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Abstract: Coalbed methane (CBM) is a significant unconventional natural gas resource existing in
matrix pores and fractures of coal seams and is a cleaner energy resource compared to coal and crude
oil. To produce CBM, stimulation operations are required, given that the coal permeability is generally
too low. Hydraulic fracturing is the most widely used technology for reservoir stimulation; however,
there are a few challenging issues associated with it, e.g., huge water consumption. In the past decade,
the use of liquid nitrogen (LN2) as a fracturing fluid has been intensively studied for stimulating
CBM reservoirs, achieving considerable progress in understanding fracturing mechanisms and
optimizing fracturing techniques. This paper presents a thorough review of experimental design and
observations, modeling procedures and results, field applications, and published patents. Existing
studies are divided into five different groups for discussion and comparison, including immersion
tests, injection tests, jet drilling tests, numerical modeling, and field applications. Based on the
comprehensive evaluation of the outcomes, it is obvious that cryogenic fracturing using LN2 is a
promising eco-friendly fracturing technique that can effectively enhance coal rock permeability to
increase the production of CBM.

Keywords: cryogenic fracturing; coalbed methane; immersion tests; injection experiments; numerical
modeling

1. Introduction

In 2020, the total amount of the world’s energy consumption was 556.63 exajoules,
83.1% of which were provided by hydrocarbons [1,2], and the status will not vary crucially
in coming years [3,4]. Coalbed methane, as an unconventional resource of natural gas [5],
has seen its production increase to 1.4 × 1014 m3, which accounts for approximately 20% of
global natural gas resources [6]. While coal can be extensively fractured, the production
of coalbed methane can be assisted tremendously by the creation of fractures emanating
from and leading to wells that serve as the gathering system. Water is the primary power
fluid for induced fracturing. The initial test in hydraulic fracturing took place in 1947,
and the first industrial trial occurred in 1949 [7]. One problem with extracting CBM with
conventional hydraulic fracturing is the consumption of large quantities of water, which
brings about critical concern in arid regions. In addition, the accidental breakthrough of
fluid during hydraulic fracturing operations can generate contamination to underground
aquifers and the surrounding area, with many adverse consequences for the environment.
Other negative consequences of the use of conventional hydraulic fracturing are serious
formation damage and productivity loss, along with waste disposal [8–10]. Consequently,
waterless fracturing methods would be a welcome solution from an ecological perspective.
Oil-based and CO2 energized oil fracturing, propellant and explosive fracturing, gas
fracturing, gelled alcohol and liquefied petroleum gas fracturing, liquid/supercritical CO2
fracturing, and LN2 fracturing are possible alternatives [11–13].

Advantages in the use of LN2 for fracturing include the elimination of water con-
sumption without the need for chemical additives and the avoidance of formation damage.
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Hence, LN2 could be considered a candidate waterless fracturing fluid to stimulate CBM
reservoirs [14–17]. Previous studies showed that the use of LN2 augments the propagation
of micro-cracks in specimens, resulting in the impairment of mechanical properties and
in the amelioration of rock permeability. Furthermore, the porosity of wet coal specimens
augmented with the increase of water saturation since LN2 cooling leads to the enlargement
of connections in water-filled cracks of coal [18–21].

Interest in LN2 fracturing operations has been increasing among researchers over the
last ten years. Until now, there have been no literature reviews explaining and comparing
the outcomes of LN2 fracturing in CBM reservoirs. This study systematically reviews
laboratory methods for evaluating and illustrating the efficacy of LN2 cryogenic fracturing
for CBM reservoirs, modeling studies, and field pilots. Furthermore, we conducted critical
discussions and proposed future research directions.

2. Laboratory Experimental Studies

Different modes have been developed to test the efficacy of the cryogenic treatment
of rocks, and various analytical techniques have been adopted to characterize cryogenic
fractures. Two modes of laboratory experimentation frequently used to test cryogenic
fracturing processes are immersion tests [22] and injection tests [12]. In these tests, analytical
and imaging methods were typically used, such as nuclear magnetic resonance (NMR),
X-ray computer tomography scan (X-ray CT scan), scanning electron microscope (SEM),
cryo-scanning electron microscope (cryo-SEM), and stereomicroscopic imaging. In this
section, three cryogenic treatment modes are introduced, and the results obtained by
fracture characterization techniques are illustrated.

2.1. Immersion Tests and Evaluation

In an immersion test, coal rock samples of relatively high temperature (from 50 ◦C to
100 ◦C) are partially or completely immersed into LN2 to examine the fracturing capability
of a LN2 thermal shock. Immersion tests can be repeated several times on the same coal
rock sample. That is, rock samples are first cooled down to the boiling point of LN2, then
warmed back to the original temperature, constituting one freezing and thawing cycle.
Multiple cycles can be performed.

NMR is a technique extensively used for the characterization of pore size distributions
and pore volumes in reservoirs [23]. NMR can test a greater range of pore sizes compared
to other processes, such as optical microscopy (OM)-SEM-transmission electron microscopy
(TEM) (qualitative analysis), small angle X-ray scattering (SAXS), small angle neutron
scattering (SANS)-microcomputer tomography (µCT), and N2 adsorption-CO2 adsorption
(quantitative analysis). It is a quick, developed, non-damaging, and handy process for
examining the pore structure and range of pore magnitude of coal specimens. Hence, the
alteration of pore structure in coal specimens before and after freezing–thawing cycles can
be examined [24].

Cai et al. (2014) [25] conducted immersion tests for coal and sandstone specimens and
characterized them using NMR. The specimens were first dried at 60 ◦C (coal) and 80 ◦C
(sandstone) for 48 h and then were saturated for 48 h. Pore size distributions were then
tested using NMR. Additional drying processes to obtain partial water saturations were
carried out, with saturation determined by weight measurements. Finally, the specimens
were submerged to LN2 for different time periods. The outcomes showed that, in all
coal samples, T2 amplitudes augmented after LN2 treatment. More specifically, the pore
structure of specimens indicated enlargement after the use of LN2, and the bigger pores
corresponding to T2 > 33 ms indicated increasing alteration with water saturation, with
an exception for Sw = 100%). However, sandstone specimens showed different behaviors
with respect to water saturation. There was a downward trend in T2 distribution after
immersion tests in sandstones at low saturation, while specimens with water saturation
from 30% to 70% showed an increasing augmentation in T2 amplitude. Nonetheless, for T2
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greater than 33 ms, there was a reduction in amplitude. On the other hand, samples with a
water saturation of 100% experienced a significant increase.

The NMR relaxation time is sensitive to the surface-to-volume ratio of a sample, which,
in turn, can be related to a characteristic pore size and shape factor as

1
T2

= ρ2

(
S
V

)
pore

= FS
ρ2
rc

(1)

where T2 is transverse relaxation time (ms), ρ2 is a factor expressing the relaxation sur-
face strength (µm/ms), (S/V)pore is the ratio of pore surface to volume (cm−1), Fs is the
shape factor, and rc is the pore size. Furthermore, NMR outcomes indicated that after
LN2 treatment, coal specimens had more significant alterations compared to sandstone
specimens, while there was amelioration in the pore space connected with free water in all
water-containing coal specimens [25]. Figure 1 shows both the measured T2 distributions
of fully water-saturated specimens before and after freezing.
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Figure 1. T2 distributions for coal samples before and after freezing with LN2.

