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ABSTRACT

In order to minimize greenhouse gas emissions, it is essential from an environmental point of view to employ CO, sequestration
technology to store CO, in underground coal layers. To study this strategy, a triaxial testing apparatus is required. This study
introduces a novel triaxial testing apparatus developed to explore enhanced coal bed methane (ECBM) and carbon dioxide (CO,)
sequestration techniques. Several laboratory tests were conducted to validate the apparatus and study the behavior of coal exposed
to CO, using this machine. In fact, the implementation of this machine marks the initial step in an empirical feasibility analysis of
CO, sequestration in Iranian coal seams. This analysis involves examining the impact of ash content, ambient temperature, and
saturation direction on CO, adsorption and emission in various coal samples. Two different thermal coal samples from Chamestan
and Tash mines were utilized. Some results, such as the trend of the coal sample’s strain, show good correlation with previous work.
Additionally, some results presented in this work are novel. On the basis of the results, the developed apparatus demonstrated
satisfactory performance, and its innovative design fully meets the desired outcome. Higher ash content increases coal strength
and reduces deformation. Lower ash content leads to more gas adsorption and deformation post-saturation. Gas adsorption is
higher at 25°C than at 4°C. Moreover, coal samples at 25°C had 12.5 times more axial strain than those at 4°C. Lateral saturation
causes 13.72% larger axial strain changes than top and end saturation due to increased gas-sample contact and penetration into
the coal matrix.

1 | Introduction and environmental applications [1]. By developing this method,
the feasibility of gas recovery by CO,! injection was investigated,

Numerous studies have been carried out on the drainage of coal ~ which laid the foundation for the invention of the CO, sequestra-

gas and its utilization. These studies have led to the development tion method in unmineable strata or abandoned coal mines [2]. In

of coal bed methane (CBM) methods, which in turn have led to order to use these methods to minimize and control greenhouse

the innovation and expansion of enhanced CBM (ECBM) tech- gas emissions, the first step is to study coal behavior.

niques. With the ECBM method, gas production or gas extraction

from coal seams is increased by up to 95% by injecting a gaseous or Researchers engaged in the study and development of these meth-

liquid fluid. Most of the coal seam gas is collected for industrial ods discovered that the main engineering properties of coal, such

© 2025 Society of Chemical Industry and John Wiley & Sons, Ltd.

Greenhouse Gases: Science and Technology, 2025; 15:53-67 53 of 67
https://doi.org/10.1002/ghg.2322


mailto:eaa.emad14@gmail.com
https://doi.org/10.1002/ghg.2322
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fghg.2322&domain=pdf&date_stamp=2025-01-30

as uniaxial strength, modulus of elasticity, Poisson’s ratio, axial
and lateral strain, bulk modulus, and permeability, would change.
They are altered and attenuated by the adsorption and emission
of high internal energy gases such as CO, and CH,.? Studies have
shown that the extent of changes in coal’s engineering properties
depends on various factors, including formation conditions, coal
rank, the specific coal region under study, and test conditions.
Therefore, it is not possible to determine a specific pattern for
the reduction of the engineering properties of coals from different
regions of the world, and so for each region they must be studied
individually [3-5]. However, the general behavior of coal exposed
to the gases in all regions is similar. To understand this matter
further, some of related works in this field are listed below.

The coal swells and shrinks due to the adsorption and desorption
of gas. During adsorption, the original volume of the coal changes,
and the coal undergoes linear and volumetric expansions. Linear
strain refers to changes in length relative to the original sample
length, whereas volumetric strain refers to changes in volume
relative to the original sample volume [6]. It is worth noting that
the penetration of CO, into the coal matrix at high pressure causes
structural changes and reorganization of the coal structure. The
response of the coal to the gas penetration is a transformation into
a more stable and resistant structure to further CO, penetration
[7, 8]. Experimental data indicate that the highest swelling due to
gas adsorption in the coal structure is observed in the adsorption
of CO,, followed by the adsorption of CH, gas, whereas the
adsorption of N, gas by coal causes the least swelling in the coal
structure, which is almost zero [9].

Scientific studies have shown that the adsorption of CO, by coal
mechanically weakens the coal layer. This gas adsorption leads
to an expansion of existing fractures and cracks in the coal and
also creates new fractures and cracks in the coal matrix. As a
result of this phenomenon, an increase in the permeability of
the coal is observed. This increase in permeability also leads to
an increased emission of the methane gas present in the coal
layer [10, 11].

In 1988, Ates and Barron investigated the effect of CO, adsorption
at saturation on the strength of coal samples under a pressure
of 3.45 MPa and found that the strength of the coal samples
decreased by about 14% [12]. In 2006, Ranjit and Witte investigated
the effects of CO, adsorption on the mechanical and engineering
properties of lignite. According to this study, CO, adsorption at
saturation leads to a 13% reduction in the uniaxial compressive
strength (UCS) and a 26% decrease in the modulus of elasticity
(E) of lignite [13].

ECBM recovery with CO, sequestration (CO,-ECBM) is a promis-
ing technique for reducing greenhouse gas emissions and improv-
ing energy recovery. However, CO, injection can significantly
impact coal seam permeability, affecting the overall efficiency of
the process. To gain a deeper understanding of CO, adsorption,
CO, capture and sequestration, and ECBM, we conducted a
thorough examination of recent advancements in this field. The
following section highlights the most cited works on CO, capture
processes.

Su et al. [14] have investigated the mechanisms of CO,-induced
permeability reduction and recovery in coal seams. These studies

have highlighted the importance of factors, such as CO, propor-
tion, reservoir gas pressure, and coal properties, in determining
the extent of permeability changes. By understanding these
factors, it is possible to optimize CO, injection strategies and
maximize the benefits of CO,-ECBM [14].

Zheng et al. [15] investigated the dynamic behavior of methane
desorption and CO, replacement during multiple CO,-ECBM
flooding cycles. Using NMR, they observed enhanced methane
recovery and CO, sequestration with cyclic injection. The study
highlighted the impact of coal type on CO, sorption capac-
ity and methane recovery efficiency, with sub-bituminous coal
demonstrating higher CO, sequestration potential [15].

