Correspondence: yulongliu@yangtzeu.edu.cn

N

Abstract

The efficient development of coalbed methane (CBM) faces persistent challenges due
to low recovery rates. While CO, thermal displacement offers a promising approach,
the pore—fracture structure (PFC) evolution and gas displacement mechanisms under
temperature—pressure coupling remain insufficiently clear. To address this knowledge gap,
the in situ, dynamic quantification of pore—fracture evolution during CO, displacement
was achieved by an integrated system with NMR and CT scanning, revealing the expan-
sion, connection, and reconfiguration of coal PFC under temperature—pressure synergy
and establishing the intrinsic relationship between supercritical CO, (5cCO,)-induced
permeability enhancement and methane displacement efficiency. Experimental results
identify an observed transition in permeability near 80 °C under the tested conditions
as a critical permeability transition point: below this value, permeability declines from
0.61 mD to 0.49 mD, reflecting pore structure adjustment; above it, permeability rises
markedly to 1.18 mD, indicating a structural shift toward fracture-dominated flow. A
“pressure-dominated, temperature-assisted” mechanism is elucidated, wherein pressure
acts as the primary driver in creating macro-fractures and forming percolation pathways,
while temperature—mainly via thermal stress—promotes micro-fracture development and
assists gas desorption, offering only limited direct contribution to permeability. Although
elevated injection pressure enhances permeability and establishes fracture networks, dis-
placement efficiency eventually reaches a physical limit. To transcend this constraint, a
synergistic production mechanism is proposed in which pressure builds flow channels
while temperature activates microporous desorption. This study provides an integrated, in
situ quantification of the pore—fraction evolution under high-temperature ScCO, condi-
tions. The elucidated synergy between pressure and temperature offers insights and an
experimental basis for the design of deep CBM recovery and CO, storage strategies.

Keywords: CO; thermal flooding; coalbed methane; pore—fracture structure; temperature—
pressure synergy; permeability enhancement

1. Introduction

China has vast CBM resources, with approximately 36.8 trillion cubic meters within
2000 m depth, ranking third globally [1-3]. Current extraction mainly uses hydraulic
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fracturing and dewatering for pressure reduction, creating single seepage channels to boost
gas production. However, the generally low permeability of coal reservoirs severely hinders
gas desorption, diffusion, and flow, leading to low recovery rates [4-6]. Furthermore, about
two-thirds of China’s CBM resources lie deeper than 1000 m, where increased in situ stress
and gas content further reduce permeability, raising extraction difficulties [7]. Therefore,
effectively enhancing permeability in low-permeability coal seams is a critical challenge for
China’s CBM development [8].

Extensive research shows that ScCO, exhibits properties of both gas and liquid phases,
characterized by low viscosity, high diffusivity, and excellent fluidity, enabling it to rapidly
penetrate micro-fractures and pores in porous media and enhance permeability [9,10].
When injected into low-permeability coal seams, ScCO, not only displaces CHj like non-
supercritical CO, but also significantly improves permeability by extracting organic matter,
disrupting the molecular structure and ordered aromatic lamellae within coal, and induc-
ing matrix swelling and deformation [11,12]. These processes alter the PFC evolution,
mechanical strength, and gas adsorption capacity of coal, thereby increasing permeabil-
ity and enhancing CBM recovery [13,14]. Additionally, elevated coal seam temperature
activates CHy molecules, promoting desorption and migration while also improving per-
meability, thereby strengthening gas displacement efficiency and CO, sequestration [15-17].
Thus, heated ScCO; injection combines the dual advantages of heating and CO, injection,
emerging as a promising technique for enhanced CBM recovery.

In recent years, extensive experimental research has been conducted to understand the
evolution of seepage pathways and underlying mechanisms in coal reservoirs following
CO; injection. Liu et al. [18] observed a continuous decline in coal permeability with
increasing temperature during supercritical CO; (5cCO;) stimulation at 35-65 °C and
7-10 MPa, with reported reductions ranging from approximately 20% to 60% depending on
coal type and conditions, attributing this to pore compression caused by thermal expansion.
In contrast, under non-supercritical conditions (0.21-1.8 MPa, 20-50 °C), Zhang et al. [19]
reported a V-shaped permeability trend: decreasing by up to ~40% below 40 °C due to
thermal expansion and increasing by ~15-30% above 40 °C as thermal stress-induced
fractures developed. Li et al. [20] identified a similar but higher transition temperature
near 55 °C under comparable conditions, with permeability variations in the order of
35-50%, reflecting variability across coal ranks. Further diverging from these trends,
Liu et al. [21] monitored permeability evolution during pyrolysis up to 400 °C under
unconfined conditions, revealing an N-shaped trend: a slight increase of ~5-10% up to
100 °C from water evaporation and gas desorption, a decline of ~20-25% at 100-200 °C
due to asphaltene clogging, and a sharp rise exceeding 200% at 300400 °C resulting from
extensive fracture formation. While these studies highlight diverse thermal effects on
permeability, variations in experimental conditions, coal types, and control methods have
hindered a unified understanding of PFC evolution during heating [22-24]. In particular,
the behavior of coal under ScCO; injection at temperatures above 70 °C remains unclear,
warranting further systematic investigation to elucidate the governing mechanisms.

Furthermore, the dynamic evolution of coal’s micro-fracture and pore structure re-
mains unclear, with no consensus established [25,26]. For instance, Zhang et al. [27], using
high-pressure gas injection coupled with micro-CT, found that under 7-10 MPa injection
pressure, the proportion of micropores (<2 nm) initially increased and then decreased
with injection time, while mesopore (2-50 nm) volume expanded significantly during
early stages before stabilizing. They attributed this reorganization to ScCO;’s extraction of
organic matter. In contrast, Liu et al. [28] observed under near-critical conditions (31 °C,
7.2 MPa) that fracture aperture initially decreased due to matrix swelling, reducing per-
meability by approximately 20%, but after 6 h of continuous injection, average aperture
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increased by 15% from mineral dissolution and structural relaxation, revealing time-varying
and nonlinear characteristics. Li et al. [29] further highlighted rank-dependent responses:
medium-rank bituminous coal exhibited a 12.8% increase in total pore volume after ScCO,
injection, whereas high-rank anthracite showed only a 3.5% increase, with newly formed
fractures mainly isolated [30-32]. These studies collectively demonstrate limited systematic
understanding of the evolution pathways, spatial reconfiguration, and subsequent impacts
on seepage capacity of coal fractures and pores under ScCO, [33-35]. Particularly within
the 70-150 °C range, the response under thermo-mechanical-chemical coupling remains
unclear, and it is still debated whether the dominant factor in PFC evolution is temperature
or pressure. Clarifying the dominant control mechanism and advancing in situ observation
and multi-scale characterization are urgently needed to reveal the underlying mechanisms.

This study investigated the evolution of coal micro-fractures and pores under super-
critical CO; at 35-150 °C through high-pressure thermal stimulation experiments. The
fundamental novelty of this work lies in the in situ, same-sample, multi-modal characteri-
zation (NMR and CT) of pore—fracture evolution, enabling a quantitative comparison of
temperature versus pressure effects within a controlled, high-temperature ScCO, exper-
imental framework. By comparing NMR and CT scans of identical samples before and
after treatment, this work tracks structural changes and clarifies the temperature—pressure
coupling effects on pore—fracture evolution. The analysis clarifies temperature—pressure
coupling effects on fracture propagation and pore reconfiguration, contributing to a clearer
understanding of the relationship between ScCO;-induced permeability enhancement and
gas displacement efficiency. The findings address key mechanisms of ScCO,—coal inter-
action at elevated temperatures and provide data and mechanistic support for enhancing
deep CBM recovery and CO; geological storage.

2. Experiments Methods
2.1. Coal Sample Preparation

The coal samples used in this experiment were collected from the No. 5 coal seam in
the Sanjiao Block, Ordos Basin, China. This medium-rank bituminous coal was selected for
its representativeness of a major CBM-producing reservoir in China and its suitability for
investigating temperature—pressure induced pore—fracture transformations under ScCO,
conditions. The samples were precision wire-cut into standard cylindrical specimens
(925 mm x 50 mm) with parallel end faces and no visible lateral fractures.

The key parameters presented in Table 1 provide the essential baseline for interpreting
the experimental outcomes. The vitrinite reflectance (Ryg,max) confirms the medium rank of
the bituminous coal samples, which is representative of significant deep CBM resources in
China. The high vitrinite content is relevant to gas adsorption and mechanical behavior
during stimulation. The low initial porosity and permeability are characteristic of the tight
coal reservoirs targeted for enhancement. The samples were specifically selected with
closely matched properties to minimize the influence of sample heterogeneity, allowing
the effects of temperature—pressure coupling to be isolated and analyzed. These property
ranges are consistent with reported data for similar rank coals in the Ordos Basin, ensuring
the relevance of our findings to the region.

Prior to thermal stimulation experiments, the initial porosity and permeability of all
samples were measured using a gas porosimeter—permeameter [36]. To control systematic
errors and ensure experimental reliability, six samples with closely matched porosity
and permeability values were selected from the total set as valid experimental subjects
for subsequent supercritical CO, thermal stimulation tests. The reported initial porosity
and permeability values represent the mean of triplicate measurements, with standard
deviations of less than 5%. Additionally, the reported permeability values are Klinkenberg-
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corrected absolute permeabilities, derived from measurements at multiple mean pore
pressures to account for gas slippage effects, which are significant in this low-permeability
range. Table 1 summarizes the maceral analysis, proximate analysis, and initial porosity—
permeability data of the four coal cores.

Table 1. Maceral analysis, proximate analysis, and initial porosity—permeability of the coal.

Maceral Content/%

Permeability Density

Samples R 1% Porosity/%

P Ormax Vitrinite Inertinite Minerals y (mD) (g/cm®)
CL-1 1.222 75.6 21.8 2.6 6.1 0.023 1389.6
CL-2 1.235 74.3 224 3.3 5.8 0.031 1392.1
CH-1 1.288 78.3 20.3 1.4 5.5 0.024 1401.4
CH-2 1.246 73.8 23.5 2.7 5.7 0.025 1396.3

2.2. Experimental Procedure
2.2.1. CO; Thermal Displacement with Online NMR Monitoring

The experiment employed a custom-integrated, in-house designed variable-temperature
high-pressure nuclear magnetic resonance (NMR) imaging analysis system, as illustrated
in Figure 1. The setup primarily consists of a constant-pressure/constant-flow pump, a
high-low temperature and pressure circulation system, a heating and temperature control
unit, pressure transducers, and a Suzhou Niumag variable-temperature high-pressure
NMR imaging analysis system.

Figure 1. Variable-temperature high-pressure nuclear magnetic resonance (NMR) analysis system:
(a) NMR system; (b) NMR chamber.

The temperatures of 35, 80, 120, and 150 °C were selected to achieve the following
objectives: 35 °C establishes a supercritical baseline near common reservoir conditions;
80 °C allows for investigation of potential transition behavior; 120 °C and 150 °C enable
the study of pronounced thermo-mechanical effects and enhanced desorption kinetics,
exploring the potential of thermal stimulation for recovery enhancement.

(1) CHy Saturation and Adsorption

The dried coal sample was placed in the NMR holder and saturated with CHy at set
temperatures (35, 80, 120, and 150 °C). The injection pressure was gradually increased from
atmospheric pressure to the reservoir pressure of 8 MPa at a rate of 0.1 MPa/min. While
maintaining the target temperature, CH4 was replenished slowly whenever the pressure
dropped by 0.015 MPa until equilibrium was achieved (pressure fluctuation < 0.015 MPa
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over 8 h), and the total injected CH4 volume was recorded. Confining pressure was
increased synchronously with injection pressure to prevent sample damage, reaching
8 MPa simultaneously.