Cai et al. (2015) [18] examined uniaxial compression before and after LN2 treatment.
Their outcomes showed that thermal stress caused a greater reduction in stress–strain
curves compared to specimens without thermal shock, indicating the augmentation of
micro-fracturing in specimens with LN2. The compressive strength of specimens with the
use of LN2 was reduced from 16.18% to 33.74% compared with intact specimens. Moreover,
the LN2 treated specimens possessed more distinct brittle characteristics, and the largest
reduction in axial peak was 20.61%. Furthermore, they examined the permeability of the
samples before and after exposure to LN2, indicating improvements of 48.89–93.55%. There
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were more open fractures after the use of LN2 compared to intact specimens. Furthermore,
LN2 shrank the coal matrix to generate thermal stress; hence, there was cracking of inter-
grain cementation and creation of local stress concentration at the tip of pre-existing cracks.
With the augmentation of cracks inside the specimen, pore structure connectivity was
greater, which translated into an augmentation in permeability [18]. Cai et al. (2016) [26]
also compared coal and shale samples after immersion into LN2. Their outcomes showed
that the permeability of coal and shale samples augmented significantly after LN2 cool-
ing, confirming that LN2 could promote the expansion of micro-cracks and induce rock
fracturing [26].

Zhai et al. (2016) [14] examined coal samples from the Shengli coal mine in Inner
Mongolia (China) using the processes of freezing and freezing–thawing cycles. They first
dried the coal samples in the oven at 60 ◦C. Then, the samples were submerged in a
water saturation device for 12 h operating under a vacuum to eliminate air in the system.
The specimens were then treated by LN2 freezing-thawing. Later, the specimens were
resaturated before magnetic resonance image (MRI) analysis was carried out. Finally, the
coal samples were centrifuged for 90 min to expel water within the connective macropores.
According to T2 curves, the widths and amplitudes for water-saturated specimens show
a positive correlation with LN2 freezing time. Moreover, the number of pores and freely
connected pores increased with both the freezing time and the number of freezing–thawing
cycles. On the other hand, the centrifuged specimens indicated a negative relationship
between T2 amplitude and freezing time, while the widths showed no changes, confirming
that the number of closed pores reduced as freezing time increased [14].

Examining the porosity evolution and quantification after the use of LN2, the outcomes
suggested that the T2cutoff value and residual porosity reduce as the total porosity and
effective porosity augment. The indication is that the number of fractures in coal increases
after the use of LN2 in the freezing–thawing process, and the augmented pore space gave
the opportunity for CBM to desorb from the coal. The relationships between residual, total,
and effective porosity are defined through the inclusion of free and bound fluid indices.

ϕNB = ϕN × BVI
BVI + FFI

(2)

ϕNF = ϕN × FFI
BVI + FFI

(3)

where ϕNB, ϕNF and ϕN are residual porosity, effective porosity, and total porosity, respec-
tively. FFI and BVI are the free fluid index and the bound fluid index, respectively.

As quantified by the outcomes, the rate of change for both total (∆ϕN%) and effective
porosity (∆ϕNF%) benefit from LN2 freezing time and freezing–thawing cycles, while the
residual porosity (∆ϕNB%) is influenced negatively by these elements.

∆ϕ = ϕpost − ϕpre (4)

∆ϕ% =
∆ϕ
ϕpre

(5)

where ∆ϕ represents the porosity increment given by ϕpre and ϕpost before and after the
coals were then frozen and thawed, respectively. ∆ϕ% is the rate of change in porosity
under different freezing–thawing conditions. Furthermore, the incremental rates of the
three porosities (total, residual, and effective) are linearly related to freezing time. On
the other hand, in the freezing–thawing process, the rates showed nonlinear behavior.
Specifically, as the number of freezing–thawing cycles increased, the alteration range of the
porosity increment rate increased.
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Zhai et al. (2016) [14] examined and described alterations in the number of pores
versus freezing–thawing cycles. Dt expresses the rate of alteration in terms of the number
of pores per unit volume of a coal specimen in T2 spectrum area.

Dt =
∆S
Spre

=
Spre − Spost

Spre
(6)

where S is the region under T2, and Spre and Spost are the relevant regions in T2 spectra of
specimen before and after freezing–thawing cycles. Concerning pore growth and freezing
time, cyclic freezing–thawing produces enhanced alteration compared to a single freezing–
thawing treatment. Freezing–thawing experiments assisted in the creation of large seepage
pores [14].

Moreover, Zhai et al. (2016) [14] described the influence of freezing–thawing cycles in
axial, hoop, and volumetric strains (εv) in the coal specimen.

εv= εa+2εr (7)

where εa and εr represent the axial and hoop strains, respectively.
According to volumetric strain, freezing–thawing cycles were separated into four

different smaller periods: freezing shrinkage period I (frost power related to the phase
change of water into ice in the cracks), frost heave period II (expansion of frost power due to
vaporization of LN2), second freezing shrinkage period III (solid-state cryoturbation in the
specimen at very low temperatures), and final frost heave period IV (state of in situ stress,
σ). Hence, the coal specimen’s morphology can be distorted through the freezing–thawing
cycle method. Specimens broke when water and ice created swelling stress greater than
the tensile strength of coal [14]. Figure 2 shows the failure caused after freezing–thawing,
along with stress analysis for the fractures in coal.
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Figure 2. Schematic showing freezing–thawing damage caused by LN2 and stress analysis for the
fractures in coal [14].

Qin et al. (2016) [19] examined two sets of coal samples from the Shengli coal mine
in Inner Mongolia (China) using the processes of freezing and freezing–thawing cycles
at different moisture concentrations. Their outcomes indicated that the absolute values
of axial and hoop strains diminished as the amount of freezing time, freezing–thawing
cycles, and concentration of moisture increased. At the same time, the coal porosities were
augmented by 17.5% and 68.1%, and Poisson’s ratios by 7.14% and 28.6%, respectively. Due
to the decrease in the coal’s mechanical strength, the elastic strain stage was shortened,
and the peak yield point and plastic deformation were accelerated. There was a negative
relationship between uniaxial compressive strengths and elastic moduli with freezing time
and freezing–thawing cycles, while the uniaxial compressive strengths and elastic moduli
showed positive characteristics with increasing moisture content. Furthermore, the uniaxial
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test outcomes were compatible with the acoustic emission outcomes [19]. Figure 3 shows
the variations in the coal’s elastic modulus and uniaxial compressive strength with the
length of the freezing time and the number of freezing–thawing cycles.
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In addition, Qin et al. (2017a) [15] examined coal samples from Shengli (lignite), the
Jungar (bituminous) coal mine in Inner Mongolia, and the Xinbei coalfield (anthracite)
in Gansu, China. The first group of coal specimens was dried and then saturated with
water. The samples were frozen and subjected to the freezing–thawing cycle process.
The second group of experiments with different moistures (controlled by drying oven)
were frozen for 90 min. Coal specimens of Shengli lignite were analyzed with different
freezing times, different freezing–thawing cycles, and different moisture levels. The cyclic
exposure samples were then put for vacuum saturation for 12 h. Finally, they were put
in a centrifuge at 200 psi for 2 h. The results indicated that freezing time had a small
influence on the permeability and porosity of the specimen. On the other hand, the number
of freezing–thawing cycles imposed a great influence on pore structure. As the number of
freezing–thawing cycles increased, porosity, and permeability were augmented, which is
favorable for CBM extraction. As for samples containing moisture, the outcomes suggested
that the greater the moisture concentration in coal specimens, the larger the increment of
permeability. It should be mentioned that the influence of a high moisture concentration
has limits. Comparing LN2 freezing time effects and on lignite, anthracite, and bitumen,
both the growth rate and total number of pores followed a downward trend of effectiveness:
lignite > anthracite > bitumen. In contrast, the growth rate for seepage pores indicated
a different behavior. The highest augmentation took place in anthracite, followed by
bitumen, and then lignite. The influence of coal rank on the growth rates of porosity is also
worth noting. The growth rates by rank, listed in downward trend, are lignite (low-rank),
anthracite (middle-rank), and bituminous coal (high-rank). After the specimens were
frozen and thawed using LN2, the growth rates of their effective porosity and total porosity
were all positive, but the growth rates of their residual porosity were negative. This means
that after the coal samples were frozen and thawed, the closed pores were opened, and
the open pores were augmented in magnitude and connectivity. This indicates improved
reservoir conditions for extracting CBM [15].

