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ABSTRACT

Under the fact that considerable exploration and production of unconventional resources and worsening
global climate, reducing carbon emission and rationally utilizing carbon resources have been drawn
increasing attention. Supercritical CO, (SC-CO;) has been proposed as anhydrous fracturing fluid to
develop unconventional reservoirs, since its advantages of reducing water consumption, reservoir
contamination etc. Well understanding of SC-CO; fracturing mechanism and key influencing factors will
exert significant impact on the application of this technology in the field. In this paper, the fundamental
studies on SC-CO; fracturing from the aspects of laboratory experiment and simulation are reviewed. The
fracturing experimental setups, fracture monitoring and characterizing methods, unconventional for-
mation categories, numerical simulation approaches, fracturing mechanism and field application etc., are
analyzed. The fundamental study results indicate that compared with conventional hydraulic fracturing,
SC-CO; fracturing can reduce fracture initiation pressure and easily induce complex fracture networks
with multiple branches. The field test further verifies the application prospect and the possibility of
carbon storage. However, due to the limitation of reservoir complexity and attributes of SC-CO,, massive
challenges will be encountered in SC-CO; fracturing. According to the current research status, the lim-
itations in basic research and field application are summarized, and the future development direction of
this technology and relevant suggestions are proposed.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

expect to make breakthroughs in shale gas, tight gas, geothermal
energy and coalbed methane, etc. (Kargbo et al., 2010; Tong et al.,

“Shale Revolution” has enabled the United States (US) to
significantly increase its oil and gas production from tight reser-
voirs since the 21st century (Le, 2018). The success of the devel-
opment of unconventional resources in US has drawn a lot of
interest and attention to other countries in the world (Zhang et al.,
2002; Yang et al., 2014; Lu et al,, 2015; Zhang et al,, 2019a). Ac-
cording to the statistics of the EIA and PetroChina, many countries
such as China etc. (EIA, 2017; Sun et al., 2019), pose great potential
and motives to replicate the Shale Revolution in US. These countries
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2018; Jia et al,, 2019; Sun et al,, 2019). However, the geological
conditions of a certain resource vary greatly from different reser-
voirs, which will lead to huge differences in terms of technologies
and costs. Taking China as an example, compared with the condi-
tions of shale gas reservoirs in North America, China's resources
features are in deep formation depth, ultra-low permeability,
complex geological stress condition, fragmented resources distri-
bution, etc., all of which bring great challenges to exploration and
development (Sun et al., 2019).

Currently, horizontal drilling and hydraulic fracturing are the
commonly accepted methods to develop unconventional resources
such as shale gas and tight oil, etc (Soliman et al., 2012). The most
common fracturing fluid used for unconventional resources
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development is water-based working fluids. While significant
success has been achieved in some fields, water-based working
fluids present several obvious issues, including but are not limited
to: 1) Since the existence of high content clay minerals in uncon-
ventional formation, water-based fracturing fluid can induce clay
swelling, which will result in pore blocking and formation damage
(Kargbo et al., 2010; Bazin et al., 2010; Bahrami et al., 2012); 2)
Large-scale hydraulic fracturing consumes a large amount of water
resources, but unconventional resources are mostly distributed in
areas with complicate topography and water shortage, which
brings huge challenges to field operations (Nicot and Scanlon, 2012;
Scanlon et al., 2014; Wang et al., 2018); 3) Water-based fracturing
fluids contain various toxic chemical additives, such as friction re-
ducers, thickening agents, gelling agents, crosslinkers, swelling
inhibitors etc., which can cause significant pollution to ground-
water and surface environment, also increase the treatment cost for
flowback fluid (Osborn et al., 2011; Gregory et al., 2011; Jackson,
2013; Lenhard et al., 2018). To address these issues, researchers
are seeking alternative anhydrous fracturing fluid. CO, has been
proposed as a particular working fluid for developing unconven-
tional resources (Middleton et al., 2015). By injecting CO, into
subsurface for fracturing, it not only can reduce carbon emission,
but also is capable of enhancing hydrocarbon recovery (Solomon
et al,, 2009; Song et al,, 2021; Guo et al.,, 2020, 2022). Using CO;
as fracturing fluid shows great potential to mitigate the global
climate and promote sustainable development of energy (Faruque
Hasan et al., 2014; Wang et al.,, 2014; Edwards and Celia, 2018,
Zhang et al., 2019b).