(2) Online NMR CO, Displacement under High Temperature and Pressure

(D CO; was heated to the target temperature (35, 80, 120, or 150 °C) and injected at a
constant pressure of 8 MPa. Injection began at a low flow rate of 0.01 mL/min, which was
gradually adjusted based on outlet flow and pressure to avoid rapid pressure changes and
sample failure. Injected CO, volume was recorded in real time.

@ A back-pressure regulator maintained a constant outlet pressure of 6 MPa, sta-
bilizing the core pressure at 8§ MPa. Throughout the experiment, gas flow and pressure
at both the injection and outlet ends were continuously monitored. The flow rate was
carefully controlled to ensure stable, laminar flow through the low-permeability core. Prior
to each NMR measurement, the system was allowed to reach steady-state flow under
these constant pressure conditions. This ensured a stable fluid pressure distribution within
the sample and minimized transient compression/decompression effects on the acquired
T, signal.

2.2.2. Pore-Fracture Characterization via NMR Before and After Displacement

Nuclear Magnetic Resonance (NMR) provides an effective approach for quantitatively
characterizing the internal pore and fracture structure of coal. This study employs the
transverse relaxation time (T5) distribution to reveal pore structure characteristics of coal
samples. The principle relies on the fact that the relaxation rate of hydrogen nuclei in the
pore fluid is governed by surface interactions, where the relaxation time correlates directly

with pore size, as expressed by
1 S

™ P2y, )

Here, T, (in ms) is the measured transverse relaxation time, p, (in pm/ms) is the
surface relaxivity of the coal, and S and V (in cm? and cm?) represent the surface area
and volume of a single pore, respectively. For spherical pores, the S/V ratio simplifies to
3/r, while for slit-shaped fractures, it approximates 2/r, where r denotes the characteristic
pore radius.

The experiments were conducted using a variable-temperature high-pressure NMR
imaging analysis system, with a main magnetic field strength of 0.3 T and an RF frequency
range of 1-42 MHz. Prior to testing, standard coal rock cores were subjected to pretreatment:
they were placed in a vacuum pressurized saturation device and saturated with distilled
water for over 8 h to ensure full pore filling. The saturated samples were then positioned
at the magnet center and scanned using the CPMG sequence to acquire raw echo train
data. The T; spectrum, representing pore size distribution, was obtained by applying an
inversion algorithm to the data. After all NMR measurements, the samples were transferred
to a vacuum drying oven and dried for 12 h for subsequent experiments.

It is explicitly acknowledged that the transverse relaxation time (T3) distribution is
a non-unique indicator of pore structure. The measured T values are influenced by a
combination of factors including pore size, surface relaxivity, fluid properties, and diffusion
effects. Therefore, in this study, absolute T values are not used as direct, quantitative
proof of specific pore-to-fracture conversion. Instead, the relative changes observed in
the T; spectra of the same sample before and after treatment, under rigorously controlled
experimental conditions, are interpreted as qualitative trends consistent with alterations in
the pore—fracture architecture. These interpretations are further validated and substantiated
by direct, three-dimensional visualization from X-ray micro-CT scans (Figure 2).
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Figure 2. Schematic of PFC characterization pre- and post-CO, flooding.

2.2.3. Pre- and Post-Displacement 3D CT Scanning

The experiments were performed using a NanoVoxel-350E 3D computed tomography
system (Tianjin, China). This instrument achieves a maximum spatial resolution of 0.5 um,
with a maximum scanning voltage of 190 kV and a maximum power of 25 kW. A stepwise
scanning mode was employed (Figure 3).

Detector

X-ray Soure

Sample
Step-by-Step :

Rotation <;\

(b) CT scanning system

Figure 3. NanoVoxel-350E 3D computed tomography system.

To characterize the three-dimensional spatial distribution of mesopores and frac-
tures within the sample, the two-dimensional slices underwent preprocessing and three-
dimensional reconstruction. To enhance the quality of the original CT slices, a non-local
means filtering method was applied for 3D denoising. This approach combines the ad-
vantages of Gaussian filtering in preserving image details and edges with the pronounced
smoothing effect of mean filtering.
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After applying the median filter (Figure 4), the grayscale CT images with intensity
values ranging from 0 to 255 were segmented using Equation (2):

0 IGj))<Th
v(i,i)=4 1 Ti<I(ij)<T 2

where [ (i, j) represents the grayscale value of the pixel, T1 and T, are the segmentation
thresholds. v (i, j) denotes the three segmented primary components, with 0 representing

voids, 1 representing matrix, and 2 representing minerals.

Figure 4. The image processing procedure: (A) original grayscale image; (B) after denoising; (C) after
threshold segmentation.

During data analysis of the segmented images, the volume fraction of each component
was calculated using Equation (3):

¢ = N./N; x 100% 3)

where N, is the number of voxels belonging to a specific component, and N; is the total
number of voxels.

3. Experimental Results and Analysis

3.1. Temperature-Dependent Permeability Enhancement During Thermal Flooding
3.1.1. PFC Evolution at Different Temperatures

To systematically investigate the impact of thermal CO; flooding on the pore structure
of coal, this study conducted tests on coal samples before and after thermal CO, treatment
using an NIUMAG™ (Shanghai, China) low-field nuclear magnetic resonance analysis sys-
tem. Based on Hodot’s pore classification scheme [37], the pore structures were categorized
into four types: micropores (<10 nm), mesopores (10-100 nm), macropores (100-1000 nm),
and fractures (>1000 nm).

Raw coal samples primarily displayed bimodal or trimodal T, distributions, with
the main peak in the 0.1-1 ms range reflecting micropores, and a secondary peak in the
1-100 ms range indicating meso- and macropores. While minor variations existed among
initial samples, all spectra consistently exhibited peaks within 10-100 ms, approximating a
bimodal profile. These results indicate that despite subtle differences in peak features, the
overall pore—fracture architecture remains broadly consistent across coal samples (Figure 5).
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Figure 5. The T, spectra of different coal samples pre-CO, flooding: (a) CL-1 (35 °C injection),
(b) CL-2 (80 °C injection), (c) CH-1 (120 °C injection), and (d) CH-2 (150 °C injection).

The T, spectrum of coal reveals distinct temperature-dependent evolution after CO,—
thermal treatment. At elevated temperatures (120 °C and 150 °C), the signal intensity in the
10-1000 ms range increases markedly (Figure 6a,c), demonstrating substantial growth in
macropores and fractures. Concurrently, the peak in the 0.1-1 ms range weakens and shifts
rightward, indicating micropore enlargement and a reduction in volume. Quantitative
analysis of pore—fracture distribution further confirms a more pronounced increase in
fractures proportion under higher temperatures. Specifically, samples CH-1 and CH-2
exhibited fractures proportion increases of 16.1% and 25.5%, respectively, accompanied
by a decrease in micropores (32.0% and 41.8%) and an increase in macropores (10.7% and
8.9%). The observed conversion of micropores to macropores and the development of
fractures at elevated temperatures are consistent with the effects of thermo-mechanical
stress. We infer that non-uniform thermal expansion likely induces localized tensile stress,
promoting micro-crack formation and propagation.

Compared to pre-treatment conditions, T, spectral changes in coal samples subjected
to lower-temperature CO; thermal treatment were statistically insignificant (35 °C and
80 °C). The spectrum shifted slightly rightward, with reduced amplitude in the 0.1-1 ms
range and lower peaks between 1 and 100 ms. This reflects general pore enlargement, a
decrease in micropores, and a slight increase in meso- and macropores. Notably, no clear
peak formed in the 100-1000 ms range—unlike under high temperatures—indicating no
significant fractures development. These results confirm that weaker thermal stress at
lower temperatures is inadequate to substantially modify the fractures system or induce
extensive micro-fractures.
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Figure 6. Evolution of T, spectra and PFC in response to CO, thermal flooding temperatures (120 °C
and 150 °C).

Figure 7 illustrates the evolution of pore-fissure distribution following CO, thermal
treatment. At lower injection temperatures (35 °C and 80 °C), the increase in fractures
proportion remained limited, rising by only 10.3% and 8.6%, respectively. At lower treat-
ment temperatures, the limited thermal stress applied to the coal is insufficient to induce
significant tensile failure, resulting in a low degree of fracture development.
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Figure 7. Evolution of T, spectra and PFC in response to CO, thermal flooding temperatures (35 °C
and 80 °C).
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Compared to the fractures system, low-temperature CO, thermal treatment exerts
a more consistent influence on the pore structure. After treatment, the proportion of
micropores decreased by 29.1% and 24.3%, while that of macropores increased by 15.8%
and 13.0%, respectively (Figure 8). These alterations in the pore system are primarily
attributed to structural readjustments induced by thermal expansion and CO,—coal matrix
interactions. Under identical thermal treatment conditions, the expansive response of the
coal matrix remains relatively uniform, leading to a consistent evolutionary trend in the
pore system.
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Figure 8. The evolution of pore-fissure distribution following CO, thermal treatment.

3.1.2. Evolution of Poro-Permeability Across Thermal Flooding Temperatures

Figure 9 illustrates the variations in NMR porosity of coal samples after CO, thermal
treatment at different temperatures. Experimental results show a significant increase in
total porosity after treatment, with the growth ranging from 94.8% to 238%. Under high-
temperature conditions (120 °C and 150 °C), the coal matrix experienced substantial thermal
stress, inducing numerous newly generated fractures and resulting in pronounced porosity
increases of 193% and 238%, respectively. In contrast, under medium-low temperature
treatments (35 °C and 80 °C), porosity also increased—by 120% and 94.8%, respectively—
though the mechanism was dominated by macropore expansion, with limited fractures
development induced by thermal stress.
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Figure 9. The variations in NMR porosity of coal samples after CO, thermal treatment.

Figure 10 further reveals that the porosity increase induced by high-temperature
thermal treatment primarily originates from the development of fracture systems. Concur-
rently, as the thermal treatment temperature rises, the proportion of micropores in the coal
decreases, reflecting the systematic impact of thermal transformation on the pore structure.
In contrast, under medium-low temperature conditions, the enhancement in porosity is

mainly attributed to the expansion of macropores, with fractures contributing minimally to
the overall porosity increase (Figure 10).
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Figure 10. The porosity increases induced by different-temperatures thermal treatment.

These results demonstrate a distinct threshold effect of temperature on coal modi-
fication, with different dominant mechanisms across temperature ranges. Below 80 °C,
CO, thermal treatment primarily induces pore structure rearrangement, characterized by a
reduction in micropores and an increase in macropores. In contrast, at elevated tempera-
tures (120 °C and 150 °C), intensified thermal stress leads to extensive fissure development,
becoming the dominant factor enhancing permeability.
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This mechanistic transition corresponds to a nonlinear permeability evolution, with
values of 0.61 mD (35 °C), 0.49 mD (80 °C), 0.97 mD (120 °C), and 1.18 mD (150 °C)
displaying a V-shaped trend centered at 80 °C (Figure 11). These data reveal a clear
non-monotonic, V-shaped trend in permeability as temperature rises, with a minimum
value observed at 80 °C. Given the sample-specific nature of each temperature path, the
observed V-shaped trend is presented as a clear and consistent observational trend across
the systematically varied conditions. By extending the temperature range to 150 °C, this
study confirms 80 °C as the critical transition temperature for pore-permeability evolution,
resolving previous debates over temperature thresholds and providing key insights for
optimizing thermal-enhanced coalbed methane recovery.
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Figure 11. The permeability increases induced by different-temperatures thermal treatment.

3.2. Pressure-Dependent Permeability Enhancement During Thermal Flooding
3.2.1. Pore-Fracture Evolution Under Different Injection Pressures by NMR

The evolution of T, spectra and pore—fracture structure in coal under CO,-thermal
treatment was systematically compared at 150 °C with injection pressures increased from
8 MPa to 10 MPa. Enhanced injection pressure was observed to significantly strengthen
the T signal beyond 1000 ms, indicating the development of larger-scale macro-fractures.
Correspondingly, the fracture proportion rose from 31.7% at 8 MPa to 47.4% under the
elevated pressure condition (Figure 12).