Sampath et al. [16] conducted a comprehensive review of the
impact of CO, injection on coal reservoir properties. The study
highlighted the complex interplay between CO, and coal, empha-
sizing the potential for significant alterations in coal structure,
including changes in permeability and strength. The authors
underscore the importance of numerical modeling to accurately
predict these changes and ensure the long-term viability of CO,
sequestration in coal reservoirs [16].

Yang et al. [17] investigated the impact of water content on CO,-
ECBM processes. Their findings indicate that water plays a crucial
role in CO, and CH, adsorption and desorption within coal
seams. The study highlights the complex interplay among water,
coal properties, and injection conditions, emphasizing the need to
consider water content when optimizing CO,-ECBM operations
[17].

Kou et al. [2] developed a methodology to estimate CO, stor-
age capacity in coal seams, considering factors like gas flow,
diffusion, and adsorption. Their model incorporates multiple
radial hydraulic fractures and provides a semi-analytical solution
for bottom-hole pressure. A case study of a Wyoming coal
seam demonstrated the model’s effectiveness in assessing storage
capacity. Sensitivity analysis revealed that hydraulic fracture
length significantly impacts CO, storage, whereas other param-
eters like skin factor and stress sensitivity have limited influence

2].

Jiang et al. [18] explored the potential of utilizing post-
underground coal gasification (UCG) cavities for long-term CO,
storage. Through a large-scale numerical simulation, they inves-
tigated the transport and fate of CO, within the cavity over
centuries. Their findings suggest that post-UCG cavities can
serve as effective CO, sinks, with matrix-cleat diffusion being
a primary trapping mechanism. The study provides valuable
insights into the long-term storage capacity of these cavities [18].

Sun et al. [19] investigated the potential of fly ash-based materials
for CO, mineral carbonization. The study examined the impact of
fly ash content, water—cement ratio, and alkali addition on CO,
adsorption capacity. Results indicated that increasing fly ash con-
tent and water-cement ratio enhanced CO, adsorption, whereas
excessive alkali addition had a negative effect due to accelerated
hydration and consumption of calcium and magnesium ions [19].

Zhang et al. [20] developed a large-scale experimental apparatus
to investigate the synergistic effects of methane recovery and CO,

54 of 67

Greenhouse Gases: Science and Technology, 2025

85UB017 SUOWIWOD SAIERID 3cedl|dde auyy Ag peusenob ae ssoiie VO ‘8sn JO Sa|nJ 10} ARiq1T 8UlUO A8]1AN UO (SUONIPUOD-PUB-SWB 00" A3 1M ARIq 1 U1 |UO//StY) SUONIPUOD Pue swe | 8y} 88S *[6202/20/92] Uo Akeiqiauljuo (1M ‘puetsusend usyinos JO AiseAlun Aq zzez BUB/zZ00T 0T/10p/woo A8 | im Alelq 1 jpuluo'S UINO(10s//:sdny Wouy pepeojumoq ‘T ‘SZ0Z ‘828€25TZ



sequestration in coal seams through CO,-ECBM. Their results
demonstrated increased methane recovery but decreased CO,
sequestration efficiency with higher injection pressures. The
study introduced a displacement index to evaluate the com-
bined efficiency of both processes and highlighted the need for
dynamic pressure injection. Additionally, the authors addressed
limitations of previous studies by developing a more realistic
experimental setup to simulate field conditions [20].

Understanding the flow conductivity of fracture channels in rock
strata is crucial for optimizing gas extraction from coal seams.
Zou et al. [21] have investigated the formation and evolution
of fracture channels in sandstone under cyclic loading and
unloading conditions. These studies have shown that the particle
size distribution of fractured sandstone significantly influences
the morphology and flow conductivity of fracture channels. By
analyzing the proportion of fracture channels, researchers can
gain insights into the complex flow patterns within rock strata
and optimize gas extraction strategies [21].

Jeong et al. [22] conducted a comprehensive review of CO, and
CH, adsorption on coals and shales, highlighting the importance
of understanding these processes for effective CO,-ECBM and
CO,-ESGR operations. The study explored experimental, thermo-
dynamic, and machine learning approaches to develop predictive
models for adsorption behavior, emphasizing the need for further
research to address the heterogeneity of coal and shale formations
[22].

Klitzke et al. [23] investigated the potential of biochar derived
from banana peels as an adsorbent for methane storage. The study
focused on the kinetic parameters of methane adsorption and
found that a modified pseudo-first-order model best represented
the experimental data. The results indicate that the activated
biochar exhibits promising adsorption capacity for methane,
suggesting its potential as a lightweight and efficient adsorbent
for natural gas handling [23].

Chen et al. [24] conducted a gas geochemical study in a shallow
coal seam to assess long-term CO, storage potential. The research
demonstrated the effectiveness of geochemical tracers in moni-
toring CO, migration and estimating storage capacity. The study
revealed a significant potential for CO, storage in shallow coal
seams, challenging previous estimates [24].

The increasing global demand for energy and the urgent need
to address climate change have driven interest in innovative
energy technologies like CO, sequestration and ECBM recovery.
These techniques offer the dual benefit of reducing greenhouse
gas emissions and extracting valuable natural gas resources.
However, the complex interplay between CO, injection and coal
seam properties requires further investigation. Understanding
the impact of CO, adsorption on coal’s mechanical properties is
crucial for optimizing CO,-ECBM operations. Advanced testing
equipment, such as triaxial testing machines, are essential for
simulating underground conditions and studying coal’s behavior
under various stress and fluid injection scenarios. By addressing
critical knowledge gaps in CO,-ECBM, including the impact of
different coal types and reservoir heterogeneity, researchers can
unlock the full potential of this technology as a sustainable and
environmentally friendly energy solution.