They also went further to examine permeability after freezing–thawing cycles with
the use of porosity parameters and the T2 spectrum as a surrogate for pore size. They used
three different models: the Schlumberger Doll Research (SDR) model, the Timur–Coates
model, and the Producible Porosity model. The last two models indicated high error values;
hence, only the outcomes of the SDR model were analyzed. Coals of disparate ranks show
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different increments of permeability augmentation due to different initial coal porosity.
The downward trending permeability enhancement created by LN2 treatments, in order,
is lignite, anthracite, and bituminous coal. Qin et al. (2017a) [15] also used SEM analysis,
apart from NMR. SEM images showed that with LN2 freezing of 10 min, the largest crack
width was 13.3 µm, while for samples following 30 freezing–thawing cycles, the largest
crack width was 60 µm, suggesting that the length and width of cracks augmented with
freezing time or freezing–thawing cycles. LN2 treatments also improved the fracture
density per volume of specimens [19]. Furthermore, it was observed that the frost heaving
influence of the water–ice phase transition first creates single primary cracks. Then, many
other secondary cracks expand along the primary cracks. As the freezing–thawing cycles
continue, the amplitude and complexity of the cracks slowly augment [15].

Qin et al. (2017b) [27] also analyzed the freezing–thawing damage variable, D,

D = 1 − En

E0
(8)

where Eo and En are elastic moduli of the original and the frozen–thawed coal specimens.
Their outcomes through uniaxial stress analysis indicated that augmenting the freezing

time brought the value of D up to about 0.12. On the other hand, moisture is negatively
correlated with D, such that the smaller the moisture, the greater the damage done in the
elastic deformation phase. Nevertheless, D values connected to moisture are curbed by a
specimen’s highest water saturation. Furthermore, fractal dimensions obtained using the
box counting process on fractures rose from 1.06 to 1.23 for specimens undergoing 5 and
25 freezing–thawing cycles, respectively. The ultrasonic wave velocities indicated a negative
connection with coal permeability, and cyclic freezing–thawing is efficient in augmenting
coal permeability [27].

Li et al. (2018) [28] investigated coal specimens from the Yima Group, Henan Province.
After freezing–thawing cycles, there was an observation of augmentation in permeability,
pore diameter, and porosity in coal specimens. This augmentation became bigger in
samples with water saturation greater than 70%. There was also an observation that thermal
degradation dry specimens were due to cold shock, while in water-saturated specimens,
apart from thermal degradation, water phase change is also responsible. They indicated
that permeability enhancement pauses when the reduction of temperature extends to the
maximum, mentioning that the progress of temperature reduction is connected to pore
diameter, heat transfer properties, and freezing period [28].

Jin et al. (2019) [29] examined anthracite specimens of high metamorphism from
Zhaogu No.1. Coal mine in Jiaozuo city and coking coal specimens of middle meta-
morphism from No.8 coal mine in Pingdingshan city and found that elastic modulus,
compressive strength, and brittleness index are lower in specimens with LN2 treatment
compared to others without LN2 treatment. For specimens with anthracite, the maximum
strain of LN2 cryogenic coal specimen augmented from 3.65% (non-cryogenic value) to
6.52%. For specimens with coking coal, the maximum strain of LN2 cryogenic coal speci-
mens increased from 4.75% (non-cryogenic value) to 5.69%. The average elastic modulus of
LN2 cryogenic anthracite was 1.75 GPa, which is lower than the average elastic modulus
(2.48 GPa) of the non-cryogenic samples, with a reduction rate of 41.5%. The average elastic
modulus of the coking coal samples diminished from 3.57 GPa to 1.75 GPa, with a reduction
rate of 50.84% [29].

Chen et al. (2019) [30] examined bituminous coal samples from the Xutuan coal mine
of Anhui province in China using the methods of freezing time and freezing–thawing
cycles. Their outcomes indicated that a single LN2 treatment under a stable confining
pressure augmented permeability exponentially with the augmentation of gas injection
pressure. On the other hand, freezing–thawing cycles initially caused reduction and then
augmentation with increasing gas injection pressure. Furthermore, the permeability of coal
specimens augments exponentially with the number of cycles, but the enhancement rate
decreases slowly. Generally, LN2 was successful in promoting the formation of macroscopic
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fractures in coal and in increasing sample permeability. The level of damage to the coal
structure under LN2 circulation was much larger than that related to a single method, and
the level of damage augmented with the number of cycles [30].

Chu et al. (2020) [24] examined anthracite coal samples from a Baijiao coal mine in
China. Their tests started by drying samples for 24 h at 80 ◦C and then placing them
in a water saturation device for 12 h with −0.1 MPa to achieve full saturation. They
measured T2 spectrum distribution and porosity through NMR. Finally, coal specimens
were placed in a centrifuge machine at 200 psi pressure for 1.5 h to reach irreducible
saturation. NMR examination was used again to estimate T2 spectrum distribution and
porosity. After these initial measurements, they compared freezing time and freezing
thawing cycle methods at 60, 120, 180, 240, 300, and 360 min and 2, 4, 6, 8, 10, and
12 cycles (each freezing–thawing cycle comprised of 30 min of freezing and 30 min of
thawing at room temperature), respectively. Outcomes indicated that with increasing
length and number of freezing–thawing cycles, area, and amplitude of mesopores (100 nm
to 1 µm) increased, inferring that considerable pore extension took place in micropores
(<100 nm), which could turn into mesopores. The use of LN2 can advance the link between
pores, expedite the creation of fractures, significantly increase the ratio of mesopores to
macropores (>1 µm), and notably augment the shape of seepage pores. Moreover, there is a
tendency for stable enhancement with augmentation in freezing time and freezing–thawing
cycles by the relative area change rate. The relative change area of the adsorption pores
indicates an inclination for stable enhancement and then a steady reduction during LN2
treatment, while the relative area change of the seepage pores shows an inclination for
quick enhancement. Total porosity, effective porosity, and residual porosity were positively
impacted by the use of LN2 treatment time. There was also the observation that micropores
constantly extend and then link to create more mesopores, macropores, and fractures driven
by expansion and frost heaving pressure. Permeability measurements showed a significant
augmentation effect after 4 freezing–thawing cycles; hence, more LN2 freezing–thawing
cycles can enhance the permeability by generating a larger number of mesopores and
macropores, as well as enhancing the connectivity of pores. Their SEM analysis showed
that the pore structure of coal specimens was constantly impaired and defaced, while
fractures were created on the surfaces of the specimens. Increasing time and cycles, the
cracks extended with an obvious increase in depth and width. New cracks created close to
the initial ones can form a crack network by linking them to each other [24].