This change is primarily attributed to the enhanced mechanical expansion effect under
elevated injection pressure. As pressure increased, pre-existing pores and micro-fractures in
the coal were progressively expanded and interconnected, gradually forming a macroscopic
fracture system with certain aperture and extension. The development of such fractures
not only directly increased the fracture proportion within the pore structure but also
significantly improved the overall flow conductivity of the reservoir, serving as the key
structural foundation for permeability enhancement.
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Figure 12. Evolution of T, spectra and PFC in response to CO; injection pressures.

3.2.2. Pore-Fracture- Evolution Under Different Injection Pressures by C

The development characteristics of coal fractures under CO,-thermal treatment exhibit
significant variations with increasing injection pressure. As shown in the 3D reconstruction
results (Figure 13), at an injection pressure of 8 MPa, a dense network of short, morpho-
logically complex fractures is predominantly formed. When the injection pressure rises to
10 MPa, the fracture system evolves further, developing more dominant macro-fracture
channels on the basis of the existing short-fracture network (Figure 14).

The observed evolution is closely related to the action mechanisms of ScCO, in
coal. At 8 MPa, CO, primarily induces microporous restructuring and short-fracture
formation through physicochemical interactions with the coal matrix. When pressure
increases to 10 MPa, the enhanced fluid potential and penetration pressure subject the coal
to stronger tensile stress, which not only extends existing fractures but also promotes the
generation of macro-fractures on the 10*~10° nm scale. Although fracture directionality
remains poor at 10 MPa, the significant increase in macro-fracture proportion substantially
improves network connectivity, establishing multi-scale flow pathways from micro- to
macroscopic levels.

A comparative analysis of pore—fracture structure evolution under 8 MPa and 10 MPa
injection pressures reveals significant reorganization of the coal pore system as pressure
increases. As pressure rises from 8 MPa to 10 MPa, the proportion of macro-fractures
(10*-10° nm) increases markedly from 4.7% to 24.5%, a rise of 19.8 percentage points
(Figures 13 and 14). The extensive development of such fractures enhances and intercon-
nects the existing fracture network, forming a more continuous and efficient flow pathway
system, thereby significantly improving the overall permeability and fluid transport effi-
ciency of the reservoir. The corresponding signal intensity in the NMR T, spectrum for the
macro-fracture range also strengthens, further confirming these structural changes. This
indicates that the macro-fracture system formed under high injection pressure is a key
structural element controlling the enhancement of reservoir seepage capacity.
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Figure 13. The 3D evolution of coal PFC from pre- to post-CO, thermal flooding (150 °C/8 MPa).
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Figure 14. The 3D evolution of coal PFC from pre- to post-CO, thermal flooding (150 °C/10 MPa).
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3.3. Permeability Enhancement Mechanism During ScCO; Thermal Flooding

Under a heating temperature of 150 °C, as the injection pressure increases gradually
from 6 MPa to 8 MPa, and further to 10 MPa, the porosity and permeability of coal show
a clear linear growth trend. Experimental data from pre- and post-flooding indicate that
porosity increases linearly from 9.6% at 6 MPa to 16.7% at 8 MPa, reaching 34.8% at 10 MPa
(Figure 15). Similarly, permeability exhibits a linear rise from 0.54 mD at 6 MPa to 1.18 mD
at 8 MPa, and further to 2.37 mD at 10 MPa (Figure 16).
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Figure 15. The porosity increases induced by thermal treatment at different pressures.
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Figure 16. The permeability increases induced by thermal treatment at different pressures.

This linear growth pattern is primarily attributed to the direct correlation between
injection pressure and macro-fracture development. As injection pressure increases, the
permeation pressure and fluid wedging effect of CO; in coal are continuously enhanced,
promoting the propagation and interconnection of micro-fractures to form a more de-
veloped macro-fracture network. These newly formed macro-fractures not only expand
storage space but, more importantly, significantly improve pore connectivity, establishing
efficient fluid transport pathways. The continuous expansion and enhanced connectivity
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of the macro-fracture system provide a reliable physical mechanism and structural basis
for the linear improvement in coal porosity and permeability.

Based on systematic experimental data, the contribution rates of temperature and
pressure to coal permeability were first quantified, revealing a “pressure-dominated,
temperature-assisted” mechanism for CO;-enhanced displacement. Between 80 and 150 °C,
an 87.5% temperature increase raised permeability from 0.49 mD to 1.18 mD, correspond-
ing to a 0.008 mD increase per 1% temperature rise (Figure 10). Over 6-10 MPa, a 66.7%
pressure increase elevated permeability from 0.54 mD to 2.37 mD, equivalent to a 0.027 mD
gain per 1% pressure increase (Figure 16).

The quantitative relationship confirms the dominant role of injection pressure in
enhancing coal permeability. Increased pressure directly strengthens CO, permeation
and fracturing effects, promoting macro-fracture propagation and interconnection. In
contrast, temperature elevation mainly facilitates micro-fracture development through
thermal stress, with limited contribution to permeability. The established “pressure-
dominated, temperature-assisted” mechanism provides a theoretical basis for optimiz-
ing thermal-enhanced CBM extraction. Practical applications should prioritize injection
pressure enhancement over temperature modulation to maximize energy efficiency and
recovery performance.

4. Discussion

The identification of 80 °C as a critical transition point is supported by the confluence of
permeability data and pore—fracture evolution. The V-shaped permeability trend (minimum
at 80 °C) coincides with a shift in the dominant structural modification mechanism. At
and below 80 °C, permeability reduction is primarily associated with pore restructuring
(micropore decrease, macropore increase) without significant fracture development, likely
due to thermal expansion effects. Above 80 °C, the sharp permeability increase correlates
with the onset of thermal stress-induced fracturing, where the generation and connectivity
of fractures become the principal factor enhancing flow capacity. We interpret that, under
our experimental conditions, the thermo-mechanical stress surpasses a threshold near
80 °C, initiating the transition from a pore-adjusted to a fracture-dominated flow regime.

CO, displacement tests conducted at 8 MPa and various temperatures demonstrate a
linear increase in methane desorption efficiency between 35 °C and 150 °C. The efficiency
rose from 57% at 35 °C to 68% at 80 °C, and further reached 76% at 120 °C and 82% at
150 °C. This represents a 44% improvement relative to the baseline at 35 °C, establishing
150 °C as the optimal injection temperature within the 0-150 °C range (Figure 17).

Based on linear regression of experimental data, the temperature dependence of
desorption efficiency was quantified, producing corresponding linear equations. These
equations allow for accurate prediction of methane desorption efficiency and volume at
any temperature between 0 and 150 °C, offering a practical model for optimizing field
injection temperature and forecasting production.

Further analysis at 150 °C across varying injection pressures shows that raising pres-
sure from 6 MPa to 8 MPa markedly increased methane desorption efficiency from 59% to
82%. However, further increasing pressure to 10 MPa only raised efficiency marginally to
84%, revealing a distinct efficiency plateau in the 8—10 MPa range. This result contradicts
the conventional view that higher pressure consistently yields significant efficiency gains
(Figure 18).
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Figure 17. CHy4 desorption efficiency in coal under different CO, thermal flooding temperatures.

100

[0}
o

Efficiency
platform

(o2}
o

N
o

N
o

CH, Displacement efficiency (%)

o

6 MPa 8 MPa 10 MPa
CO,-Displacement pressure (MPa)

Figure 18. CH,4 desorption efficiency in coal under different CO, thermal flooding pressures.

Although increasing injection pressure enhances macroscopic permeability and creates
fracture networks for gas transport, its displacement efficiency exhibits a distinct physical
limitation: beyond 8 MPa, efficiency plateaus with minimal further improvement. This
bottleneck stems from the strong capillary forces and adsorption potentials in isolated mi-
cropores, which tightly retain CHy4 molecules. Macroscopic fluid pressure neither transmits
effectively into such nanoscale pores nor provides sufficient energy to release methane
from its adsorbed state.

The limited efficacy of pressure in displacing residual methane from isolated mi-
cropores during CO; flooding arises from two physical constraints. First, the nanoscale
confinement in micropores induces strong capillary forces and adsorption potentials that
firmly trap CHy molecules, creating an energy barrier that fluid pressure alone cannot
overcome. Second, pressure transmission becomes inefficient at the nanoscale: while CO,
under high pressure can propagate through macroscopic fractures, it fails to effectively
penetrate or fill isolated micropores, leaving the trapped methane unaffected by the applied
pressure (Figure 19).
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Figure 19. Schematic of the mechanism for ECBM in coal through CO; flooding.

Heating effectively overcomes the limitations of pressure-driven displacement. El-

evated temperature not only improves CO, diffusion into isolated micropores but also
supplies adsorbed CH, molecules with adequate thermal energy to facilitate desorption,
thereby mobilizing residual gas inaccessible to pressure alone. The synergy is further en-
hanced by optimizing pressure application. Cyclic injection—alternating between injection
and equilibration—ensures uniform reservoir pressurization and promotes complete gas
penetration into micropores. This strategy increases the efficiency of pressure utilization at
the microscopic scale, working in concert with thermal effects.

In summary, the TAPM (Thermally Augmented, Pressure-Managed) approach estab-
lishes a synergistic framework for enhanced coalbed methane recovery. This methodology

employs cyclic pressurization to ensure macroscopic sweep and efficient transport, while

thermal activation releases gas from micropores through enhanced desorption. The inte-

grated process systematically improves overall extraction efficiency.

5. Conclusions

Integrated NMR and CT scanning revealed the dynamic evolution of coal’s fracture net-
work under supercritical CO, conditions. Temperature—pressure decoupling demonstrated
their distinct roles in fracture propagation and connectivity, elucidating a mechanistic
link between permeability enhancement and methane displacement based on the current
experimental findings. These insights address fundamental knowledge gaps and support

optimized deep CBM extraction with CO, storage.
@

Based on the experimental data, a temperature-dependent shift in the dominant mod-

ification mechanism during thermal CO, displacement was identified. Below 80 °C,

pore restructuring dominates, characterized by a reduction in micropores and an

expansion of macropores. Beyond this temperature, thermal stress becomes predomi-

nant, converting micropores to macropores and generating thermal fractures, thereby

shifting the system from a pore-adjusted to a fracture-dominated regime. Conse-

quently, the permeability trend exhibits a distinct transition near 80 °C under the tested

conditions, marking the change from pore-adjusted to fracture-dominated flow.

@

NMR and CT scans demonstrate that elevated injection pressure promotes the ex-

pansion and interconnection of micro-fractures, forming dominant macro-fracture

networks. Fracture proportion increased from 31.7% to 47.4%, with corresponding

micropore reduction and macropore growth. This structural reorganization enhanced
permeability from 0.54 mD to 2.37 mD (339% growth). The multi-scale analysis re-
veals the transition from localized propagation to global connectivity under pressure,
providing key theoretical support for deep CBM extraction.
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(3) Based on the experimental data, this investigation supports a “pressure-dominated,
temperature-assisted” synergistic mechanism for permeability enhancement under
the tested conditions. The experimental data demonstrate that the absolute increase
in permeability driven by elevated injection pressure (e.g., from 0.54 to 2.37 mD
between 6 and 10 MPa at 150 °C) was substantially greater than that induced by
temperature increase alone (e.g., from 0.49 to 1.18 mD between 80 and 150 °C at
8 MPa). This supports the dominant role of pressure in creating and interconnecting
macro-fractures, establishing efficient percolation pathways. Temperature primarily
assists by promoting gas desorption and facilitating the initiation of micro-fractures
through thermal stress.