Iran, as a developing nation, faces the challenge of meeting its
energy needs while minimizing environmental impact. Coal, a
significant resource, can contribute to energy security if exploited
sustainably. CO, sequestration and ECBM recovery offer promis-
ing solutions. To understand the behavior of Iranian coal under
these processes, researchers need advanced testing equipment
like triaxial testing machines. These machines will enable the
simulation of underground conditions, allowing for the study of
coal’s mechanical properties and its response to gas adsorption
and emission. By gaining insights into these factors, researchers
can optimize CO,-ECBM strategies, leading to more sustainable
energy solutions for Iran.

The study aims to explore the impact of gas adsorption and
emission on Iranian coal’s engineering properties, along with
assessing CO, sequestration potential in non-mineable coal
layers in Iran for the first time. Special triaxial testing machin-
ery is required to replicate underground conditions accurately,
considering factors like earth pressure, thermal gradient, and
fluid injection. The authors developed the first triaxial testing
device and simulator to mimic these processes, comparing its
performance globally. The constructed device was validated by
investigating claims on CO, adsorption effects on coal structure,
including experiments on temperature and ash content impact,
re-saturation effects, gas adsorption volume, and gas emission
consequences on coal sample structures.

2 | Introduction to the Triaxial Testing Machine

Gas adsorption and emission cause coal to swell and shrink,
altering its engineering properties notably. Significant reductions
in coal resistance and elasticity modulus occur when adsorbing
gases like CO, and CH, with high adsorption capacities, leading
to the formation of new cracks and fissures in the coal matrix.
Studies typically focus on evaluating CO, sequestration and
methane gas recovery methods, often utilizing triaxial tests in
non-mineable layers or abandoned mines. These tests aim to
simulate deep underground conditions and assess changes in
engineering properties induced by gas adsorption.

The triaxial compression test is a proven tool for laboratory
investigations and experimental hydro-mechanical rock tests in
geotechnics and geosciences. This tool allows the acquisition
of valuable information on rock behavior and easy control of
many external parameters, such as fluid injection pressure,
axial stresses, and containment pressure during the experiment
[25]. For a comprehensive understanding of the geomechanical
processes involved in CO, sequestration and ECBM methods,
accurate simulation of subsurface reservoir conditions in the lab-
oratory is crucial. Key conditions for simulating these processes
include high pore pressure, lateral pressures, and temperature
increases to simulate geothermal gradients [26].

To date, extensive research has been conducted using triaxial
tests to investigate the flow behavior of CO,, CH,, N,, He, water,
and brine during mechanical tests on various rock types such as
sandstone, limestone, shale, and coal, and to study the behavior
of fluid passage through the rock and rock resistance during
this transfer [27]. However, it should be noted that the extent
of these changes in the engineering properties of coal varies

55 of 67

85UB017 SUOWIWOD SAIERID 3cedl|dde auyy Ag peusenob ae ssoiie VO ‘8sn JO Sa|nJ 10} ARiq1T 8UlUO A8]1AN UO (SUONIPUOD-PUB-SWB 00" A3 1M ARIq 1 U1 |UO//StY) SUONIPUOD Pue swe | 8y} 88S *[6202/20/92] Uo Akeiqiauljuo (1M ‘puetsusend usyinos JO AiseAlun Aq zzez BUB/zZ00T 0T/10p/woo A8 | im Alelq 1 jpuluo'S UINO(10s//:sdny Wouy pepeojumoq ‘T ‘SZ0Z ‘828€25TZ



depending on the type of gas, the nature and type of coal seam,
the structure of fractures and inherent fractures, the depth of the
coal seam, and other factors. Therefore, a more detailed study
and measurement of these properties is required for each coal
region [28]. Depending on the research needs, various devices and
designs have been proposed and implemented by researchers; for
more information, you can check these references [29].

3 | Introduction to the Various Units of the
Triaxial Testing Machine

The engineering characteristics and permeability of porous rocks
are investigated in situ using a triaxial testing apparatus. This
device can model a range of stresses, fluid injection pressures,
and predicted temperatures during CO, sequestration and ECBM
processes. It is primarily intended for use in experimental sim-
ulations linked to these processes. The device enables constant
control over fluid flow rates, lateral and axial displacements, axial
and axial tensions, and the amount of injected and ejected fluids.
It also permits the sample to be saturated with liquids. This device
typically consists of the following five basic sections: (1) pressure
cell; (2) pressure application unit; (3) heating system unit; (4)
piping and fluid injection system; and (5) measurement and data
collection unit.

4 | The Aim of Device Development

The primary objective of this research is to introduce a novel
triaxial testing apparatus designed to investigate the behavior of
coal under simulated underground conditions, with a specific
focus on CO, sequestration and ECBM processes. This apparatus
enables the controlled experimentation of various factors, includ-
ing gas pressure, temperature, and saturation direction, to assess
their impact on coal’s mechanical properties and gas adsorp-
tion/emission characteristics. By providing valuable insights into
coal’s response to these processes, this research contributes to
the advancement of CO, sequestration technologies and the
optimization of ECBM operations.

5 | Manufacturing Triaxial Testing Machines in
Iran

5.1 | The Idea of Designing the Pressure Cell
(Hook Cell Redesign)

The pressure cell is crucial in the triaxial testing machine for
studying gas effects on coal properties under different pressures.
It’s critical to carefully design this cell. It forms the core of
the testing apparatus by integrating vital instruments, such as
hydraulic pumps, load cells, heating systems, and flow meters.

One popular technique for determining the triaxial strength of
rock is to apply hydraulic pressure to a sample and then subject it
to axial pressure till failure. To prevent pore pressure problems,
it is essential to make sure that no hydraulic fluid leaks into
the sample. These issues were resolved by Hook and associates’
1968 triaxial strength measuring cell, which worked by pouring
oil into the space between the cylinder and cell wall to facilitate
the simple removal of samples and strain gauges. Their invention

greatly decreased the cost of triaxial testing while also increasing
testing simplicity and workshop convenience [30].

Although injecting and collecting fluid from the rock sample
presents a substantial barrier, the Hook cell applies triaxial
pressure to the material. Another problem is connecting the
output of strain gauges to the outside of the cell to collect data,
all the while making sure the cell is sealed against gas leaks.