Du et al. (2020) [31] compared coal samples from the Yulin coal mine in Shanxi,
China, and sandstone samples from Sichuan, China. The samples were dried for 12 h at
60 ◦C, weighted, and evaluated for P-wave velocity (Vp). The samples were submerged
into LN2 for 60 min and then analyzed. The results indicated that the micropores slowly
expanded and linked with each other to create a network, augmenting the permeability
in all coal samples. The use of LN2 created both vertical and parallel fractures on coal
surfaces; however, no obvious fractures took place on sandstone surfaces. This outcome
showed that thermal stress compromised the integrity of the coal specimens by creating
fractures. Hence, LN2 is more effective in coal fracturing than sandstone fracturing [31],
which was confirmed by Cai et al. (2014) in their NMR analysis [25]. Du et al. (2020) [31]
also used an ultrasonic technique to compare coal and sandstone samples after the use of
LN2. Differentiation in wave velocities relates to the creation of new crevices or extending
pre-existing crevices in rock specimens [32]. Broadly, waves of sound spread more quickly
in solids than in liquids or gaseous. Hence, when Vp diminishes, more crevices may be
created inside the rock specimen. After the use of LN2, reduction in Vp was 24.7–38.1%
with an average value of 30.63%, showing that the use of LN2 had a beneficial effect in
fracturing coal specimens. Furthermore, in one coal specimen, there was a great reduction
in Vp, suggesting that large crevices may be created after the use of LN2. On the contrary,
Vp reduction for sandstone samples was only 0–0.06%, suggesting that LN2 treatments of
sandstone specimens created very little damage, which was also not visible [31].
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Yan et al. (2020a) [10] examined coal samples from the Fenxi mining region of Shanxi,
China. They followed an experimental process in which the coal sample was (a) heated to
60 ◦C in a drying oven for 24 h, (b) cooled to room temperature for 6 h, (c) examined by
µCT scan, (d) immersed in LN2 tank for approximately 1 h, and (e) equilibrated to room
temperature for 30 min. Steps a to c were also repeated for the treated samples. The results
indicated that LN2 substantially influences pore distribution characteristics and strengthens
their connectivity. According to stereoscopic diagrams, there was an augmentation of coal
porosity by 183% after the use of LN2. The surface porosity augmentation rate after thermal
shocking is inversely related to the initial surface porosity of coal, suggesting that LN2
fracturing is able to meet expectations for stimulating CBM reservoirs with low porosity
and permeability. SEM analysis indicated that there were many deep and shallow scratch
layers that showed progressive patterns. Moreover, several new cracks propagated, and
sections of the pre-existing cracks extended and connected each other. Some embedded
attachments are scoured, generating a few micro-holes or adventitious fractures on the
surface. This fact affects the coal sample strength and could significantly ameliorate CBM
reservoir recovery [10].

Su et al. (2020) [33] investigated coal specimens from a Yulin coal mine in Shanxi
Province, China. Their outcomes showed that the tensile strength of coal samples under
loading vertical and parallel to the coal bedding direction was reduced by 14.68% and
23.23%, respectively. Moreover, more complex fractures were observed following Brazilian
splitting tests, while openings and the density of paths were also greater after LN2 treatment.
Lastly, SEM analysis suggested that amelioration in the permeability of a coal seam was due
to multiple micro-cracks that were formed from matrix, original pores, and micro-cracks of
coal after LN2 treatment [33].

Akhondzadeh et al. (2020) [34] examined bituminous coal specimens from Morgan-
town, USA. The coal specimens were vacuum dried at 60 ◦C for 4 h in an oven. Then, the
specimens were submerged in LN2 for 60 min. The opening of the fractures before the use
of LN2 was not more than 10 µm, while after the treatment, an augmentation in the fracture
aperture to 13 µm was noticed. Furthermore, it was observed that the created fractures
were interconnected to the original cleats; hence, there was an augmentation in the apparent
permeability of the specimen. According to the 3D analysis, the outcomes indicated that
LN2 not only created new fractures, but also interconnected the original isolated pores and
fractures with the initial cleat network. SEM analysis performed in the pre-treatment and
post-treatment states indicated that there were initially no important fractures in the SEM
images of the specimen base and sides. After the use of LN2, the largest crack opening
was 9 µm. Furthermore, the fractures appeared on both sides and bases, forming a new
fracture network inside the specimen. They also examined the mechanical properties
of fracture rocks through nanoindentation. The indentation moduli, directly related to
Young’s modulus, of the specimen measured with 10 mN and 35 mN indentation forces
were reduced by 5.1% and 14.4%, respectively. Such an important decrease corresponds to
the existence of notably extended new fractures inside coal [34].

Zhang et al. (2020) [35] investigated the 3D microstructure and permeability changes
in bituminous coal before and after LN2 immersion. The outcomes indicated that accurate
division of fractures was acquired, but that inordinate division could be avoided. Further-
more, according to the box-counting method, the 2D fractal dimensions of pore fractures in
both directions augmented considerably after LN2 treatment. The magnitude and quantity
of fractures and crevices were augmented after LN2 treatment. The summed volume of
fractures augmented from 306.48 mm3 to 967.55 mm3, and the porosity augmented from
0.38% to 1.22%. Lastly, permeability values augmented exponentially with increasing inlet
pressure under constant confining stress [35].

Zhang et al. (2020) [36] examined anthracite and bituminous coals subjected to both
LN2 cold shock and heating-cooling shock. Their specimens were from the Jiaozuo mining
region of Henan province in China. Their results indicated a 2.11–3.89-fold improvement
in permeability related to a sudden temperature increase from 180 ◦C to 360 ◦C. Their 3D
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CT scan analysis indicated that thermal shocks increased the extension and linkage among
fractures and effectively ameliorated the permeability of coal specimens. The results also
indicated the formation of bifurcated and wing cracks on the surfaces of the coal samples
during thermal shocks. The number of new cracks created by the heating–cooling method
was greater than the single LN2 cold shock. The crack propagation was also more complex
in the heating-cooling method, indicating that the heating-cooling method achieved better
outcomes in damaging and breaking the specimen than the cooling method alone [36].

Yan et al. (2020b) [13] examined coal specimens from the Zhongxing mine in Shanxi
Province, China. They used two different samples with the same diameter of 25 mm and
different heights of 42 mm and 50 mm for examining LN2 quenching, along with various
initial fracture magnitudes and saturations. The process was similar with LN2 freezing–
thawing cycle process with dry and water saturated specimens. Outcomes indicated that
fracture thickness, fracture volume, fracture connectivity, and porosity augment with LN2
freezing–thawing cycle process, notably, with the first cycle as the most significant. With the
use of LN2, large initial porosity was found to bear a smaller growth rate of surface porosity
than small initial porosity, indicating greater prospects for the significant enhancement
of rock specimens with low permeability. Furthermore, after the use of LN2, there was
continuous and gradual augmentation in the volume of fractures for the saturated coal
specimens [13].

Lin et al. (2020) [37] examined coal specimens from the Hengyi Coal Mine in Shaanxi
Province, China. They observed that fractures on the surface of coal specimens propagated
after the use of LN2. The authors reported expansion of fracture width with linear aug-
mentation 3.3 times more with water-saturated specimens as compared to dried specimens.
The damage factors expressed by fracture width, longitudinal wave velocity, and porosity
were augmented exponentially. With the freezing–thawing cycle process, the longitudi-
nal wave velocity in coal specimens was moderately reduced, and there was a positive
exponential relationship between the decrease in wave velocity in coal specimens and the
moisture concentration. Moreover, the freezing–thawing cycle process with LN2 showed
that micropores and small pores in coal mass were moderately changed to mesopores and
macropores, in addition to the creation of new micropores and small pores [37].

Qin et al. (2020) [38] studied the pore size distribution of coal samples frozen by
LN2 with mercury porosimetery by combining the low-temperature nitrogen adsorption
of lignite coal specimens from Shengli Coal Field, Inner Mongolia Autonomous Region,
China. After freezing specimens for 180 min with LN2, the number of small pores and
macropores in the coal specimens increased. After 30 freezing thawing cycles, the quantity
of small pores was reduced, but the number of macropores was augmented. Moreover,
there is a beneficial exponential correlation with freezing time for both total pore volume
and cumulative pore volume, but the augmentation gradually diminishes as freezing times
augment. Nevertheless, the cumulative pore volume enhancement follows a quadratic
function with the number of freezing–thawing cycles, and the increase slowly augments as
the number of freezing–thawing cycles accrues [38].