(4) Experimental results demonstrate a clear temperature—pressure synergy during CO,
displacement. At 150 °C, permeability increased by 339% as pressure rose from 6
to 10 MPa, while displacement efficiency improved by only 2.4% beyond 8 MPa,
indicating a pressure-driven limitation. Thermal activation effectively overcomes
this constraint by enhancing CO, diffusion and providing activation energy for CHy
desorption from isolated micropores, thereby mobilizing residual gas unreachable
by pressure alone. This finding establishes a new theoretical framework for efficient
coalbed methane extraction, challenging conventional pressure-centric approaches.

Limitations and Future Work: The conclusions of this study are drawn within the scope
of the presented experimental system. It should be noted that this work did not incorporate
numerical modeling, comparative analysis with other enhancement techniques (e.g., cyclic
injection, N flooding), or an energy balance assessment. These aspects represent important
avenues for future research to further generalize and optimize the proposed mechanism.
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Abstract

Deep fractured-porous carbonate reservoirs used for underground gas storage (UGS) ex-
perience simultaneous changes in temperature and effective stress during cyclic injection
and withdrawal, so predicting permeability evolution is essential for evaluating long-term
injectivity and deliverability. Using the Xiangguosi UGS as the engineering background,
we measured steady-state gas permeability of three fractured-porous carbonate cores un-
der representative conditions (20-80 °C; 15-35 MPa). Permeability decreases nonlinearly
under coupled loading: changing temperature or effective stress alone typically reduces
permeability by 30-70%, while the maximum reduction under concurrent increases in both
variables exceeds 80% relative to the reference condition. An exponential model was fitted
to quantify the decay parameter of permeability with effective stress (0.038-0.046 MPa~!)
and with temperature (0.016-0.020 °C~!). In addition, the temperature-related exponential
decay parameter decreases with increasing effective stress, because compliant fractures
and larger pores are progressively pre-closed, weakening the permeability response to tem-
perature. Finally, we propose a parsimonious separable exponential model that reproduces
the measurements with a mean relative error below 12%, providing a practical constitutive
relation for multiphysics simulations of UGS in fractured-porous carbonates.

Keywords: fractured-porous carbonates; temperature and stress coupling; permeability
evolution; underground gas storage; exponential model

1. Introduction

Converting depleted gas reservoirs or salt caverns into underground gas storage
(UGS) facilities helps meet seasonal peak-shaving demand and enhance natural gas supply
security [1-4]. Among the available storage types, gas reservoir UGS has become a major
focus because its geology is well constrained, and existing well patterns and surface facilities
can be reused [5,6]. In southwestern China, the construction of large-scale UGS facilities has
increasingly focused on deeply buried marine fractured-porous carbonate reservoirs [7,8].
These reservoirs exhibit complex THMC (thermal-hydro-mechanical-chemical) coupling
behaviors during frequent, high-rate injection-withdrawal cycles [9,10]. Specifically, the
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synergy between thermal fluctuations and effective stress perturbations directly dictates
fracture-pore connectivity and reservoir deliverability [11,12]. While previous studies
have addressed independent stress sensitivity [13—17], characterizing the joint permeability
response through parsimonious coupling models remains a critical prerequisite for accurate
field-scale numerical implementation [18,19].

During UGS operation, pore pressure and temperature in the vicinity of the wellbore
and within the reservoir vary significantly in both time and space [9], whereas the regional
in-situ stress field remains essentially stable over the engineering timescale. As a result, the
effective stress borne by the reservoir skeleton fluctuates cyclically with each injection and
withdrawal cycle. At the same time, the temperature difference between the injected gas
and the formation induces thermoelastic and thermochemical responses in the rock-fluid
system [10,20]. The combined action of effective stress and temperature exerts a direct control
over a number of key processes, including fracture opening and closure, pore-structure
evolution, temporal deterioration, and partial recovery of permeability. This makes it a
pivotal factor for describing the evolution of reservoir injectivity and deliverability, as well
as for assessing the long-term operational safety of UGS facilities [11,12,17,21]. The stress-
related component of this permeability evolution has consequently been a central topic in
previous studies.

With respect to permeability stress sensitivity, early experimental work mainly fo-
cused on sandstones and other complex lithologic reservoirs. These studies generally
concluded that permeability decreases with increasing effective stress and can be described
by exponential or power-law relationships [14-17]. In the context of carbonate reservoirs,
Yan et al. [13] have reported that the permeability of fractured-porous cores exhibits a rapid
and non-linear decrease at low effective stress levels. Conversely, at higher stress levels,
the permeability undergoes a gradual decline. Distinct sensitivity coefficients are exhibited
by different pore structures. Sun et al. [6] and Gou et al. [17] showed that systems with
coexisting fractures and matrix pores commonly display moderate to strong stress sensitiv-
ity, which can further reduce injectivity and deliverability under multi-cycle injection and
production operations. With advances in experimental testing and imaging techniques,
quantitative characterization of permeability stress sensitivity in carbonates has shifted from
simple empirical functions to frameworks that explicitly link pore structure, permeability,
and effective stress. Sun et al. [11] showed that fracture morphology and skeletal stiffness
can lead to noticeable differences in stress sensitivity. Yang et al. [18] further pointed out
that fractured carbonate rocks under high-stiffness conditions are particularly sensitive
to stress and tend to exhibit stronger nonlinear behavior. Mi et al. [16], Zivar et al. [15],
and Haghi et al. [14] successively proposed empirical relations between permeability and
effective stress that are suitable for numerical simulations. Pu et al. [19] used digital rock
physics to simulate the evolution of porosity and permeability in fractured-porous net-
works under multiaxial stress states, providing additional insight into the mechanisms of
stress-dependent flow. Overall, these studies clarify how permeability responds to effective
stress and provide a range of empirical stress-permeability relations. However, because
most experiments were conducted under isothermal or single-temperature conditions, they
offer only limited insight into temperature-related effects.

Temperature changes not only modify fluid properties but also significantly affect
the mechanical and flow behavior of rocks through thermal expansion, thermally induced
cracking, and mineral reactions [22,23]. Tomads et al. [22] indicated that the initiation and
evolution of high-temperature thermal fractures is one of the key mechanisms governing
mechanical deterioration and permeability variation in rocks. Wang et al. [23] found that
moderate heating can induce microfracture opening and increase permeability, whereas at
higher temperatures and over longer durations, heating may cause structural collapse and
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pore clogging, leading to permeability reduction. Zhai et al. [24] observed that the relative
permeability of sandstone is sensitive to temperature and that heating can substantially
enhance oil-phase flow capacity. In the context of UGS, previous studies have shown that
permeability generally decreases during heating and increases during cooling, and exhibits
hysteresis under repeated heating-cooling cycles [20]. Even moderate cyclic temperature
variations on the order of several tens of degrees Celsius can cumulatively alter reservoir
flow properties by changing rock-skeleton stiffness, inducing thermal fractures, and trig-
gering local structural rearrangement [25]. These observations highlight a key gap: under
realistic UGS conditions, where temperature and effective stress vary simultaneously, the
coupled microstructural evolution of deep fractured-porous carbonate reservoirs and its
impact on permeability remain poorly constrained.

Operational conditions that truly reflect UGS behavior involve simultaneous changes
in temperature and effective stress. Against this background, some studies have begun
to incorporate coupled temperature and stress effects into experiments and theoretical
models. Gao et al. [12] demonstrated that multi-cycle effective stress perturbations cause
continuous reductions in permeability and porosity in carbonate reservoirs, leading to
substantial and partly irreversible damage to UGS injectivity and deliverability. Sun
et al. [11] and Luo et al. [26] investigated the coupled responses of fractured-porous
marine carbonates and deep lacustrine carbonates under combined temperature and stress
loading and proposed empirical models. Using micro-imaging and fractal theory, Huang
et al. [27] and Yang et al. [18] showed that the cooperative deformation of the pore skeleton
and the vuggy pore network under stress is a key factor controlling the intensity and
nonlinearity of macroscopic stress sensitivity. Temperature influences this process mainly
indirectly, by modifying skeleton stiffness and fracture evolution. Nevertheless, studies
on permeability evolution under coupled temperature and stress conditions still have
several limitations. First, most experiments use sandstones, granites, or generic carbonate
blocks, and systematic tests on deep fractured-porous carbonate reservoir cores under
in-situ stress and temperature conditions remain scarce. Second, part of the existing work
is conducted in high-temperature geothermal settings (typically > 200 °C), which differ
markedly from the moderate 20-80 °C thermal disturbances experienced by UGS facilities.
Third, structurally clear, easily calibrated permeability models that couple temperature and
effective stress for field-scale numerical implementation are still lacking.

To bridge these gaps, this study presents a targeted investigation focusing on the
Carboniferous fractured-porous carbonates of the Xiangguosi UGS (XGS-UGS). By con-
ducting experiments on natural reservoir cores under a complete T — 0, sy matrix (20-80 °C;
15-35 MPa), we aim to systematically quantify the coupled thermo-mechanical response of
permeability and develop a parsimonious constitutive model that can be readily utilized
for field-scale numerical simulations.

2. Materials and Methods
2.1. Experimental Samples

The reservoir samples tested in this study were collected from XGS-UGS in south-
western China. The storage reservoir consists of Carboniferous carbonates and is classified
as a fractured-porous reservoir [8]. The structural trap of XGS-UGS is an approximately
north-south-trending, belt-like feature, and reservoir permeability shows clear spatial
heterogeneity (Figure 1). To compare seepage responses under coupled temperature and
effective stress conditions, representative core intervals were selected from the northern,
central, and southern parts of the reservoir based on well-log interpretation. These intervals
are hereafter referred to as North, Middle, and South, respectively.

https://doi.org/10.3390/en19020553
268



Energies 2026, 19, 553

186 60

s 21

33|
1 '

/
/ @

iddle /
/ Xing Long Chang

/ /> “point11_« ?&Chang /= Pemeabilty (mD)
{ i®

// X020 2/ \*// X36H a -1000

SOlith /) Thnn 10

// 7 w ‘o 10
> / 1

186 60

a8

88

Figure 1. Plan-view permeability distribution of the Carboniferous carbonate reservoir in XGS-UGS
and locations of the sampled core intervals (North, Middle, and South).

Sample preparation followed the Specifications for rock tests in water conservancy
and hydropower engineering (SL/T 264-2020) [28] and the Standard for test methods of
engineering rock masses (GB/T 50266-2013) [29]. Full-diameter cores were machined into
cylindrical specimens with a diameter of 25 mm and a length of 50 mm. Dimensional
tolerances and end-face flatness met the requirements of the standards. To provide a
consistent preferential flow path among specimens, a throughgoing artificial fracture was
introduced along the axial direction of each core using a diamond wire saw (Figure 2),
which provides a simplified representation of a connected fracture pathway at the specimen
scale. This treatment was designed to control the primary flow pathway and improve inter-
specimen comparability, while acknowledging that it simplifies natural fracture complexity.

Before permeability tests, basic physical parameters of each specimen were measured
(Table 1). Mineral composition was determined by powder X-ray diffraction (XRD) using
a D8 ADVANCE diffractometer (Bruker, Karlsruhe, Germany). The XRD results show
that the specimens are dolomite-dominated (65.0-100.0%). Quartz and calcite are mainly
observed in the Middle specimen, whereas they are below the detection limit in the North
and South specimens (Table 2), which is consistent with typical carbonate reservoirs.
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Figure 2. Photographs and schematic of specimen preparation: (a) representative core specimens
from the North, Middle, and South intervals; (b) axial splitting using a diamond wire saw to create a
throughgoing fracture.

Table 1. Basic information of the tested specimens.

Sample Sampling Sampling Depth Diameter
ID Horizon (m) Length (mm) (mm) Mass (g)
North Carboniferous  2540.94-2541.11 50.00 25.10 64.566
Middle  Carboniferous  2352.11-2352.23 50.05 25.25 65.397
South Carboniferous  2574.38-2574.54 50.00 25.15 63.473
Table 2. Mineral composition determined by powder XRD.
Sample ID Quartz (%) Dolomite (%) Calcite (%)
North BDL 100.0 BDL
Middle 21.4 65.0 13.7
South BDL 100.0 BDL

Note: “BDL” indicates below the detection limit or trace amounts.