Three pieces of nickel-containing alloy steel (Steel 5920)—the
head, body, and chamber end—were machined to fulfill objec-
tives inspired by the Hook cell. Steel 5920, known for its 18 CrNi8
composition, is ideal for cementation procedures due to its low
carbon content and chromium presence. With nickel enhancing
hardness, steel 5920 boasts a 217 Brinell (HB) hardness and finds
common use in high-toughness applications like flat wheels and
large gear wheels. This unique cell design allows for both axial
and lateral injection of oil and gas into coal samples, providing
versatility in pressure application. The subsequent sections delve
into the detailed components and applications of both types of
device sets.

This innovative pressure cell design enhances its capability for
a range of rock and fluid mechanical tests beyond simulating
ECBM and CO, sequestration. Figure 1 illustrates fluid injection
points for gas and oil in both device sets. Figure 1a allows lateral
gas circulation around the coal sample under axial pressure,
suitable for studying gas effects on coal parameters and pillar
stability. It simplifies axial force application by using an oil
pump instead of an automatic press. Figure 1b mimics traditional
triaxial test cells for modeling CO, sequestration and ECBM
processes. It applies gas and axial pressure, whereas confining
pressure is oil-applied to the sample’s sides. Subsequent sections
detail the pressure cell, load application unit, gas injection,
thermal system, and data collection methods.

5.2 | Pressure Cell

The pressure cell components for simulating CO, sequestration
and ECBM processes are detailed. The head of the cell includes a
hollow with collar piece for axial force. An O-ring seal prevents
leaks at the collar. A permeable cylinder allows gas injection
above the coal sample. The head features a 1/4 in. port for
gas/oil injection, a gas outlet, and connections to a flowmeter and
balance. A flange secures the head to the body.

The cylindrical body holding the rock sample has thermal belt
elements, ports for oil/gas collection, and gas/oil injection. A
plastic membrane applies lateral pressure to the coal sample.
Flanges at both ends seal the cell with O-ring seals. The end
section mirrors the head in geometry and dimensions, with a
cylinder supporting the coal sample. It includes inputs, outputs,
and provisions for data extraction from strain gauges and sealing
against fluid leaks (Figure 2).

5.3 | Pressure Application Units

The pressure unit in this device consists of two parts: axial loading
and confining pressure. Each part is explained in detail in the
following sections.
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Figure 1 | Schematic view of the designed pressure cell: (a) for simulating coal pillar conditions; (b) for simulating ECBM and CO, sequestration

processes.

5.3.1 | Axial Loading Application Unit

Two methods provide axial loading to the coal sample in this
setup. First, it is placed under UCS testing equipment provided
by Shahrood University of Technology. The equipment, an auto-
mated machine from Controls Italy, includes an eight-channel
datalogger and a hydraulic pressure jack capable of applying 3000
KN. Axial loading is applied through the collar section on the
cell head. The second method utilizes an oil pump to apply axial
loading on the top and bottom sides of the sample. This approach,
part of an assembly examining gas emissions’ impact on coal
pillar stability, allows for continuous and prolonged loading on
the coal sample in both scenarios (Figure 2).

5.3.2 | The Confining Pressure Application Unit

Similar to the Hoek cell, this device uses a plastic membrane
to apply confining pressure on the sample (Figure 2c). Next, oil
is sprayed at a precise pressure all around the sample using an
oil pump. The set of simulation devices for the ECBM process
(Figure 1b) must be utilized in order to deliver confining pressure
to the sample. Up to 400 bar of oil pressure can be applied using
the oil pump found in the rock mechanics lab.

5.4 | Piping and Fluid Injection System

Fluid injection system consists of two parts: gas cylinders (fluid
reservoirs) and fluid transmission and pressure control system.
Below, both sections and their components are described.

5.4.1 | Fluid Reservoirs

For studying ECBM and CO, sequestration processes, CH, and
CO, cylinders are required. The CH, cylinder used in this device is

a40-L cylinder containing 99.9% pure CH, gas filled at a pressure
0f 160 bar. The CO, cylinder is also a 40-L cylinder with 99% purity
filled at a pressure of 50 bar.

5.4.2 | Fluid Transmission and Injection System

This section features high-pressure fluid transmission pipes, a
100-bar gas regulator, one-way input valves (Ball-Valve 1/4), and
pressure gauges. Gas from the cylinder is regulated by a 100-bar
output gas pressure regulator before entering the pressure cell
through one-way valves and high-pressure pipes rated for up to
250 bar. Pressure loss along the transmission path is minimal,
eliminating the need for a pressure gauge at the gas inlet. CH,
and CO, are injected at pressures ranging from 10 to 100 bar and
10 to 50 bar, respectively, without requiring a gas pressure booster
due to cylinder output pressures.

5.5 | Heating System Unit

Utilizing a thermal belt with a circular heating element and
thermocouple, controlled by a digital panel, mimics Earth’s
thermal gradient. This system can reach 60°C inside the cell
within 30 min. The thermocouple in a drilled cavity and the
heating element around the cell body manage temperature.
Apply electrical current to activate temperature control. Ensure
the thermocouple maintains contact with the device to prevent
overheating.

5.6 | Measurement and Data Collecting Unit

This device measures axial and lateral displacements, strains, gas
injection pressure, confining pressure, axial load, coal sample
resistance, failure time, residual resistance, and internal temper-
ature. Key measurement techniques include the following:
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Figure 2 | (a) Schematic overview of the designed pressure cell; (b) head;
unit.
* Strain gauges track lateral and axial strains induced by gas .

processes and pressures, ensuring leak-free operations.

* Displacements are monitored using strain gauges, or vertical .
shifts measured by using an accurate clock on a collar piece.

* Stress—strain curves, resistances, axial loads, and gas exposure .
effects are automatically recorded.

Device’s outlet
ports

(c) body; (d) end of the designed cell; (e) assembled pressure cell

Confining pressure is gauged by a pump-mounted pressure
gauge, whereas gas injection pressure is regulated at 100 bar.

Internal temperature is monitored by a thermocouple and
digital panel.