Li et al. (2020) [39] studied anthracite coal samples collected from the Jiu Lishan Mine
in Jiaozuo, China. According to their interpreted NMR results, there was augmentation in
the number of small pores and micropores inside the coal specimens after LN2 treatment.
The water-saturated coal specimens had less thermal stress than the dried ones. The
damage to water-saturated coal specimens was due to phase change, while in dry coal
specimens, mechanical integrity was compromised due to thermal stress between particles.
Generally, the temperature alteration of saturated coal is slower than that of dry coal, and
the total to reaching equilibrium after thermal shock has a larger duration [39].

Liu et al. (2020) [40] collected samples from different regions. The specimens in the
study were taken from the fat coal of the Pingmei No. 5 Coal Mine, the lean coal of the
Daping Coal Mine, and the anthracite coal of the Guhanshan Coal Mine. The cryogenic
nitrogen adsorption curves of the fat coal, lean coal, and anthracite before and after LN2 cold
soaking followed a lying “S” type. When p/p0 < 0.1, there was a transition from monolayer
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to multi-molecular layer adsorption, and the curve is convex. When 0.8 < p/p0 < 1.0, the
adsorption curve is concave. Moreover, samples showed an enlargement in pores, mesopore
volume and pore-specific surface area, total pore volume, and total pore-specific surface
area for every coal specimen. Lastly, the thermal stress created during LN2 treatment was
larger than the tensile strength of coal. LN2 treatment plays the role of augmenting and
expanding the pore and advances the growth of the coal pore structure [40].

Akhondzadeh et al. (2021) [41] examined coal specimens using a multiscale tomo-
graphic study. Their outcomes indicated that in micro (µ-CT) and macro (medical CT)
scales, LN2 fracturing in anthracite specimens was poor. On the other hand, in bituminous
and sub-bituminous specimens, porosity evolution augmented 14% and 119%, respectively.
In macroscale bituminous and sub-bituminous specimens, there was substantial augmenta-
tion in their porosity. Connectivity assessment through skeletonization and Euler number
analysis showed that sub-bituminous connectivity increased by 20-fold for small pores
(<3 µm), while it doubled in bituminous [41].

Sun et al. (2021) [42] examined bituminous coal samples from the Datong coal mine in
Shanxi province of China using the freezing–thawing cycle method. The process started
by putting coal specimens in a vacuum saturator for 12 h to extract air to saturate with
water. NMR analysis then took place. Later, the specimens were placed in a centrifuge
at 8000 rpm for 1 h for the removal of free water, followed by further NMR analysis.
Centrifugal specimens were dried for 12 h; then, ultrasonic emission and stereomicroscope
image analyses were performed. The specimens were also saturated and then immersed
in LN2 for 10 min, followed by water bath (40 ◦C) immersion for 10 min. The outcomes
indicated that the width and range of the T2 curve in coal specimens were augmented.
With a higher number of cold shock periods, total, and effective porosity, together with
free fluid proportion, are augmented linearly, while both T2cutoff and residual porosity are
reduced linearly. Furthermore, the contribution of micropores plays a leading role in the
augmentation of effective porosity. The augmentation of open holes due to exposure to
LN2 was more advantageous for seepage and gas diffusion. They also analyzed fracture
evolution by stereoscopy, observing that with increasing cold shock times, the surface
porosity and the number of pores augmented, and the pore distribution movement tended
to become more random. They concluded that short fractures in specimens slowly emerged,
expanded, and extended to long fractures. As the secondary branch fractures expanded,
ternary branch fractures formed and became visible. In the weak structural areas of the
specimen, weak planes developed due to the high fracture density. A fracture network
was created, and the specimen body was damaged. When the local weak area was totally
damaged, a large amount of pulverized coal was generated. Furthermore, they also
conducted ultrasonic wave analysis, indicating that, following the use of LN2, there was a
reduction in the amplitude of the first peak. The primary frequency of the ultrasonic wave
diminished while the signal attenuation was augmented rapidly. The P-wave and S-wave
velocities diminished gradually with the number of thermal socks. The structure of the coal
specimen became layered instead of loose. Furthermore, the anisotropy augmented with
the expansion of primary fractures but lessened with the creation of a primary-secondary
fracture network. The dynamic mechanical parameters were reduced as the number of
cold shocks increased, while the most crucial reduction took place in the dynamic bulk
modulus [42].

Shao et al. (2021) [43] examined bituminous coal samples from the Tazigou coal
mine in Liaoning, China. First, the samples were polished and put in a drying oven
for 48 h at 45 ◦C. Then, half of the specimens were saturated with water. Furthermore,
half the specimens from both groups were wrapped to investigate the impact of LN2
on the physical and mechanical properties. Apart from cylindrical samples, there were
also Brazilian discs tested at the same conditions. All the samples were submerged in
LN2 for 36 h and then allowed to warm to room temperature before starting the other
measurements. SEM analysis of the saturated samples after the use of LN2 indicated
similar failure and crevice characteristics, with more significant damage than dry coal.
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Nevertheless, interconnected fracture networks were created on the surfaces of the dry
samples. Relatively short micro-fractures with low connectivity and narrow openings were
created in the interior of dry coal specimens, notably without much penetration of LN2.
On the other hand, big failure regions and large fractures with connections were created
in the interiors of the water-saturated specimens. P-wave velocity was also examined in
all 4 different groups (water saturated wrapped and unwrapped, and dry wrapped and
unwrapped). LN2 reduced the P-wave velocity in all four groups. The impact order from
high to low was: saturated wrapped specimen > saturated unwrapped specimen > dry
unwrapped specimen > dry wrapped specimen. A higher cryogenic fracturing efficiency
was observed in water-saturated specimens than in dry ones. Concerning gas permeability,
there was significant augmentation in all four groups [43].

Lin et al. (2021) [44] examined the use of LN2 in coal specimens from thermodynamic
perspectives. The experiments started by drying 10 g of coal particles at 353 ◦K for 6 h in
an oven. Then, the coal specimen was placed in a sealed freezing–thawing tank to return
to room temperature. LN2 was added to the system, and the tank was put in an oven
for 2 h until the specimens returned to room temperature. After the freezing–thawing
process, the oven was turned off, and coal specimens remained in a sealed container for 6 h
until returning to room conditions (i.e., the completion of 1 cycle). After the appropriate
number of freezing–thawing cycles, the specimen was again put in an oven and dried at
353 ◦K for 6 h to totally evaporate the free water created in the coal specimen during the
freezing–thawing process. Then, the frozen–thawed specimen was weighed and placed into
a high-pressure adsorption chamber, where the specimen was degassed by a vacuum pump,
and helium was injected to estimate the fixed volume. By setting the specific experimental
temperature, the maximum experimental pressure was 5 MPa, the pressure gradient was
1 MPa, and the system was filled by CH4. When the experimental pressure equaled the set
pressure and adsorption reached equilibrium, the experimental process terminated. The
above steps were implemented to complete CH4 adsorption experiments for coal speci-
mens with different freezing–thawing cycles at different temperatures. Outcomes showed
that the freezing–thawing process can obviously augment the CH4 adsorption quantity
of a coal specimen (Vunfrozen < Vfreezing 5 cycles < Vfreezing 10 cycles). The adsorption enthalpy
Hθ, adsorption entropy Sθ and adsorption Gibbs free energy Gθ all increased as the
freezing–thawing process continued. With the use of LN2, the isosteric heat adsorption
augments, because the LN2 freezing–thawing process can greatly expand the adsorption
sites of coal specimens. Furthermore, the heterogeneity of the coal specimen matrix aug-
mented with the freezing–thawing process of LN2. As the number of freezing–thawing
cycles increased, the quantity of larger pores was augmented. The shedding of particles on
the coal specimen surface and the extension of microchannels shows propitious signs for
CBM adsorption [44].