2.2. Experimental Apparatus and Permeability Calculation

Permeability tests were conducted using a high-temperature and high-pressure gas-
flow system (Figure 3). The system consists of a core holder, a confining pressure con-
trol unit, a gas injection unit, a temperature control unit, and a flow measurement unit
(Figure 3a,b). The core holder (316L stainless steel) has an inner diameter of 25 mm and an
adjustable length of 25-100 mm; it is rated to 50 MPa confining pressure and 180 °C. Gas
injection was provided by a TC-300D constant-rate/constant-pressure pump (maximum
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working pressure 70 MPa; accuracy £1% full scale; flow rate range 0.0001-90 mL/min;
cylinder volume 300 mL). To ensure that the specimen reached the preset temperature,
five temperature sensors were installed at both ends and the middle of the specimen to
monitor the core surface temperature in real time (Figure 3c).

_—_ W b

“Temperature sensor . z
P —— 2 Confining
pressure pump

Injection pump

Temperature sensor

(b) ©

)

Confining
pressure pump

s
Pressure
transducer

Soap film
flowmeter

Injection pump

_________ - Temperature sensor

Figure 3. High-temperature and high-pressure gas-permeability apparatus: (a) photograph of the
experimental setup; (b) schematic of the flow system; (c) layout of temperature sensors on the
core holder.

The gas permeability measurements were conducted in strict accordance with the API
RP 40 (Recommended Practices for Core Analysis) [30] and GB/T 29172-2012 (Practices
for Core Analysis) [31] standards. A steady-state method was employed using high-purity
nitrogen as the pore fluid. To account for the compressibility of gas, the permeability was
calculated using the following integrated form of Darcy’s Law for compressible flow [32-35]:
K — iOOI;OQQuZL (1)
(Pf — P3)

where Q is the gas flow rate measured at the reference pressure Py (atmospheric pressure);
u is the gas viscosity at the test temperature [20,36,37]; L and A are the length and cross-
sectional area of the core specimen, respectively; and P; and P; are the upstream (inlet)
and downstream (outlet) pressures. By maintaining a constant pressure gradient across the
specimen until the flow rate stabilized, the steady-state permeability was determined for

each coupled temperature and stress condition.
Because this study focuses on the relative evolution of permeability with temperature
and effective stress rather than absolute values, no Klinkenberg correction was applied. For
fractured-porous specimens with permeabilities in the mD range, the slip-flow effect is sec-
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ondary to the 30-80% reductions driven by thermo-mechanical loading. Furthermore, the
use of normalized permeability (K') largely mitigates systematic biases associated with gas
slippage, as the effect remains relatively constant across the measured and reference states.

According to Biot’s effective stress principle, the effective stress during the tests can
be expressed as [15,38,39]:

Oeff = Otol — Pp ()

where 0,¢/ is effective stress (MPa); 0y, is total stress, which equals the confining pressure
in this study (MPa); « is Biot’s coefficient (0-1); and P, is pore pressure (MPa). In these
experiments, the pore pressure ranged from 0.2 to 0.7 MPa. Within the confining pressure
range of 15-35 MPa, the term a P, contributes less than 5% of 0, s even when a = 1. While
this approximation (0, ~ 0) is numerically robust for calibrating parameters C and D
under current laboratory conditions, it should be noted that in field-scale UGS operations,
where pore pressure fluctuates significantly, the full effective stress term must be utilized
to avoid systematic bias in predicting permeability evolution.

2.3. Experimental Procedures

Steady-state gas-flow tests were performed on three specimens at 20, 40, 60, and 80 °C.
At each temperature, confining pressure was applied following predefined loading paths
(Table 3). The overall workflow is shown in Figure 4.

Table 3. Test matrix and confining pressure loading paths.

Confining Pressure

Sample Pore Pressure (MPa) Temperature (°C) Path (MPa)
0.2-0.7 20 15—20—25—30—35

. 0.2-0.7 40 15—25—35

North, Middle, South 02-0.7 60 15525435

0.2-0.7 80 15—25—35

Figure 4. Workflow of the steady-state gas-permeability tests.

Tests at 20 °C. The gas-bottle pressure was adjusted, and the constant-rate/constant-
pressure pump was started to supply Ny. The inlet pressure was regulated to maintain pore
pressure within 0.2-0.7 MPa. Inlet pressure and volumetric flow rate were recorded every
10 min. Steady state was assumed when both pressure and flow rate varied by less than
5% over three consecutive measurements. After steady state was reached, three additional
measurements were collected at 10 min intervals and averaged to calculate permeability
using Equation (1). The confining pressure was then changed, and the above procedure
was repeated to obtain permeability for the same specimen at effective stress levels of 15,
20, 25, 30, and 35 MPa.

Tests at elevated temperatures. For tests at 40, 60, and 80 °C, the target temperature
was set, and the system was heated gradually while the core surface temperature was
monitored in real time. Permeability testing started after the temperature stabilized at
the target temperature for 1 h, with fluctuations not exceeding £0.5 °C. At each elevated
temperature, tests were performed at confining pressures of 15, 25, and 35 MPa, following
the same steady-state criterion as at 20 °C.
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3. Experimental Results
3.1. Permeability Test Data

The steady-state gas permeability results of the three specimens under all test
conditions are summarized in Table 4. Under the reference condition (T = 20 °C and
Oeff = 15 MPa), the initial permeabilities of the North, Middle, and South specimens are
2.01,2.95, and 1.13 mD, respectively, differing by a factor of approximately 2-3.

Table 4. Steady-state permeability of the three specimens under different temperatures and effec-

tive stresses.

Temperature Effective Stress ~ Permeability of = Permeability of = Permeability of
(W@ (MPa) North (mD) Middle (mD) South (mD)
20 15 2.01 2.95 1.13
20 20 1.45 2.33 0.91
20 25 1.16 1.88 0.73
20 30 0.97 1.56 0.60
20 35 0.80 1.32 0.50
40 15 1.08 1.56 0.64
40 25 0.83 1.27 0.51
40 35 0.66 1.08 0.42
60 15 0.86 1.27 0.53
60 25 0.58 0.94 0.43
60 35 0.46 0.79 0.36
80 15 0.61 0.98 0.46
80 25 0.47 0.82 0.38
80 35 0.39 0.70 0.33

Note: For T = 40-80 °C, tests were conducted at o, rf=15,25, and 35 MPa.

Such an initial difference is common for fractured carbonate cores and may reflect
reservoir-scale heterogeneity as well as specimen-scale differences in fracture geometry.
Previous studies suggest that flow in fractured-porous carbonates can be influenced by
the connectivity between dissolution cavities (vug pores) and the fracture network, and
that variations in fracture morphology or roughness may lead to substantial changes in
measured permeability [18,27,40]. In this study, artificial fractures were prepared using
the same wire-cutting procedure. However, variations in matrix fabric and cut surface
micromorphology may still result in differences in fracture aperture and pore-fracture
connectivity among specimens.

While these three representative cores (North, Middle, and South) capture the primary
spatial heterogeneity of the XGS-UGS reservoir, they represent a localized population within
a statistically larger and more complex geological system. Consequently, the measured
permeabilities and subsequent sensitivity analyses should be viewed as indicative of the
reservoir’s behavior rather than an exhaustive characterization of all lithofacies present in
the Carboniferous carbonate formation.

3.2. Permeability Variation with Effective Stress

Figure 5a shows the relationship between permeability and effective stress at T =20 °C
for the three specimens. For all specimens, permeability decreases nonlinearly with increas-
ing 0,f7, and the rate of decrease diminishes at higher stress. For example, the permeability
of the North specimen decreases from 2.01 mD at 15 MPa to 0.80 mD at 35 MPa, correspond-
ing to a reduction of approximately 60%. The corresponding reductions are approximately
55% for the Middle specimen (2.95 to 1.32 mD) and 56% for the South specimen (1.13 to
0.50 mD). These results demonstrate a marked dependence of permeability on effective
stress within the tested range (15-35 MPa).
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Figure 5. Permeability variations with effective stress and temperature. (a) Permeability versus
effective stress at T = 20 °C for the three specimens. (b-d) Permeability versus temperature at
Oeff = 15, 25, and 35 MPa for the North, Middle, and South specimens.

3.3. Permeability Variation with Temperature

Figure 5b—d show permeability as a function of temperature at different effective-stress
levels for the North, Middle, and South specimens. At a given 0, permeability decreases
with increasing temperature for all specimens. The trend is consistent across the tested
stress levels, although the magnitude of reduction becomes smaller at higher .

At 0,5y = 15 MPa, increasing temperature from 20 to 80 °C reduces permeability
from 2.01 to 0.61 mD for the North specimen (approximately 70%), from 2.95 to 0.98 mD
for the Middle specimen (approximately 67%), and from 1.13 to 0.46 mD for the South
specimen (approximately 59%). Considering all specimens together, the relative reductions
over 20-80 °C are approximately 59-70% at 15 MPa, 48-59% at 25 MPa, and 34-51%
at 35 MPa. These results indicate that permeability is clearly temperature-dependent
within the investigated range, and that its temperature sensitivity is stronger at lower
effective stress.

When temperature and effective stress vary simultaneously from the reference condi-
tion (20 °C, 15 MPa) to the combined condition (80 °C, 35 MPa), permeability decreases from
2.01 to 0.39 mD (North), from 2.95 to 0.70 mD (Middle), and from 1.13 to 0.33 mD (South),
corresponding to reductions of approximately 81%, 76%, and 71%, respectively. This joint
reduction highlights that both temperature and effective stress should be considered when
evaluating permeability evolution under UGS-relevant operating conditions.
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3.4. Normalized Permeability Representation

To reduce the influence of inter-specimen differences in initial permeability and en-
able a consistent comparison of permeability variations under different testing condi-
tions, dimensionless normalized permeability variables are introduced using a common
reference state (I = 20 °C, op = 15 MPa) Hereafter, the superscript prime (/) denotes
normalized permeability.

To characterize the relative change in permeability with effective stress at the reference
temperature Tp, the stress-normalized permeability is defined as:

K(Ueffr To)

K =
7 K(oo, To)

®)

where K/, is the dimensionless normalized permeability; K (Ue ffs TO) is the measured
permeability at Tp under a given effective stress o,r¢; and K(0p, Tp) is the permeability
at the reference condition (¢, Tp). This normalization approach has been widely used in
studies of stress sensitivity and permeability evolution [41,42], as it can substantially reduce
the impact of inter-specimen variability in initial permeability and highlight the effect of
effective stress on permeability. The resulting normalized trends are illustrated in Figure 6a.
K, decreases monotonically and nonlinearly with increasing o, for all specimens.
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Figure 6. Normalized permeability results. (a) K}, versus o, ¢ at Tp = 20 °C for the three specimens.
(b—d) K’ versus T at 0, £ =15,25,35 MPa for (b) North, (c) Middle, and (d) South specimens.
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To minimize the influence of different initial permeabilities on three specimens when
examining temperature effects at a fixed effective stress, permeability is normalized by its
value at the reference temperature Ty:

K(aeff, T)

(AR VA
KT K(Ueff/ T())

(4)

where K’T is the dimensionless normalized permeability, K ((Te ffs T) is the measured per-

meability at effective stress 0,7y and temperature T, and K (O’e Ffr T0> is the permeability
at the same effective stress at Ty. The normalized results (Figure 6b—d) indicate that K’
decreases with increasing temperature for all specimens, while the magnitude of reduction
becomes less pronounced at higher o .

For a unified representation of permeability data obtained under combined variations
of effective stress and temperature, a coupled normalized permeability is further defined
with respect to the same reference state:

,_ Ko T) 5
K (0’0 , T())
where K’ is the dimensionless normalized permeability at a given (o’e ffs T),' K (Ue ffs T)
is the measured permeability; and K(op, Tp) is the permeability at the reference condition
Tp =20 °C, 0y = 15 MPa. This coupled normalization enables permeability measurements ac-
quired under different (UE Ffr T) conditions to be compared within a unified dimensionless
framework and will be used in the subsequent model development and validation.