Gas flow and output are currently unmeasured, but provisions
for gauging them are in place for future development.
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Figure 3 | (a)Permeable cylinder; (b) solid axial load transfer components.

6 | Simulation of the CO, Sequestration Process
Using the New Triaxial Testing Machine

To simulate CO, sequestration effectively, an additional equip-
ment set is necessary to circulate gas around the coal sample.
The sample is enclosed in a permeable steel cylinder instead
of a plastic barrier, ensuring better gas insulation. O-rings in
the cylinder secure gas-tight sealing between the sample and
the device. Components in the setup enable applying axial
pressure using an oil pump or press. By saturating the sam-
ple with gas, researchers can analyze how gas influences coal
engineering properties. This setup operates akin to an ECBM
simulator, allowing for data extraction on gas effects (Figures 2
and 3).

7 | The Device Advantages

In addition to modeling the processes of CO, sequestration and
ECBM to investigate the underground coal seams in deep mines,
this flexible device may also be utilized for simpler tasks, like
serving as a triaxial cell to determine the triaxial resistance of
various types of rocks. This device has a very low construction cost
compared to other devices that are available globally, and because
of its multifunctionality, it offers more operational capabilities
than other devices. In fact, three entirely different processes can
be readily simulated by building one device. The device is easy
to create, repair, and maintain because of its unique and strong

design, which also makes it resistant to damage in any situations.
The device has significantly cheaper maintenance and repair
expenses than its worldwide parallels, and in the unlikely event
of damage, it can be readily repaired.

8 | Triaxial Testing Machine Validation
8.1 | Sample Preparation

This research employed two samples of thermal coal from the
Chamestan region in Mazandaran province and Tash village in
Shahrood county, Semnan province. The Tash region is located
in the middle of Iran’s Alborz Mountain range, whereas the
Chamestan region is located in the range’s northern sections.
Blocks larger than 20 x 30 x 30 cm® were taken out of these
two mines’ coal seams and brought to Shahrood University
of Technology’s rock mechanics and rock-fluid laboratory in
the Faculty of Mining, Petroleum, and Geophysics Engineering.
Table 1 lists the major features of these two coal samples, such
as moisture content, ash content, volatile matter, and organic
matter (maceral). This table shows that the Tash coal mine has
substantially less ash than the thermal coal from Chamestan.
Tests for rock mechanics were conducted in accordance with
ASTM standards, and cylindrical samples measuring 54 mm in
diameter and 100 cm in length were taken out and separated from
the coal blocks. Following their separation, the samples were
stored between multiple plastic layers to guard against moisture
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Figure 4 | Preparation stages of coal sample for testing.

Table 1 | Characteristic parameters of Chamestan and Tash coals.
Parameter (%) Chamestan Tash
Moisture content 1.7 2.4
Ash content 13 4
Volatile matter 31 324
Organic matter 54.3 61.2

loss and air oxygen oxidation. Figure 4 shows the stages of sample
processing.

8.2 | Examination Method

In order to investigate the effects of temperature, ash content,
and the direction of gas adsorption (from the sample’s wall or
both ends), all samples were put inside the chamber of a triaxial
testing machine and exposed to CO, for about 72 h at a pressure
of 30 bar. A strain gauge (TML 120 Q) with a length of 30 mm
attached to a data logger was used to record the axial variations
of the gas-saturated sample throughout this time. The axial
variations of the coal sample caused by CO, saturation at constant
injection pressure were investigated using this strain gauge under
a range of temperature settings, ash content, and saturation
direction. Apart from the previously mentioned aspects, the axial
alterations in the coal sample resulting from CO, emissions were
also documented and examined. It is important to note that
in this investigation, there is a notable distinction between gas
emission and desorption. In the event of a gas emission, the
sample is permitted to gradually release the saturated gas over
time without the vacuum pump’s assistance. The axial strain
gauge documented the sample’s axial changes in form during this
time. The time it takes for the sample to get saturated with CO, is
the same as the length of gas emission.

8.3 | Impact of Ash Content on the Mechanical
Behavior of Coal and CO, Adsorption Capacity

Coal’s adsorption capability is negatively impacted by its ash
content [31, 32]. According to a study by Dutta et al., coal’s adsorp-
tion capacity for CO, and CH, decreases by 2 and 0.90 mL/g,
respectively, with every 1% rise in ash concentration. On the
other hand, Weniger et al. [33] and Weishauptova et al. found
no discernible relationship between the ash content and coal’s
adsorption capacity [34, 33]. Additionally, minerals adversely
affect the adsorption of coal’s gas contents [35-37]. According
to a study by Dutta et al.,, a 1% increase in minerals lowers
coal’s adsorption ability for CO, by 2 mL/g and CH, by 1 mL/g
[36]. Nonetheless, Romanov et al. claimed that the extremely
porous mineral composition of Fruitland coal increases the coal’s
capacity for adsorption [38]. The “dilution effect” of minerals
on the significance of CH, adsorption was reported by Weniger
et al. [33, 39]. Even though they have different characteristics,
ash and minerals are both inorganic coal constituents that have
an impact on the coal’s ability to adsorb gases. In both dry
and wet situations, there is a favorable correlation between
the moisture content of coal and its gas adsorption capability
[36, 39]. For Indian coal, Dutta et al. showed that an aver-
age of 15% increase in organic carbon results in an increase
in adsorption capacity of 15 mL/g for CH, and 40 mL/g for
CO, [36].

Two thermal coal samples with varying percentages of ash were
used to examine the effect of ash content on the amount of CO,
adsorption by coal samples. Samples of thermal coals from Tash
and Chamestan, with ash percentages of 4% and 13%, respectively,
were used for this purpose (Table 1). Using a uniaxial compression
resistance testing machine, the axial strain and UCS of both
coal samples were determined in the first step. Axial strain and
UCS variations were plotted before and after failure for both
samples, which were subjected to a loading rate of 0.1 kN/s under
a hydraulic jack.
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Figure 5 | (a) Comparison of the trend of uniaxial compressive
strength changes; (b) comparison of the trend of axial strain changes
under uniaxial pressure for Chamestan and Tash thermal coals.