Liu et al. (2021) [45] examined the effect of different LN2 soaking times on the temper-
ature distribution of coal specimens and explored the temperature evolution mechanism of
anthracite-lignite-bituminous coals. Their experimental process was described as follows:
the dried coal specimens were placed in an incubator at the same distance from a LN2
injection hole. LN2 was injected into the incubator through the hole until the coal specimen
temperature stabilized. There were measurements taken to characterize coal specimens,
and the process was repeated with alternative LN2 soaking times. The outcomes indi-
cated that with increasing LN2 soaking times, the temperature of all three coal specimens
exhibited three phases, including a reduction in their acceleration initially, continuation
with small decline, and then stabilization at low temperature. The order to reach phase III
(anthracite > bituminite > lignite) was opposite compared to the temperature-changing
rate. Furthermore, thermal stress created in coal specimens helped in the extension and
expansion of crevices and accelerated heat transfer. The temperature increase curve of the
three coal specimens was augmented with time as a logarithmic function and indicated a
unimodal distribution [45].
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Qin et al. (2021) [46] investigated the effect of LN2 on coals of different ranks (an-
thracite, lignite, bituminite) and gas adsorption. After 3 h immersion of samples in LN2,
outcomes indicated that the greatest amounts of adsorbed gas took place in lignite and
bituminite, while the anthracite specimen showed a reduction. Furthermore, the contact
angle for the anthracite specimen also decreased. The gas adsorption capacities of the
specimens indicated a positive linear relation with the analogies of aliphatic hydrocarbon
but a negative linear relation with the analogy of substituted benzene functional groups
and oxygen-comprising functional groups. As the contact angles became greater, the coal
gas adsorption capacities initially decreased but then augmented [46].

Sun et al. (2021) [47] examined coal specimens from Qinshui coal in China. They used
the immersion method with SEM and NMR analyses. The initial NMR porosity of deep
coal was smaller than that of shallow coal from the same coalfield and coal seam. There
was an improvement in connectivity between mesopores and macropores in both deep and
shallow specimens after the freezing–thawing cycle process. Furthermore, the quantity of
micropores in the total pore structure volume diminishes, and the quantity of mesopores
and macropores in the total pore structure volume accrues [47].

Yang et al. (2021) [48] developed a non-destructive geophysical technique using
seismic measurements to probe fluid flow through coal and ascertain the effectiveness of
cryogenic fracturing. Their results showed that the ultrasonic velocity of dry and saturated
coal samples reduced overall with freezing time because of induced thermal and frost
failure. For a gas-filled sample, both normal and shear fracture stiffness were reduced with
freezing time, as more cracks formed in the coal bulk. On the other hand, for water-filled
samples, ice formation due to cryogenic treatment is guided to the bottom of coal bulk [48].

Qin et al. (2022) [49] selected bituminous coal from the Hengyi Coal Mine in Shaanxi,
China. They studied the influence of various LN2 freezing variables on mechanical proper-
ties. Their outcomes showed that the mechanical strength of samples can be augmented
for a period up to 100 min in LN2 treatment where tensile stress elastic modulus and
uniaxial compressive elastic modulus were augmented by 30.1% and 54.6%, respectively.
However, as freezing times augment, there will be a reduction in the mechanical properties
of coal. The freeze enhancement factor, I, augmented with increased freezing time, while
the damage factor, D, augmented exponentially as the number of freezing–thawing cycles
increased [49].

Yuan et al. (2022) [50] investigated specimens from Huainan Coalfield and Qinshui
Coalfield by examining adsorption and desorption from middle- and high-rank coal speci-
mens. The curve shape outcomes showed that coal specimens were typically mesoporous.
Comparing middle-rank and high-rank coal specimens in terms of pore volume and aver-
age pore size, the results showed that in middle-rank coals, values were higher compared
to high-rank coals [50].

Akhondzadeh et al. (2022) [51] investigated the LN2 freezing–thawing process in coal
fracturing, focusing on the influence of different freezing cycles examined in µ-Computed
Tomography (µ-CT) images. The freezing–thawing process showed promising efficiency
in cleat network evolution after three freezing–thawing cycles. The maximum opening of
the initial fractures was 15 µm, while several new fractures had a maximum opening of
10 µm. According to connectivity analysis, the number of pores augmented 50%, while the
number of interconnected pores almost doubled. SEM analysis indicated that there was
creation of a fully penetrating fracture, which accrued in aperture magnitude and extended
the cleat network of the specimen, especially in latter freezing–thawing cycles [51].

Hou et al. (2022) [11] examined coal specimens from the Yulin mining area of Shanxi
Province. Their results indicated that coal after LN2 treatment, in comparison with un-
treated specimens, increased compressive strength by 52.85%, in P-wave velocity 10.97%,
in fracture toughness 495.07%, and in elastic modulus 38.76%. On the other hand, tensile
stress decreased by 26.17%. Their outcomes were different in the freezing–thawing ex-
periments. There was an important diminution for P-wave velocity of 26.14%, for elastic
modulus 23.20%, for fracture toughness 58.33%, for compressive strength 21.20%, and for
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tensile strength 42.99%. Micro-level outcomes showed that the failure mode, failure path,
crack propagation direction, and fracture surface morphology of specimens in mechanical
experiments became more complex, and the freezing–thawing specimens had the best
failure effect [11].

Li et al. (2022) [52] selected coal specimens from the Qianjin coal mine in the Bijie
coalfield, Guizhou, China. SEM outcomes indicated that as moisture content increased, the
magnitude and width of pores augmented. NMR outcomes indicated that the proportion
of micropores and transition pores from FT LN2 treatment specimens was smaller than
the untreated samples. Total pore volume, porosity, and average pore diameter were
larger after LN2 treatment. Moreover, permeability was increased after LN2 treatment;
the higher the moisture content, the higher the permeability of the coal samples after LN2
treatment [52].

2.2. Injection Tests and Fracture Evaluation

LN2 has been injected into the borehole drilled in a rock specimen to investigate its
fracturing efficiency on the borehole wall. In most cases, confining stresses are exerted to
mimic well stimulation scenarios under in situ stress conditions.

Cai et al. (2018) [53] examined coal specimens from Ordos in Inner Mongolia, China,
using the method of LN2 injection. A coal sample with a hole and injection tube was sealed
with cement around it to make a cubic rock test specimen. Their acoustic emission (AE)
outcomes indicated that as the specimens came into touch with LN2, there was a continuous
period of damage and cracking. The average AE ring-down count rate and cumulative
ring-down counts during LN2 injection were, at most, 14.45 and 12.08 times larger than
before injection. Furthermore, the coal specimens had smaller tensile strengths than the
specimens in their original state. In the cooling state, the specimens showed an average
reduction of 17.39%, while in the cool-treated state, there was an augmentation of 31.43%.
Reduction of wave velocity indicated that LN2 can assist and expand the micro-fissures
in the interior side of the specimen. In the cooling state, the average reduction in wave
velocity was 14.46%, while in the cool-treated state, there was an augmentation of 18.68%.
Additionally, during the LN2 cooling process, AE signals were mainly produced from coal
cracking [53].

After immersion tests with NMR and processing of SEM images, Qin et al. (2018) [54]
continued to analyze the effect of LN2 in CBM reservoirs with AE for both freezing and
freezing–thawing injection methods. For the freezing injection method, the AE signals
indicated that failure in the specimens took place near the injection tube and did not
propagate. On the other hand, when they used the freezing–thawing injection, there was a
plastic deformation region formed after the primary cracks were created and interconnected.
Figure 4 shows the AE energy signals that were monitored during the single and cyclic
LN2 injections and the relationship between the AE energy and injection time.