4. Model Development
4.1. Model Scope, Assumptions, and Formulation Strategy

This chapter develops an exponential, engineering-oriented permeability model for
fractured-porous carbonate specimens under coupled variations of effective stress and
temperature. To enable cross-specimen comparison and to reduce the influence of inter-
specimen variability in initial permeability, we use the dimensionless normalized perme-
ability variables defined in Section 3.4, including the stress-normalized permeability KJ,,
the temperature-normalized permeability K/, and the coupled normalized permeability
K’. The model is intended to represent the experimental conditions investigated in this
study (i.e., the effective stress and temperature ranges in Section 3), and its performance is
assessed through systematic validation and error analyses.

The exponential model is constructed under the following assumptions, which are
consistent with the experimental design and the intended use of the model within the
tested range:

(1) Reference-state normalization. Differences among specimens in initial permeability
are accounted for by normalization to (0, Tj) (Section 3.4), so that the model targets
relative permeability changes rather than absolute values.

(2) Quasi-steady response at each loading step. The measured permeability at each
imposed (0,f¢, T) condition is treated as representative of an equilibrated state for
modeling purposes; time-dependent effects are not explicitly modeled.

(3) No explicit microstructural evolution law. Changes in fracture roughness, asperity
damage, and other microstructural evolutions are not parameterized explicitly; their
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net influence is implicitly absorbed into fitted exponential parameters within the
tested range.

(4) Separable stress and temperature effects (within the tested conditions). The coupled
normalized permeability is approximated by a separable form,

K' (‘Teff/ T) = f(Ueff)g(T) (6)

so that explicit cross-terms (e.g., ((Te Ff— (70) (T — Tp)) are not included in the model.
This separability assumption is grounded in the fundamental theory of fluid me-
chanics, where the hydraulic transmissivity of fracture-pore networks can often be
decomposed into independent mechanical and thermal response functions under
moderate loading conditions [43]. Similar simplifications have been successfully
adopted in thermo-elastic-hydraulic modeling of tight sandstones and granites to
balance computational efficiency with predictive accuracy [14,15,44]. This parsimo-
nious form captures the primary thermo-mechanical evolution while avoiding the
computational complexity associated with higher-order cross-terms. The separability
assumption (Equation (6)) implies that the coupled permeability response can be ap-
proximated by the product of independent stress and temperature functions without
explicit cross-terms. This approach is quantitatively justified by the subsequent error
analysis (Section 4.5), which reveals a mean relative error of approximately 11-12% for
the tested range. Within the moderate operating envelope of 20-80 °C and 15-35 MPa,
this parsimonious form captures the primary thermo-mechanical evolution while
avoiding the computational complexity and calibration challenges associated with
higher-order coupling terms.

(5) Moderate-temperature regime. The investigated temperature range (20-80 °C) is
treated as the applicability range of the proposed exponential model.

Within this framework, exponential expressions are adopted because they are widely
used in permeability-stress or temperature studies and provide strictly positive predictions
with a minimal number of parameters, facilitating stable calibration and sensitivity quantifi-
cation. Based on this strategy, we first calibrate a stress model to obtain the stress-related
exponential decay parameter C (Section 4.2), then calibrate a temperature model to obtain the
temperature-related exponential decay parameter D (Section 4.3), and finally combine them
into a coupled separable expression for prediction and validation (Sections 4.4 and 4.5).

4.2. Fitting of the Stress-Related Exponential Decay Parameter

As shown in Figure 6a, K|, decreases nonlinearly with increasing o ¢ for all three spec-
imens. This curve shape is consistent with the exponential type trends commonly reported
for tight and fractured rock [45,46]. Therefore, an exponential model is adopted to fit the
normalized data:

Kllf = exp [—C((Teff - (70)} (7)

where 0y = 15 MPa is the reference effective stress, and C (MPa~!) is the stress-related expo-
nential decay parameter. The parameter C directly reflects how sensitive the permeability
is to changes in effective stress and has a clear physical meaning [47,48].

The fitting results are presented in Figure 7a—c and Table 5. For all three cores, the
goodness-of-fit R? is greater than 0.97, suggesting that Equation (7) provides a reasonable
description of the stress-dependent decay in permeability over 15-35 MPa. The fitted C
values for the North, Middle and South cores are 0.0506, 0.0424 and 0.0420 MPa~!.
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Figure 7. Normalized permeability exponential fitting results. (a—c) Experimental data and fitted
curves for the North, Middle, and South cores.

Table 5. Fitted parameters of the exponential stress-sensitivity model (Equation (7)) at T = 20 °C.

Sample Temperature (°C) Model Form C (MPa—1) R?
North 20 K, = 0.0506 £ 0.0030 0.9746
Middle 20 ox [7(:(‘7 o >] 0.0424 £ 0.0011 0.9948
South 20 P eff =70 0.0420 =+ 0.0005 0.9990

4.3. Fitting of the Temperature-Related Exponential Decay Parameter

As shown in Figure 6b-d, K/, decreases monotonically and nonlinearly with increasing

temperature for all three cores at each effective stress. Previous work has shown that,

within the mid to low temperature range, the permeability-temperature relationship can

often be captured by an exponential-type model [22]. In this sense, the parameter D can be

interpreted as an experimental indicator that integrates the combined effects of thermoelas-

tic expansion of the pore skeleton and microstructural adjustment. Similar formulations

have also been widely adopted to characterize temperature-dependent permeability in

low-permeability sandstones [44,49]. Referring to the exponential functions commonly

used in studies of rock temperature-permeability coupling, the relationship between K/,

and T is fitted as

K7 = exp[—=D(T = Tp)]

®)

where Ty = 20 °C is the reference temperature and D > 0 (°C~!) is the temperature-related

exponential decay parameter, representing the relative decay rate of permeability per

Celsius increase with respect to Tp.
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Here, D is fitted separately at each 0,¢¢ to evaluate the influence of effective stress

on the temperature sensitivity of permeability. The coupled model in Section 4.4 adopts

constant C and D to couple temperature and effective-stress effects via a parsimonious

separable exponential form.

The fitted curves (Figures 8-10) and Table 6 show that the exponential decay model

provides a satisfactory description of the data. For all test conditions, the goodness-of-fit

R? is greater than 0.90 and, in most cases, exceeds 0.95, confirming the applicability of

Equation (8) to the 20-80 °C temperature conditions relevant to UGS engineering. The

fitted temperature-related exponential decay parameter D mainly falls in the range of

0.0075-0.023 °C~1. As illustrated in Figures 8-10, the exponential decay model accurately

captures the nonlinear reduction of permeability with temperature across all tested stress

levels. A key feature of these plots is the systematic change in the curvature: the curves

are steepest at the lowest effective stress (15 MPa) and become significantly flatter as

the stress triples to 35 MPa. This visual ‘flattening’ directly reflects the decline in the

temperature-related decay parameter D (Table 6).
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Figure 8. Exponential fitting of normalized permeability (K’) versus temperature for the North
core under different effective stresses: (a) 15 MPa; (b) 25 MPa; and (c) 35 MPa. The progressive
flattening of the fitted curves at higher stress levels illustrates the mechanical “passivation” of the

thermal response as compliant conduits are pre-closed by effective stress.
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Figure 9. Exponential fitting of normalized permeability (K/) versus temperature for the Middle
core under different effective stresses: (a) 15 MPa; (b) 25 MPa; and (c) 35 MPa. The progressive
flattening of the fitted curves at higher stress levels illustrates the mechanical “passivation” of the

thermal response as compliant conduits are pre-closed by effective stress.

Table 6. Fitted parameters of the exponential temperature-sensitivity model at different effec-

tive stresses.

Sample Effective Stress (MPa) Model Form D (°C1) R?
15 0.0229 + 0.0026 0.9534
North 25 0.0160 = 0.0006 0.9938
35 0.0125 + 0.0008 0.9797
15 K = 0.0223 + 0.0030 0.9323
Middle 25 exp[-D(T — Tp)] 0.0161 + 0.0013 0.9685
35 0.0113 + 0.0006 0.9842
15 0.0189 + 0.0028 0.9004
South 25 0.0128 + 0.0013 0.9383
35 0.0075 + 0.0003 0.9915
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Figure 10. Exponential fitting of normalized permeability (K) versus temperature for the South
core under different effective stresses: (a) 15 MPa; (b) 25 MPa; and (c) 35 MPa. The progressive
flattening of the fitted curves at higher stress levels illustrates the mechanical ‘passivation” of the
thermal response as compliant conduits are pre-closed by effective stress.

4.4. Exponential Permeability Model Under Coupled Temperature and Stress Conditions

To represent the combined effects of effective stress and temperature within a unified
framework, combining Equations (7) and (8) under the separability assumption gives:

K" = exp[~C(c —00) — D(T — Ty)] ©)

where C (MPa~!) and D (°C~!) are the stress-related and temperature-related exponential
decay parameters. Equation (9) follows the separability assumption stated in Section 4.1
and does not include an explicit cross-term such as (O’eff - (70) (T - Tp).

The fitted parameters of the coupled model for the three specimens are listed in Table 7.
The fitted C values are approximately 0.038-0.046 MPa~!, and the fitted D values are approxi-
mately 0.016-0.020 °C~!, with R? ranging from 0.878 to 0.929. This indicates that, within the
effective stress range of this study (15-35 MPa), a 10 MPa increase in effective stress leads to a
permeability reduction of roughly 32-37%. Within 20-80 °C, if effective stress is held constant,
a 10 °C increase in temperature reduces permeability by about 15-18%.

Table 7. Fitted parameters of the coupled model for the three specimens based on Equation (9).

Sample Model Form C (MPa-1) D(¢°C-1 R?
North 0.0459 £0.0039  0.0203 £ 0.0017 0.9289
Middle K’ = exp[-C(c — 0p) — D(T — Tp)] ~ 0.0384+0.0037 0.0194+0.0017  0.9152
South 0.0376 £0.0039  0.0160 £0.0017  0.8776
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4.5. Model Validation and Error Analysis
Using the fitted exponential model Equation (9), the normalized permeability of each
specimen under different (Og Ffr T) is predicted. To evaluate the model performance, the
relative error is introduced:
K;ﬂ . — K|
K/

where K;ﬂed and K’ are the modeled and measured normalized permeability. For each

5= x 100% (10)

specimen, the relative errors J, the mean relative error dy,eq,, the maximum relative error
dmax and the 80th percentile of the relative error dgy are summarized in Tables 8-10.

The error statistics in Tables 8-10 provide insight into the model’s reliability. The mean
relative error of approximately 11-12% for all specimens suggests that the parsimonious
separable form is sufficient for capturing the primary trends of permeability evolution.
However, it is noted that the maximum relative errors (up to 39%) typically occur at
the lowest permeability values (e.g., 80 °C and 35 MPa). This is because, as absolute
permeability approaches the reservoir’s lower limit, even small numerical residuals result
in high relative percentages. Despite these localized deviations, the 80th percentile of errors
remains within a narrow band (22-24%), confirming the model’s overall consistency for
engineering applications.

Table 8. Error statistics of permeability model predictions for the North specimens.

T(CC) o (MPa) K Ko 5 (%) Simean (%) Omax (%) S5 (%)
20 15 1.00 1.00 0.00
20 20 0.72 0.79 10.50
20 25 0.58 0.63 9.80
20 30 0.48 0.50 3.68
20 35 0.40 0.40 0.27
40 15 0.54 0.67 24.38
40 25 0.41 0.42 1.50
40 35 0.33 0.27 19.10 11.45 38.67 22
60 15 0.43 0.44 3.64
60 25 0.29 0.28 3.13
60 35 0.23 0.18 21.94
80 15 0.31 0.30 3.05
80 25 0.24 0.19 20.59
80 35 0.19 0.12 38.67

Table 9. Error statistics of permeability model predictions for the Middle specimens.