Figure 5a shows that because Chamestan coal has a larger ash
percentage than Tash coal, its UCS is about 17.76% higher. Prior
to failure, the maximum UCSs for the coals in Chamestan and
Tash were determined to be 4.85 and 4.11 MPa, respectively. The
trends of variations in the two coal samples’ UCSs are shown in
Figure 5a.

Plotting and comparing the graphs of the axial strain changes
for the two coal samples during uniaxial failure made it clear
that Chamestan coal’s axial strain before failure is roughly 9.17%
smaller than the calculated axial strain in Tash coal because of
the coal’s greater ash content. For Tash and Chamestan coals,
the maximum estimated axial strain was 0.109% and 0.099%,
respectively (Figure 5b).

A higher amount of coal ash results in higher UCS and lower axial
strain under uniaxial pressure. Basically, brittle failure behavior
is more prevalent in coal with a higher ash percentage. Figure 5a
shows that the samples exhibit strain-softening behavior because
of a sudden drop in resistance along a plane where there hasn’t
been any prior significant deformation [40]. This kind of coal
behavior suggests that the strain-softening behavioral model is a
superior choice for numerical modeling in the design, stability,
failure, and behavior prediction of coal mine walls, roofs, floors,
and faces.

The two samples’ dual-axial strain graphs show that there
were two failures that occurred in them. The initial breakdown

manifested as an unfinished fracture, and hence, the initial graph
cover assumed an unfinished shape. When a fracture occurs and
the fracture plane does not fully split the sample and emerge from
both sides, it is referred to as an incomplete fracture. The sample
continues to alter and load after being reloaded. Resistance and
axial strain suddenly decrease as the second cover forms as a
result of the sample failure.

For about 3600 min, or 60 h, the coal samples were exposed to CO,
at a temperature of 25°C and an injection pressure of 30 bar from
the surrounding wall (Figure 6). The data logger device recorded
the coal sample’s axial strain changes at a rate of three data
points per second during the gas adsorption operation. Figure 7a
compares the axial strain variations caused by CO, adsorption in
the two samples. The injected gas encloses the coal sample like a
confining pressure at the start of the experiment. The axial strain
rises sharply in the first moment following gas entry. This sharp
rise is brought on by the sample’s axial shape changing as a result
of both gas pressure-induced and gas adsorption-induced sample
deformation. For both samples, the biggest axial strain and shape
changes happened within the first hour of the adsorption phase.
The axial strain changes during the first 600 min of gas adsorption
are shown in Figure 7b.

These graphs show that in the Tash coal sample, gas adsorption
is about 19.41% more than in the Chamestan thermal coal due
to differences in axial strain. For Tash and Chamestan coals,
the computed axial strain was 0.814% and 0.656%, respectively.
Consequently, the coal’s enhanced gas adsorption capacity and
decreased ash content lead to increased strain changes in the
coal. For coal samples, a saturation duration of roughly 10 h
is sufficient, according to the pattern of axial strain variations.
The axial strain of the coal will not significantly alter after this
point due to time and gas exposure; thus, this quantity can be
disregarded to speed up the testing procedure.

8.4 | The Impact of Temperature on CO,
Adsorption

Day et al. [41] reported that swelling is inversely correlated with
temperature. Raising the temperature causes the volume of gas
adsorbed to decrease, which lowers the strain that adsorption
causes to be produced. According to the research of Dai et al.,
adsorbed materials show more swelling at higher critical tem-
peratures; in other words, the maximum swelling rises linearly
with the adsorbed substance’s critical temperature. They also
discovered that swelling starts at a pressure of 3 MPa at lower
temperatures (25°C) [42-44].

In this set of trials, the heater’s elements first heated the cell to
50°C over the course of 30 min in order to obtain a temperature
of 25°C. The device’s display screen temperature has been lowered
to 25°C following the injection of gas into the cell pressure. This
avoided the sudden reductions in temperature brought on by the
injection of CO,. The Chamestan coal sample was saturated with
CO, at two temperatures: 25°C and 4°C at an injection pressure of
30 bar for 3600 min in order to examine the impact of temperature
on the amount of gas adsorption by the coal sample. Then, the
amount of axial strain changes following CO, adsorption at these
two temperatures was recorded and compared. The trend of axial
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Figure 6 | Pressure cell view during the saturation of the coal sample with CO,,

strain variations after 3600 min of CO, adsorption at 25°C and 4°C
is shown in Figure 8.

As seen in Figure 8, the sample’s axial strain initially increases by
0.2% at 4°C when gas is injected. The confinement force applied
by the gas injection pressure makes these changes in axial strain
more noticeable. The coal sample shrinks with time at 4°C, and its
axial strain is demonstrated to be tensile and decreasing. A closer
look at the axial strain change curve reveals an in steps increase
in axial strain in the coal sample after gas adsorption (Figure 8b),
although these strain changes may be missed because of the small
size of the calculated strain.

The coal sample’s axial strain at 25°C is 12.5 times higher than
the computed axial strain at 4°C when looking at the presented
graphs in Figure 8a and the axial strain variations. Under
these interpretations, the temperature’s influence on the coal
sample’s ability to adsorb gas is clearly visible. The results of this
experiment, together with other research, indicate that 25°C is the
ideal temperature for coal to adsorb gases to the greatest extent
possible.

8.5 | Impact of Saturation Direction on the Coal
Sample Gas Adsorption Capacity

Previous studies typically saturated coal samples from both ends
due to device limitations. This study’s equipment allows for satu-
ration from both ends and the lateral walls, aiming to mimic CO,
sequestration in unmineable coal seams and abandoned mines.
Saturating the coal sample from both ends simulates conditions
in deep, thin coal layers. Confining pressure replicates conditions
in coal seams at depth while mimicking CO, sequestration in
abandoned mines by saturating from the perimeter. Additionally,
applying axial force can mimic vertical stress on coal pillars for
underground stability analysis.