Furthermore, after the use of LN2 with a freezing time of 10,000 s and cyclic injection
for 9 cycles for the same period, the lowest temperatures on the surface were −12 ◦C for
the freezing method and −107 ◦C for cyclic injection method. In a single injection, the
temperatures inside and outside the specimen ceased to diminish when they attained a
specific value. Moreover, there was no effective fracture network in the tested specimens,
and the heat transfer was through the solid material [54]. Mesoscopic analysis showed
that the lower the density of the specimen, the higher the original water content, with
larger associated frost heaving forces from water expansion during LN2 injection. A greater
temperature gradient forced more water to move, which resulted in more frost heaving due
to water migration and ice accumulation. Furthermore, there was a connection between
the shrinkage deformation of particles and the physical properties of the particles and a
relationship between compression deformation and confining pressure [54].

Yin et al. (2018) [55] examined coal specimens from the Pingdingshan coal field of
Henan Province, China, before and after the use of LN2. Outcomes indicated that the micro-
crevice threshold of coal specimens was far less than the frost heaving stress. Two main
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changes that took place after the use of LN2 were the nonuniform shrinkage deformation
of coal specimens and the creation of pores, the majority of which were on the micropore
and macropore scale. Concerning permeability, in low permeable and heterogeneous coal
specimens, there was augmentation due to thermal cracking and sporadic opening of
seepage pores due to phase change of free water in pores or micro crevices.
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Cong et al. (2021) [56] examined variations in the temperature field and strain field
of coal around the drill hole after the injection of LN2 into the drill hole. Upon heat-
ing from −30 ◦C to 30 ◦C, the expansion capacity augmented slowly until it leveled off.
The average linear thermal expansion coefficient of coal in this temperature range was
α = 36.06 × 10−6/◦C. Moreover, the low-temperature zone of coal around the drill hole
expanded in a semicircular shape at a decelerated rate after LN2 was injected into the drill
hole. The strain and action range of frost contraction (long term) were larger than those of
frost heave (short term) [56].

Yang et al. (2021) [57] examined synthetic coal cubes made of water, cement, sand, and
coal particles with a ratio of 3:2:1:4. A 14-mm diameter, 3-mm thick stainless steel casing
was then attached to the borehole with epoxy-resin adhesive. The casing extended 120 mm
into the borehole, with an open-hole section of 60 mm. High pressure N2 pressurized the
LN2 tank and pushed the LN2 into boreholes under high pressure to perform the fracturing
treatment. An insulation pipe was also applied between the high pressure LN2 container
and the borehole. The high pressure LN2 tank can withstand a maximum pressure of
35 MPa and a minimum temperature of −196 ◦C. Moreover, there were also valves and
fittings along LN2 transportation lines that could withstand cryogenic conditions. In this re-
search work, there was a comparison of LN2 and water injection. Their outcomes indicated
that the breakdown pressure for the LN2-fractured specimen under higher confining stress
may be lower than that for the water-fractured specimen subjected to a lower confining
stress state. Furthermore, if the horizontal-stress-difference ratio is reduced from 1 to 0, the
breakdown pressure of a specimen fractured by water will augment more considerably
than that fractured by LN2. The highly permeable regions were larger for LN2-fractured
specimens with multiple fractures starting from and adjacent to the borehole, while smaller
stimulated areas were obtained in water-fractured samples, representing fractures with
limited conductivity. The fracture planes of water-fractured samples were not as smooth as
LN2-fractured samples, and some of the water-fractured samples were not fully separated
along the major fractures, showing that the fracture extension length was longer for LN2
fracturing than water-based hydraulic fracturing. Hence, LN2 fracturing tends to create
more conductive and longer fractures than water fracturing. Concerning conductivity, the
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fracture conductivity created by LN2 fracturing can be 8 to 280 times as large as that by
water fracturing. Their analysis with cryo-SEM enabled the imaging of specimens at a
temperature of 190 ◦C and SEM analysis took place at room temperature. Comparing coal
and sandstone samples, pre-existing pores in coal started creating fractures after the use of
LN2 with the maximum fracture width of 1.3 µm. On the other hand, there were no long
fractures but only short cracks generated in sandstone specimens [57].

Du et al. (2021) [58] investigated coal specimens from the Zhang Minggou coal mine
in Shaanxi, China. Their results showed that LN2 cooling can cause significant thermal
damage inside the coal, along with a reduction in P-wave velocity (approximately 15.8%).
At the macroscopic level, the damage is stated as distortions in coal’s mechanical properties,
comprising tensile strength, peak strain, and absorbed energy. Lastly, the process of
macrocrack propagation is closely related to the bedding angle [58]. Furthermore, the
creation of cryogenic fractures or fissures on the surfaces of the coal specimens due to LN2
were associated with the removal of some coal particles from the specimen’s surface, which
could act as self-propping agents to impede fracture closure in the thawing stage.

2.3. Jet Drilling

Jet drilling utilizes high-velocity fluids to break down rock samples of high strength.
Water is the most used jet fluid. Recently, LN2 has been tested as a jet fluid, seeing that
thermal shock could boost its mechanical impact against rock specimens. Yang et al.
(2019) [59] used a new method for CBM stimulation called Abrasive LN2 Radial Jet Drilling
(ALN-RJD), which drilled multiple radiating laterals instead of a single vertical wellbore
to create more expanses in an eco-friendlier way. Their outcomes indicated that the coal-
breakage threshold pressure of ALN-RJD was 87% and 89% of those of LN2 jet and water
jet, respectively. Furthermore, the pre-mixed abrasive LN2 jets indicated better outcomes
compared to post-mixed abrasive LN2 jets in the field of coal breakage. ALN-RJD, due
to its ability to create conductive pathways for gas transport in complex lateral-fracture
networks, can augment cumulative gas production by 10% compared to the conventional
RJD process. Thus, the greatest Net Present Value (NPV) could be achieved [59].

3. Modeling Studies

There have also been a few studies trying to simulate cryogenic fracturing processes.
Cai et al. (2016) [26] simulated a LN2 jet in abrading coal specimens using a computational
fluid dynamics method to examine the effect of a LN2 jet on particle removal along with
cracking effects of LN2 on coal specimens compared to a water jet. Simulation results
indicated that under the same nozzle pressure difference, the LN2 jet showed better conduct
in abrasive particle removal and pressure boosting in the perforation cavity in coal than
did the water jet. Furthermore, the impact influence caused by LN2 was similar to that
generated by water [26].

By integrating the Mogi–Coulomb failure criterion into TOUGH2-EGS (finite difference
scheme), which couples thermal-hydraulic-mechanical processes, Yao et al. (2017) [60]
successfully reproduced the bulb-shape fracture morphology generated by LN2 treatment
of boreholes in rock cubes and quantitatively matched the permeability enhancements.

Cai et al. (2018) also carried out temperature distribution simulations in rock samples.
Their results indicated that even though the sample was subjected to injection by LN2 for
850 s, the cement part around the coal remained at a relatively high temperature [53].

Along with immersion experimental studies, Jin et al. (2019) [29] examined LN2
treatment in coal specimens using a strength statistical damage (SSD) constitutive model.
Compared with the Mazars model, the SSD modeling reflects the stress–strain relationship
of LN2 cryogenic coal, which is consistent with experimental outcomes. Furthermore, the
substantial causes for brittleness-ductility were cohesive force reduction and friction force
augmentation [29].

Apart from the experimental study of abrasive jet drilling, Yang et al. (2019) [59] sim-
ulated a stimulated vertical CBM well located in the Horseshoe Canyon coals of Western



Energies 2022, 15, 9464 17 of 21

Canada. They modeled a rectangular reservoir with a dimension of 500 m × 500 m × 8.99 m,
which was discretized into 100 × 100 × 1 grid blocks. The simulation time was 750 days.
The RJD well indicated an amelioration in gas production rate of 65.8% at the end of
the simulation period compared with the horizontal well. Furthermore, the cumulative
gas production of the ALN-RJD well was 10.7% higher than that of the RJD well, show-
ing that thermal crevices induced by the LN2 jet played a significant role in production
improvement [59].