TCO  omyMPa) K K e 56 Omean (%) Omax (%) Ogp (%)
20 15 1.00 1.00 0.00
20 20 0.79 0.83 432
20 25 0.64 0.68 6.61
20 30 0.53 0.56 6.13
20 35 0.45 0.46 3.6
40 15 0.53 0.68 28.18
40 25 043 0.46 7.11
40 35 0.37 0.31 14.00 12.03 39.11 24
60 15 043 0.46 7.14
60 25 032 0.31 1.94
60 35 027 0.21 20.63
80 15 0.33 0.31 6.41
80 25 0.28 0.21 2352
80 35 0.24 0.14 39.11
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Table 10. Error statistics of permeability model predictions for the South specimens.

TCO  opMP) K Koy 0CH  Swean OO Sua (6 s (%)
20 15 1.00 1.00 0.00
20 20 0.81 0.83 2.77
20 25 0.65 0.69 6.10
20 30 0.53 0.57 6.95
20 35 0.44 0.47 6.91
40 15 0.57 0.73 27.77
40 25 045 0.50 9.96
40 35 0.37 0.34 8.69 12.44 37.34 22
60 15 0.47 0.53 13.22
60 25 0.38 0.36 416
60 35 0.32 0.25 22.30
80 15 0.41 0.38 6.53
80 25 0.33 0.26 21.43
80 35 0.29 0.18 37.34

5. Discussion

This chapter interprets the observed permeability evolution of fractured-porous car-
bonate rocks under coupled temperature and effective stress conditions. We first explain
the stress-controlled exponential-type permeability decay and its microphysical origin, and
then discuss why the temperature sensitivity is progressively attenuated by increasing
effective stress within the investigated 20-80 °C conditions. Based on these observations,
two full-path conceptual models are proposed for permeability evolution under effective-
stress loading or temperature loading. Finally, we discuss the engineering relevance of the
proposed exponential model and clarify its current applicability and limitations.

5.1. Stress-Controlled Permeability Decay and Full-Path Conceptual Model

Table 7 shows that the fitted stress-related exponential decay parameter C for the
North, Middle, and South cores is 0.0459, 0.0384, and 0.0376 MPa~!. This level of stress
sensitivity is comparable to that reported for carbonate cores from the Malm geothermal
reservoir in Germany [50] and is also consistent with observations in tight gas sandstones,
where permeability decreases markedly as effective stress increases [51].

The exponential-type decay of permeability with increasing effective stress (Figure 7)
can be interpreted as a non-uniform progressive closure of the fracture-pore network. Fara-
hani et al. [52] suggested that flow pathways in fractured-porous rocks can be conceptualized
as a network composed of highly compliant fractures (soft hydraulic units) connected with
less compliant matrix pores (stiff hydraulic units). At relatively low effective stress, wide
fractures and large-aperture channels accommodate most deformation. Their rapid closure
and geometric rearrangement lead to a steep reduction in flow capacity. As effective stress
increases further, the dominant fracture pathways become increasingly restricted, and the
remaining flow is progressively carried by smaller pores and stiff contact areas. Conse-
quently, additional stress increments cause smaller permeability changes, and the curve
transitions to a gentler decay regime. This interpretation is consistent with the theoretical
analysis of Zimmerman and Bodvarsson [43], who showed that the transmissivity of a single
fracture decreases approximately with the cube of its mechanical aperture, revealing the
microphysical origin of the macroscopic nonlinear stress sensitivity observed in this study.

Building on this interpretation, a conceptual model is proposed to describe permeabil-
ity evolution along a broader effective-stress path (Figure 11). Two competing stages can
be distinguished:

Stage I (mechanical compaction zone): When the effective stress has not yet reached
the dilatancy threshold of the rock, the dominant mechanism is the mechanical closure of
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pre-existing fractures and pores. Macroscopically, permeability decreases monotonically
and rapidly with increasing effective stress. The stress range covered by the present
experiments falls within this stage.

Stage I: Mechanical Fracture Closure Stage II: Micro-crack Initiation & Dilatancy
(Effective Stress < Dilatancy Threshold) (Effective Stress > Dilatancy Threshold)

Dilatancy
threihold

Permeability

Stage | ! Stage Il

e
LRAVSS

Effective Stress

Figure 11. Conceptual model of permeability evolution in fractured-porous rocks under increasing
effective stress, illustrating a fracture closure-dominated stage (Stage I) and a potential damage-
induced micro-cracks stage (Stage II). The black arrows represent the application of effective stress,
and the grey arrows indicate the overall trend of permeability evolution (decrease or increase).

Stage II (damage-induced dilatancy zone): If the effective stress continues to increase
beyond the rock’s dilatancy threshold, micro-crack initiation and propagation are triggered.
As experimentally demonstrated by Zoback and Byerlee [53], microcrack dilatancy in the
vicinity of the failure stress can cause a substantial increase in permeability, potentially
exceeding initial values by several times, due to the formation of new flow channels. While
our current data reside strictly within the mechanical compaction regime (Stage I), this
inclusion of Stage II provides a comprehensive roadmap for reservoir behavior under
extreme stress loading.

This model captures the entire nonlinear competitive evolution from “mechanical
fracture closure” to “micro-crack initiation and dilatancy” and provides a theoretical
framework for understanding reservoir behavior under more extreme loading conditions.

5.2. Temperature Sensitivity of Permeability Under Effective-Stress Regulation and Full-Path
Conceptual Model

From a mechanistic perspective, the maximum temperature in this study is 80 °C,
which is well below the threshold for extensive thermal cracking commonly reported in
heating-induced fracturing experiments (typically 200-300 °C) [22,54]. Therefore, within
20-80 °C, the observed permeability reduction is mainly attributed to thermoelastic de-
formation of the rock skeleton and microstructural rearrangement driven by mismatched
thermal expansion among mineral constituents. When pre-existing fractures are not fully
closed, heating tends to impose additional compression on relatively wide fracture seg-
ments, whereas the geometric adjustment of pore throats and smaller fractures is compara-
tively limited; as a result, the effective flow channels shrink without generating new fracture
surfaces. Consistent behaviors have been reported in temperature-stress-permeability ex-
periments on sandstones and granites, where permeability commonly decreases slowly
with temperature at low to intermediate temperatures and increases sharply only after
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pervasive thermal cracking develops at higher temperatures [23,49,54,55]. This indicates
that the present experiments primarily capture the stage dominated by thermoelastic
expansion-compression rather than thermal cracking.

As shown in Figure 6b—d, the temperature-caused permeability reduction is stronger
at low effective stress and becomes progressively weaker at higher effective stress. For
example, at 0,7 = 15 MPa, heating from 20 to 80 °C reduces permeability by roughly
60% for the North, Middle, and South cores, whereas at 0erf = 35 MPa the reduction
is only about 30%. The experimental results provide a clear quantitative link between
mechanical confinement and the attenuation of temperature sensitivity. Specifically, as
shown in Table 6 and Figure 12, the temperature-related decay parameter D drops by
approximately 45.4% to 60.3% across the three specimens as the effective stress increases
from 15 to 35 MPa. This systematic reduction in D quantifies the passivation effect: at
15 MPa, the unclosed and compliant fractures maximize the permeability response to
thermoelastic expansion, leading to higher sensitivity. However, as the effective stress
triples to 35 MPa, the mechanical pre-closure of these primary conduits, which accounts for
an initial 55-60% permeability loss (Section 3.2), leaves a stiffer skeleton dominated by less-
compressible matrix pores. This transition from fracture-dominated to matrix-dominated
flow significantly weakens the capacity of mineral expansion to further restrict the seepage
pathways, thereby numerically reducing the temperature sensitivity of the bulk rock. A
comparable “passivation” of temperature sensitivity at higher effective stresses has also
been reported for Beishan granite and several Chinese sandstones [23,55].
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Figure 12. Fitted temperature-related exponential decay parameter D under different effective stress
for the (a) North, (b) Middle, and (c) South cores. Error bars denote the standard error of D obtained
from exponential fitting.
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Based on the experimental results and rock thermophysical theory, we propose a full
path mechanistic model for permeability evolution under temperature loading (Figure 13).
The model comprises two competing stages.

Stage I: Thermal Expansion & Stage II: Thermal Cracking
Pore/Fracture Closure (T < Threshold) (T > Threshold, e.g., >200°C) —»

Micro-cracks

Permeability

Permeabili .
Dec:reasety StageT'm;wds tage Il Permeability Increase
Temperature

Figure 13. Conceptual model for the full path permeability evolution under temperature loading.
Stage I (20-80 °C in this study) is dominated by thermoelastic expansion and progressive closure
of pores and fractures. Stage II (typically > 200 °C) is dominated by thermal cracking, which may
enhance permeability and reverse the overall trend.

Stage I (thermal expansion induced permeability reduction zone): Within the oper-
ational temperature conditions of this study (20-80 °C), permeability decreases mainly
because matrix minerals undergo thermoelastic expansion. Owing to mismatched thermal
expansion among mineral constituents and the confinement imposed by external stresses,
the expanding grains progressively encroach on pre-existing pore and fracture space, nar-
rowing effective flow paths, especially relatively wide fractures. This mechanism provides
a microphysical explanation for the exponential type permeability decay with increas-
ing temperature observed here, and it represents the dominant response for XGS-UGS
operating conditions.

Stage II (thermal cracking induced permeability enhancement zone): If temperature
continues to rise beyond the thermal cracking threshold (typically > 200 °C) [22,54], ther-
mally induced stresses may exceed intergranular cohesive strength, triggering intergranular
microcrack initiation and the propagation of pre-existing fractures [49,54,55]. According
to the study on carbonates by Yang et al. [56], increasing temperature leads to the pro-
gressive development of internal micro-fractures and a decrease in the elastic modulus.
This real-time thermal cracking can enhance network connectivity and potentially reverse
the permeability reduction trend. Although the temperatures in this study (20-80 °C)
remain within the Stage I closure regime, the model reflects the well-documented thermo-
mechanical evolution of carbonate reservoirs under higher thermal loads.

5.3. Limitations

The 1:1 comparison between modeled and measured values, together with the 80% er-
ror band, are presented in Figure 14, which indicates a systematic bias of the model: in the
range K’ = 0-0.4 (usually corresponding to high temperatures and high effective stresses),
most predicted values fall below the 1:1 line (slight underestimation), whereas in the range
K’ =0.4-1.0 (corresponding to low temperatures and low effective stresses), the model tends
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to overestimate permeability. This suggests that the actual temperature-stress coupling does
not strictly follow a single exponential law with constant parameters, but exhibits piecewise
nonlinearity: at low temperatures and low effective stresses, fractures are only partially
closed and highly compliant; as temperature and effective stress increase, most fractures
become nearly closed, additional load is mainly borne by matrix pores, and permeability
changes become less pronounced. Therefore, an exponential model with constant C and
D cannot fully capture the “initially steep then gradually gentle” curve shape. To further
mitigate this systematic bias, future model development could benefit from adopting a
piecewise parameterization or a stress-dependent formulation (e.g., C (Ue £ f> and D (Ue f f) )-
Such an approach would allow the decay parameters to evolve with the mechanical state
of the rock: using higher sensitivity values in the low-stress regime to represent compliant
fracture closure and lower values at high stresses to reflect the dominance of stiffer matrix
pores. By explicitly accounting for the varying stiffness of the hydraulic units, such refine-
ments could effectively reduce the current overestimation at high normalized permeability
values and the underestimation at low values. In addition, Equation (9) assumes separabil-
ity and does not include higher-order coupling terms; at higher temperatures and larger
stresses, or in scenarios involving pronounced dissolution-precipitation and thermally
induced fracture development [57], a separable exponential form may be insufficient to
describe strongly nonlinear coupling. With broader experimental data covering wider
conditions and controlling factors, more flexible constitutive forms incorporating explicit
cross terms could be developed to further refine and generalize the present exponential
model. While more complex constitutive forms incorporating explicit cross-terms could
potentially reduce residuals further, the current separable model provides a robust balance
between mathematical simplicity and predictive accuracy. The consistency shown in the
1:1 comparison (Figure 14) confirms that for fractured-porous carbonates in XGS-UGS, the
independent parameterization of C and D is sufficient to reproduce the overall permeability
trends across diverse temperature and stress conditions.