In this study section, the coal sample underwent dual
saturation—once from the perimeter and once from both
ends—under the same gas injection pressure and temperature

for 3000 min to compare gas adsorption capacity. Axial strain
changes were monitored over time during saturation, as depicted
in Figure 9. Comparing axial strain changes, saturating from
the perimeter resulted in approximately 13.72% higher strain
than saturating from both ends. Post-saturation, axial strain
values at the sample’s perimeter and both ends were 0.656%
and 0.555%, respectively. The larger gas contact surface during
saturation from the perimeter explains this difference. Axial
strain increases in a step-wise manner from both ends during
saturation, creating new fissures and cracks due to increased
sample volume from CO, exposure. This expansion allows gas to
penetrate the coal structure through new pathways, resulting in
swelling and further gas adsorption, leading to the formation of
additional cracks and fissures with each strain increase.

8.6 | Axial Strain Variation Following Subsequent
Saturation of a Coal Sample

Initially, the coal sample was saturated with CO, for 3200 min
at 30 bar and 25°C to study its behavior during adsorption.
Subsequently, the sample underwent a 3200 min natural gas
release period at the same temperature. Following this, another
3200-min CO, saturation was conducted, as depicted in Figure 10,
showing axial strain changes. The experiment revealed a 70%
decrease in axial strain changes during the subsequent saturation,
attributed to the lack of free surfaces for CO, re-adsorption in
fissure walls. The full saturation of gas in the sample’s body
during the first saturation phase limited further adsorption,
showcasing coal’s robust CO, sequestration capability. With its
porous nature, coal serves as an ideal medium for CO, storage
and sequestration operations.

8.7 | Examining the Impact of Gas Emission on
the Saturated Coal Sample Structure

In this experiment, the gradual release of gas from a saturated
sample, known as “gas emissions,” is studied by stopping the gas
pressure under consistent temperature and time conditions after
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Figure 7 | (a) Comparison of axial strain changes graphs resulting

from CO, adsorption with an injection pressure of 30 bar from the
perimeter wall of Tash and Chamestan coal samples at a temperature of
25°C during 3600 min of saturation time; (b) comparison of axial strain
changes graphs resulting from CO, adsorption with an injection pressure
of 30 bar from the perimeter wall of Tash and Chamestan coal samples at
a temperature of 25°C during the first 600 min of saturation time.

the saturation period. This mimics the natural gas release process
from coal seams in abandoned mines during CO, sequestration,
allowing for observation of coal pillar behavior and stability over
time.

Figure 11a,b displays the axial strain changes of Chamestan and
Tash coal samples after 3200 min of saturation at 30 bar and 25°C,
as well as the resulting axial strain changes during 3200 min of gas
emission at 25°C. The axial strain of Chamestan coal decreased
from 0.656% to 0.056% post gas emission, marking a 91.46%
reduction from the saturated state. Similarly, Tash coal showed
a reduction from 0.814% to 0.065%, indicating a 92.02% decrease
in axial strain. Despite Tash coal having lower ash content than
Chamestan coal, its higher axial strain change after gas emission
suggests a greater gas adsorption capacity due to its lower ash
percentage.

9 | Discussion

The development and successful validation of the novel triaxial
testing apparatus represent a significant advancement in the
field of coal research. This apparatus enables precise control
over experimental conditions and accurate measurement of

key parameters, providing valuable insights into the complex
interactions between coal and gas.

The experimental results obtained in this study have shed light
on several key aspects of coal behavior under CO, sequestration
and ECBM conditions. The impact of ash content on coal’s
mechanical properties and gas adsorption capacity was inves-
tigated. Consistent with previous studies [36, 39], our findings
indicate that higher ash content generally leads to reduced gas
adsorption and increased mechanical strength. However, the
specific relationship between ash content and coal properties can
vary depending on the coal type and mineral composition.

The effect of temperature on gas adsorption was also examined.
As expected, higher temperatures resulted in lower gas adsorp-
tion, aligning with previous studies [42-44].This observation can
be attributed to the reduced gas adsorption capacity at higher
temperatures.

The impact of saturation direction on gas adsorption was inves-
tigated, revealing that lateral saturation resulted in higher gas
adsorption compared to end and top saturation. This finding can
be attributed to the increased contact area between the gas and
the coal sample during lateral saturation, allowing for deeper
penetration of the gas into the coal matrix.

The study also explored the potential for multiple cycles of gas
adsorption and emission. The results suggest that the initial
saturation cycle significantly impacts the subsequent adsorption
capacity of the coal. This information is crucial for optimizing
CO, sequestration and ECBM operations.

Although our study aligns with previous research on the gen-
eral trends of gas adsorption and its impact on coal proper-
ties, it provides novel insights into the specific behavior of
Iranian coal samples. The unique characteristics of Iranian
coal, such as its mineralogical composition and structural
properties, may influence its response to gas adsorption and
desorption.

Although this study provides valuable insights, it is important
to acknowledge its limitations. The number of coal samples
tested was relatively small, and the experimental conditions were
specific to the laboratory setup. Future studies could expand
the sample number and explore a wider range of experimental
conditions to obtain a more comprehensive understanding of coal
behavior.

Future research could also focus on investigating the long-term
effects of CO, sequestration on coal seam stability and the
potential for induced seismicity. Additionally, advanced modeling
techniques could be employed to simulate the complex processes
involved in CO, sequestration and ECBM.

The development of the triaxial testing machine and the exper-
imental results presented in this study contribute to a better
understanding of coal’s response to gas adsorption and des-
orption. By addressing the limitations of previous studies and
providing new insights into the behavior of Iranian coal, this
research has the potential to inform the optimization of CO,
sequestration and ECBM strategies.