The simulation results of Du et al. (2020) [31] demonstrated that the area with low
temperature slowly expanded inside samples with time and created a tensile area in the
samples. Moreover, in coal specimens, the heat transfer rate is lower than in sandstone
specimens due to the higher thermal diffusivity of sandstone. The outcomes from a
maximum normal stress calculation indicated that the maximum tensile stress created by
momentary contact between coal and LN2 was 3.41 MPa, while for sandstone samples,
it was 4.87 MPa. This was probably because of the higher elastic modulus and thermal
diffusivity values for the sandstone specimens. Finally, the simulation outcomes showed
that the maximum failure region occurred 3.3 mm from the outer surface for coal specimens,
while the failure region for sandstone specimens was almost zero, which confirmed the
SEM and P-wave outcomes reviewed above in this work [31].

Cong et al. (2021a) [56] used a hierarchical model to calculate the thermal stress around
a borehole. The absolute values of thermal stresses at the measuring points augment initially
quickly and then increase steadily. Furthermore, the outcomes showed that thermal stress
and thermal stress gradient are higher close to the drilled hole. The thermal stress was over
1.3 MPa and below 0.2 MPa. For the strain analysis results, the borehole underwent frost
heave under the action of LN2 cold shock (LNCS) on both sides. As the LNCS augmented,
the frost heave area became the frost contraction area and kept expanding outward [60].
Moreover, Cong et al. (2021b) [61] used FLUENT software to show that the coal specimen
side wall temperature quickly decreases and then levels out. Moreover, apart from the
effect of a gas layer between the LN2 interface and the coal specimen side wall, the low-
temperature coal specimen side wall with high thermal resistance plays an important role
in heat transfer [61].

Ma et al. (2021) [62] modeled the effective freezing radius during the LN2 injection
process. In a sample with a moisture content of 12%, the thermal conductivity of the coal
sample was enhanced linearly with the reduction of temperature. The nearer to the freezing
hole, the greater the temperature gradient of coal, but the temperature gradient reduced
quickly at a certain distance. With an increment in the freezing time, the freezing front
became larger outwards, but the rate of freezing front advancement was progressively
reduced [62].

Wen et al. (2022) [63] developed a 3D, unsteady-state, fluid flow, and heat transfer
model for LN2 fracturing in a CBM reservoir, which considered the phase transition of
nitrogen, thermophysical properties variation of coal, and the heat transfer between ni-
trogen and the formation. The outcomes indicated that thermal stress had a minor effect
on the propagation of the primary fracture near the tip due to the small temperature
difference. Moreover, the fracture aperture, injection velocity, reservoir temperature, injec-
tion fluid temperature, fracture propagation pressure, and coal cleat porosity affected the
effectiveness of LN2 fracturing in a coal seam [63].

4. Field Applications

Field applications of cryogenic fracturing are scarce and insufficient. Four CBM wells
(A, B, C, and D) and one tight sandstone well (E) were stimulated with the use of LN2 [64].
Well B was originally completed with nitrogen foam fracturing and had an average gas
production of 85 Mcf/D in a period of 24 weeks before re-stimulation with cryogenic LN2.
After the use of LN2 the initial production was 1600 Mcf/D at a 42% N2 cut. The rate had
then undergone a high reduction, and the well was produced sporadically. The rates for
the next 16 weeks produced an average of 70 Mcf/D, while the rate after 12 months of the
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use of LN2 returned to approximately 85 Mcf/D. Well D had three attempts for stimulation,
with the first two finished very early (first attempt with nitrogen foam and second with
borate crosslinked gel). In the third attempt at stimulation, borate crosslinked gel was
again used for better proppant transferring ability. Its gas production had an average of
42 Mcf/D in the period of 24 months before the use of LN2. After LN2 stimulation, the
initial production rate was 400 Mcf/D while its average production rate was approximately
60 Mcf/D, indicating an amelioration of 43% [65].

It should also be mentioned that there are a few patents claiming case studies of
cryogenic fracturing. The earliest patent referred to the recovery of methane gas from
subterranean coal seams with the use of LN2 to augment the permeability of the portion of
a coal seam penetrated by a wellbore [65]. Zhang et al. (2016) [66] used LN2 as a fractur-
ing fluid and indicated that it is appropriate for the primary fracturing of non-fractured
CBM wells and wells with existing natural fractures, as well as the re-fracturing of low
productivity wells. Shen et al. (2017, 2018) [67,68] claimed that the LN2 freezing–thawing
method can effectively ameliorate a low-permeability coalbed; hence, the recovery of
CBM can be improved. Zhai et al. (2018) [69] claimed a freezing–thawing procedure
aimed at improving coal seam permeability by injecting LN2 in a high-pressure pulsing
manner. They indicated that its use is easy, practicable, and economically affordable.
Furthermore, they claimed that their implementation could ameliorate both single-pore
extraction and extraction concentrations of CBM, in addition to prolonging the attenua-
tion time of gas concentration. Xu et al. (2020) [70] physically simulated LN2 injection
freezing–drying to augment the yield of CBM. They injected the LN2 to fast freeze water in
the coal briquette into ice to open gaps. Then, ice was heated to be directly sublimated into
water vapor by combining vacuuming, which resulted in augmenting the yield of CBM.

5. Conclusions

During this transition time toward cleaner forms of energy and the push for eco-friendly
solutions to conserve and protect fresh water, cryogenic fracturing with LN2 offers distinct
advantages over traditional water-based stimulation techniques in CBM exploitation.

Based on a thorough review of the use of LN2 in stimulating CBM reservoirs, cryogenic
fracturing can be an effective fracturing method for creating cracks and fracture networks
in coal seams. Hundreds of experimental tests on coal demonstrated that existing fractures
can be expanded and that new fractures can be initiated by LN2, bringing about multifold
permeability enhancement. Numerical modeling furthered our understanding of the
cryogenic fracturing process by visualizing the distributions of temperature, stress, and the
fractured region in a complementary manner. The limited number of field pilots carried
out in coal seams 25 years ago can be considered successful, right after, despite the 15-year
gap in research and development that followed. More recently, cryogenic fracturing has
gathered momentum in terms of published research and case scenarios in patents.

Future studies recommended include fracturing mechanism revelation, simulation,
large-scale experiments, and field pilot tests of LN2 stimulation. In laboratory experiments,
some cryogenic fractures may be too small for observation; hence, more advanced mi-
croscopy and fluorescence processes are imperative for the thorough characterization of
thermal shock fractures. In addition, both freezing and thawing contribute to coal cracking;
thus, optimization of their relative timings in a cycle deserves more effort. Moreover,
more injection studies are recommended since almost 80% of research activities refer to
immersion tests.

Additionally, simulation studies of cryogenic fracturing are limited. Thermal-hydraulic-
mechanical processes should be coupled with fracturing criteria in simulators and scaled to
design field pilot tests. In addition, thermal gradients, fracture formation and distribution,
and the magnitude of permeability augmentation with cryogenic stimulation differ with
specimen size. Hence, large-scale laboratory experiments using 1 cubic meter or more of
coal or concrete/coal could be substantial for LN2 delivery processes and advantageous
audit tools for execution at the field scale. Cryogenic fractures partially close as temperature
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returns to ambient, indicating that proppants are necessary to hold fractures open to main-
tain conductivity during or after a cryogenic stimulation treatment, both as experimental
and as modeling studies. Apart from thermal effects, LN2 has different compressibility
and can evaporate; hence, future studies must also examine how these physical effects
may contribute to the result, since evaporation can significantly increase the volume and
create longer fractures. Another future focus area should be LN2 viscosity and the ability
to transport proppants.
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