Another limitation is the reliance on macroscopic seepage measurements to infer micro-
scale deformation processes. While the current flow-based results accurately quantify
the hydraulic aperture response, which is essential for evaluating UGS injectivity and
deliverability, they do not provide direct visual evidence of the internal geometric evolution.
High-resolution micro-CT imaging would be invaluable for visualizing localized fracture
closure, asperity damage, and thermally induced micro-cracking under loading. However,
performing high-resolution in-situ scans at the investigated moderate temperatures and
high stresses (80 °C; 35 MPa) remains a significant technical challenge. Moreover, ex-situ
measurements may introduce stress-release artifacts that alter the fracture contact state.
Consequently, microstructural changes are currently absorbed into the fitted exponential
parameters rather than being parameterized explicitly. Future research incorporating
specialized in-situ CT scanning systems will be prioritized to provide more rigorous
geometric validation for the proposed thermo-mechanical coupling mechanisms.

Furthermore, the use of a single throughgoing artificial fracture to represent the flow
path (Section 2.1) introduces certain scale-dependent simplifications. While this approach
ensures experimental repeatability and allows for clear quantification of thermo-mechanical
coupling mechanisms, it simplifies the multi-scale nature of natural fracture networks. In
natural reservoirs, fractures exhibit diverse orientations relative to the core axis, varying
surface roughness, and heterogeneous mineral infillings (e.g., calcite or clay). These fea-
tures not only define the initial seepage capacity but also significantly influence the local
mechanical stiffness and thermal expansion response of the rock skeleton. Additionally,
natural fractured specimens are often susceptible to structural damage during the high-
precision machining process, making it technically challenging to prepare high-quality
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samples that meet strict laboratory standards. Furthermore, while the axial orientation of

the artificial fractures maximizes the initial seepage capacity of the core plugs, it does not

account for the tortuosity and connectivity losses inherent in multi-scale fracture networks.

Consequently, when extrapolating these findings to field-scale simulations, the proposed

model should be viewed as a fundamental characterization of the ‘hydraulic unit’ response,

which must be coupled with reservoir-scale geological models to account for the structural

complexity and network-scale amplification of thermo-mechanical effects. Despite these

simplifications, the proposed exponential parameters provide a consistent baseline for

characterizing the response of primary seepage conduits in the XGS-UGS, serving as a

critical input for upscale multiphysics simulations.
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Figure 14. 1:1 comparison between modeled and measured normalized permeability under coupled

temperature and stress conditions. The dashed line indicates K;ﬂ .4 = K'; the shaded region denotes
the 80th percentile error band. (a) North core; (b) Middle core; (c) South core; (d) combined data from
all three cores.

The transition from a single laboratory-scale fracture to a complex reservoir-scale net-

work can be achieved through the equivalent permeability (ke;) concept. In this framework,

the laboratory-derived parameters C and D serve as the fundamental constitutive response

for the individual hydraulic conduits. When integrated into Discrete Fracture Network

(DEN) or equivalent continuum models, the macroscopic permeability of a reservoir grid

block can be expressed as an assembly of these responsive units. As the effective stress

and temperature evolve during UGS operations, the aperture of each fracture within the

network follows the calibrated exponential decay, collectively driving the evolution of the

field-scale equivalent permeability. However, it is important to note that network-scale

connectivity and the cooperative deformation of fractured-vuggy clusters may introduce
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additional nonlinearities. Therefore, reservoir-scale simulations should utilize these labora-
tory results as a calibrated baseline while accounting for broader statistical variations in
the coefficients to address the impact of complex heterogeneity.

The sensitivity parameters C and D are intrinsically linked to the mechanical state of
the rock skeleton. In actual UGS facilities, gas injection increases pore pressure and reduces
effective stress, potentially enhancing the reactivity of compliant fractures to both mechani-
cal loading and thermal expansion. If the pore-pressure term in Equation (2) is neglected
under high-pressure injection conditions, the model would likely underestimate the rate of
permeability recovery. Therefore, for engineering implementation, the exponential model
(Equation (9)) should be coupled with a dynamic effective stress calculation that explicitly
accounts for localized pore pressure variations.

It is also worth noting that while apparent gas permeability was used without Klinken-
berg correction, the identified sensitivity trends remain robust. In the low-mD range of
XGS-UGS carbonates, the magnitude of permeability decay caused by fracture closure
and mineral thermal expansion far outweighs potential slip-flow deviations. This ensures
that the derived exponential parameters (C and D) accurately reflect the relative seepage
response of the reservoir skeleton to operational fluctuations.

Another limitation of the current study is the use of monotonic loading paths to cali-
brate the exponential parameters C and D. While these parameters successfully quantify the
sensitivity of the reservoir skeleton to initial stress and temperature perturbations, actual
UGS operations involve high-frequency cycles of gas injection and withdrawal. Previous
studies have indicated that multi-cycle effective stress perturbations can cause irreversible
structural damage to the pore-fracture network, leading to permeability hysteresis where
the unloading path deviates from the loading path. Such hysteresis often leads to cumula-
tive permeability loss as fracture asperities undergo non-elastic deformation or mechanical
fatigue over time. Therefore, the values of C and D reported here (Table 7) specifically
represent the loading-path behavior. While they provide a robust upper-bound estimate
for permeability decay during initial reservoir adjustment, they may not fully capture the
long-term rock fatigue or the partial recovery of flow channels under cyclic conditions.
Future research incorporating long-term cyclic testing is needed to extend the exponential
model into a full-cycle constitutive relation for UGS performance prediction.

Finally, it is essential to acknowledge the indicative nature of the derived exponential pa-
rameters. The ranges identified for the stress-related decay parameter C (0.038-0.046 MPa~!)
and the temperature-related decay parameter D (0.016-0.020 °C~!) provide a calibrated
baseline for the fractured-porous units within the XGS-UGS under the investigated condi-
tions (20-80 °C; 15-35 MPa). These parameters are representative of the coupled thermo-
mechanical response of the primary flow conduits; however, reservoir-scale simulations
should account for broader statistical variations in these coefficients to fully address the
impact of complex heterogeneity on long-term UGS deliverability.

5.4. Engineering Significance

Within the investigated range (20-80 °C and the tested effective-stress levels), the
proposed exponential model offers a concise engineering-scale tool to quantify coupled
temperature and stress effects and to compare sensitivity among cores or reservoir intervals
using fitted parameters (C and D) in a consistent manner. The identified sensitivity provides
a mechanistic basis for understanding field-scale permeability fluctuations in UGS facilities.
During the gas injection phase, the rising pore pressure reduces effective stress, and the
injection of relatively cold gas typically leads to localized cooling near the wellbore. Our
experimental results confirm that both of these thermo-mechanical shifts favor the recovery
of flow conduits, which is consistent with field observations where reservoir permeability
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is generally higher during injection than during the production phase. However, the
macroscopic impact on well performance is governed by the synergistic coupling of the
sensitivity parameters (C and D) and the spatial extent (radius) of the stress and temperature
disturbance zones. While extreme permeability variations are primarily concentrated in
the near-wellbore region, they act as a dynamic skin factor that dictates the Injectivity
Index. Incorporating these localized and cyclic effects into reservoir simulations allows
for a more accurate prediction of deliverability evolution and operational optimization
over the entire UGS service life, preventing over-optimistic forecasts that fail to account for
localized thermo-mechanical seepage restriction.

To illustrate the practical impact of the proposed model on UGS operations, a repre-
sentative case study was conducted based on the operating parameters of the XGS-UGS.
This facility typically operates with pore pressures between 12 and 30 MPa and formation
temperatures ranging from 30 to 60 °C. During a withdrawal phase, as the pore pres-
sure decreases from 30 MPa to 12 MPa, the effective stress acting on the rock skeleton
increases by approximately 18 MPa. Concurrently, geothermal heat transfer can cause
the localized near-wellbore temperature to rise from the injection state (30 °C) to the for-
mation equilibrium state (60 °C). According to the calibrated exponential model and the
sensitivity parameters derived in this study (C ~ 0.042 MPa~! and D ~ 0.019 °C~!), this
coupled thermo-mechanical loading leads to a localized permeability reduction of approxi-
mately 73% within the primary seepage conduits during a single withdrawal cycle. Such
a substantial decay acts as a dynamic skin effect that significantly constrains the well’s
deliverability index.

From an engineering perspective, the proposed constitutive model K(c, T) can be
integrated into reservoir simulators through two primary pathways:

Direct Analytical Embedding: The exponential relation can be implemented as a
dynamic multiplier within the simulator’s constitutive subroutines. This allows the solver
to update the permeability of each grid block at every time step based on the instantaneous
local stress and temperature fields.

Multi-dimensional Lookup Tables: For commercial simulators with restricted constitu-
tive flexibility, the model can generate a 2D lookup table (K’ vs o, ¢ and T). The simulator
then utilizes bilinear interpolation to determine the effective permeability multiplier during
predictive calculations.

By accounting for these localized cyclic variations, the proposed model provides a
quantitative tool for optimizing injection-production schedules and ensuring the long-term
deliverability of fractured-porous carbonate reservoirs.

6. Conclusions

Steady-state gas permeability tests were conducted on three fractured-porous carbon-
ate cores from the XGS-UGS under coupled temperature and effective stress conditions
(20-80 °C; 15-35 MPa). The main conclusions are as follows:

(1) Overall permeability reduction under coupled loading. Permeability decreases
markedly with increasing effective stress and temperature within the investigated
conditions. Varying a single factor (either temperature or effective stress) typically
leads to an approximately 30-70% reduction, whereas their combined increase can
produce a maximum reduction exceeding 80% for the tested cores.

(2) Hierarchy of controlling factors and stress regulation of temperature sensitivity.
Exponential-type fittings indicate that permeability is primarily governed by effec-
tive stress, while temperature plays a secondary, regulating role. The stress-related
exponential decay parameter C (0.038-0.046 MPa~1) is consistently higher than the
temperature-related exponential decay parameter D (0.016-0.020 °C~1) for all three
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cores. In addition, D decreases systematically with increasing effective stress, demon-
strating that temperature sensitivity is strongly modulated by the stress state because
compliant fractures and larger pores are progressively pre-closed.

(3) Mechanistic interpretation and conceptual regimes. The stress-induced permeability
decay can be interpreted as a non-uniform progressive closure of the fracture-pore
network: rapid closure of compliant flow paths dominates at relatively low effective
stress, followed by a gentler decay as flow becomes increasingly controlled by stiffer
pores and contact areas. Within 20-80 °C, the observed temperature effect is mainly at-
tributed to thermoelastic deformation and microstructural rearrangement that narrow
existing flow channels, rather than pervasive thermal cracking. Conceptually, under
more extreme effective-stress or temperature loading, microcracks may propagate and
induce dilatancy, potentially enhancing permeability; however, the operating-relevant
conditions examined here remain within a closure-dominated regime.

(4) Exponential model and applicability. A concise, physically interpretable exponential
model was proposed to describe permeability evolution under coupled temperature-
effective stress loading, showing good predictive performance within the investigated
ranges (mean relative error on the order of 10%). The model can be implemented as
a constitutive permeability module in multiphysics simulations to support injectiv-
ity /deliverability evaluation and operational optimization for XGS-UGS and other
UGS sites with similar fractured-porous carbonate settings.
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