63 of 67

85UB017 SUOWIWOD SAIERID 3cedl|dde auyy Ag peusenob ae ssoiie VO ‘8sn JO Sa|nJ 10} ARiq1T 8UlUO A8]1AN UO (SUONIPUOD-PUB-SWB 00" A3 1M ARIq 1 U1 |UO//StY) SUONIPUOD Pue swe | 8y} 88S *[6202/20/92] Uo Akeiqiauljuo (1M ‘puetsusend usyinos JO AiseAlun Aq zzez BUB/zZ00T 0T/10p/woo A8 | im Alelq 1 jpuluo'S UINO(10s//:sdny Wouy pepeojumoq ‘T ‘SZ0Z ‘828€25TZ



Axial Strain

0.100
0.000

-0.100
-0.200
-0.300
-0.400
-0.500
-0.600

Axial Strain

-0.700
-0.800

Time (min)

—— C —05 C

(a)

Gas saturation during Day 2 and 3

52

g

2

Axial Strain
s
2
2

\

233888 ¢%
23R C 883
SR8 ER&88A

3008
3069
3130
3192
3253
314
373
3434
3495
3557
3618
3679
3738
3799
3860
3922
3983
4044
4103
4164

Time (min)

— Strain

Figure 8 |

()

(a) Comparison of axial strain changes following CO, adsorption at injection temperatures of 4°C and 25°C around the sample for

3200 min with an injection gas pressure of 30 bar; (b) axial strain changes in the coal sample following saturation at 4°C.
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saturation of the coal sample from the perimeter and both ends due to
CO, adsorption at an injection pressure of 30 bar for 3000 min at 25°C.

10 | Conclusions

ECBM is a technique used to extract methane gas from coal
seams. It not only produces energy but also improves mine
safety by reducing methane levels. Additionally, ECBM can
be used to store CO, underground, mitigating greenhouse gas
emissions. Iranian coal seams, with their specific characteristics,
offer potential for applying these techniques. However, further
research is needed to assess their feasibility in the Iranian context.

To assess the feasibility of CO, sequestration and ECBM in
Iranian coal seams, a triaxial testing machine was developed. This
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Figure 10 | Comparison of axial strain variations after re-adsorption

of gas at 30-bar injection pressure following saturation with CO, at 25°C
for 3200 min.

machine simulates underground conditions, enabling the study
of coal’s behavior under these processes. It can also be used to
investigate coal seams in mines and determine rock strength.
Compared to other devices that are accessible worldwide, this
one is extremely inexpensive to build and provides additional
operating options because of its multifunctionality. Its distinct
mechanical design also lowers the chance of failure by making
it simple to build, fix, and maintain. It’s easily repairable in case
of failure.

The development of this triaxial testing apparatus represents a
significant advancement in the field of coal research, particularly
in the context of CO, sequestration and ECBM. By enabling
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Figure 11 | (a) Comparison of the axial strain variations after CO,

adsorption and emission from the Chamestan coal sample for 3200 min
after saturation at a gas injection pressure of 30 bar; (b) comparison of the
axial strain variations after CO, adsorption and emission from the Tash
coal sample for 3200 min after saturation at a gas injection pressure of
30 bar.

precise control over experimental conditions and accurate mea-
surement of key parameters, this apparatus provides a powerful
tool for investigating the complex interactions between coal and
gas. The experimental results obtained from this study have
shed light on the influence of factors, such as ash content,
temperature, and saturation direction, on coal’s gas adsorption
capacity and mechanical behavior. These findings can be utilized
to optimize CO, sequestration and ECBM operations, leading
to more efficient and sustainable energy extraction and storage
practices.

For validation of the constructed device, some characteristics of
coal during CO, adsorption were examined. On the basis of the
conducted experiments, the following findings were obtained:

* A higher ash content in coal will result in a higher coal
UCS. Tash’s thermal coal ash concentration is around 63.29%
lower than Chamestan’s. For Chamestan and Tash coals, the
maximum UCS calculated before failure was found to be 4.85
and 4.11 MPa, respectively.

* Coal gets more brittle as its coal ash content rises. The axial
strain of Chamestan coal before uniaxial failure is around
9.17% lower than the predicted axial strain of Tash coal due

to its greater ash content. For Chamestan and Tash coals,
the maximum computed axial strain is equal to 0.099% and
0.109%, respectively.

* The amount of gas adsorption and the ensuing deformation
decrease with increasing coal ash content. The Tash coal
sample exhibits approximately 19.41% more axial strain vari-
ation and gas adsorption as a result than the Chamestan coal
sample. For Tash and Chamestan coals, the estimated axial
strain is 0.814% and 0.656%, respectively. Therefore, a decrease
in the amount of coal ash is correlated with an increase in the
gas adsorption capacity and the resulting deformation.

* The estimated axial strain following gas adsorption will drop
by almost 90% when the gas is released from the Tash
and Chamestan coal samples for 50 h, or the saturation
time. It is possible to see that there is a 13.84% difference
in the percentage change in axial strain between the Tash
and Chamestan coals when comparing their axial strains.
This is true even though Tash coal has a 69.23% lower ash
content percentage than Chamestan coal. This reduced ash
percentage suggests that Tash coal has a higher capability for
gas adsorption.

* The amount of gas that coal can adsorb rises with temperature
within a particular range. The strain of the coal sample at
25°C, or the axial strain variations, is almost 12.5 times more
than the calculated strain at 4°C. Thus, it is evident how
temperature affects the coal sample’s ability to adsorb gases.
The experiment’s data and past research indicate that 25°C is
the ideal temperature for coal to adsorb gases to the greatest
extent possible.

* When the sample is saturated, the axial strain variation
measured from the sample walls is about 13.72% more than
the strain variation measured from the sample’s ends. After
the sample is saturated, the axial strain value is computed
to be 0.656% and 0.555% for the sample wall and both ends,
respectively. This discrepancy stems only from the fact that the
gas contact surface of the coal sample is different at saturation
conditions from the sample wall.

* According to the conducted studies, the amount of axial strain
variations of the sample resulting from saturation under the
same conditions decreased by around 70% after the sample
was re-saturated. The lack of free surface in the pore walls for
the reabsorption of CO, is the cause of this phenomenon. All
of the sample’s gas-accessible material is completely saturated
during the first saturation, and no fresh tissue is accessible
for gas adsorption during the subsequent saturation. As a
result, the sample’s axial strain won’t be considerably altered
by re-saturation.
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