Studies show that when formation depth is greater than
1000 m, the temperature and pressure will exceed the critical point
of CO; (31.1 °C, 7.38 MPa, respectively), thus CO, will reach the
supercritical state at this subsurface condition. Supercritical CO,
(SC-CO,) has many unique properties, such as low viscosity, strong
diffusion, much higher density than gas, and almost no surface
tension, etc. (Espinoza and Santamarina, 2010; Wang et al., 2012).
Many studies indicate that SC-CO; is able to avoid the clay swelling
in unconventional reservoir (Pei et al., 2015), enhance natural gas
recovery by displacing adsorbed methane (Zhou et al., 2018). In
addition, SC-CO; is almost pollution-free to surface environment
and poses no threat on water resource (Middleton et al., 2014,
2015). For these reasons, SC-CO, is considered as a promising
fracturing fluid to exploit unconventional reservoirs.

This paper is to review the state-of-the-art fundamental
research and related application on SC-CO, as fracturing fluid,
including laboratory experiments, numerical researches. And the
principal findings for fracture initiation and propagation is sum-
marized through these studies. Then, representative field trials are
discussed. Eventually, the problems existing in current research are
analyzed and some recommendations are given for future research.

2. The methods of experimental and numerical study of
supercritical CO, fracturing

In this section, the laboratory experiments and numerical
simulation studies of SC-CO fracturing are reviewed. The experi-
mental methods, reservoir types, fracture analysis methods, and
relevant results obtained from these experiments are summarized.
Then, the simulation methods and corresponding simulation re-
sults with respect to SC-CO, fracturing are analyzed. The fracture
initiation mechanism, fracture propagation characteristics and
advantages of this method compared with conventional fracturing
methods are concluded, also the problems existing in the current
researches are discussed.
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2.1. Laboratory study of fracture initiation and propagation with
supercritical CO, fracturing

2.1.1. Experimental setup

To conduct SC-CO; fracturing experiments, a comprehensive
laboratory system needs to be developed. Since the supercritical
state of CO; is under reservoir conditions of pressures (>7.38 MPa)
and temperature (>31.1 °C), an experimental device that can ach-
ieve reservoir conditions should be designed to perform fracturing
experiments. Compared to the conventional fracturing experi-
mental setup, a special fluid generation and pumping system is
required for SC-CO, fracturing experiments. The CO; is initially
storied as a liquid state, then is heated and pressurized to turn it
into a supercritical state, and finally a rock sample is fractured in
the stress-applied system. Additionally, the fracture initiation and
propagation process is monitored and quantified by different ap-
proaches. In summary, the whole experimental system can be
divided into the following units: a CO, pumping system, a tri-axial
loading system, a core holder unit, a temperature-control unit and
control/measurement system etc. According to the different
experimental stress conditions, the fracturing system is divided
into pseudo-triaxial and true-triaxial fracturing devices (as shown
in Fig. 1 and Fig. 2).

(1) Fracturing experimental system based on pseudo-triaxial
stress.

To simulate the natural stress regime under subsurface forma-
tion, a widely used fracturing system on the basis of pesudo-triaxial
stress condition is proposed. As shown in Fig. 1, this triaxial frac-
turing system is usually composed of a fluid-injection pump, a
triaxial-stress loading system, a core holder unit, a temperature-
control unit (water-bath system), a control/measurement system,
etc. The fracturing system is loading with a cylindrical rock sample
(As depicted in Fig. 3a), which can simulate vertical and horizontal
principal stress conditions in subsurface formation by applying
various axial and radial pressure to the rock sample. Considering
that fracturing experiments are performed on cylindrical rock
samples, there are three stress conditions can be applied: 1) triaxial
compression test, where the minimum and maximum horizontal
stresses are equal and applied as the confining stress, which is less
than the axial stress (o¢ <0,). 2) triaxial extension test, where the
confining stress is greater than the axial stress (¢, <o¢). 3) hydro-
static test, where the confining and axial stresses are equal (that is,
ga = o¢) (Zoback, 2010). Since it can simulate various formation
stress conditions and support a wide range of sample dimensions
(diameter of 25—100 mm and length of 50—200 mm), this experi-
mental system is widely utilized in fracturing experiments
(Bennour et al., 2015; Li et al., 2016; Zhou et al., 2016; Hou et al,,
2017; Zhao et al., 2018; Zhang et al., 2020; Yang et al., 2021a;
Zhang et al., 2022). However, since there is no difference in hori-
zontal principal stresses, it is not consistent with the actual for-
mation stress condition. Therefore, a true triaxial fracturing system
that can realistically simulate formation stress conditions is pro-
posed to investigate fracturing processes, which will be introduced
in next section.

(2) Fracturing experimental system based on true-triaxial stress.

To solve drawbacks in the pseudo-fracturing experimental sys-
tem, a SC-CO; fracturing system under true triaxial conditions is
proposed. Different from pseudo-triaxial stress system, this stress
system is modified into a cube shape. It can be seen from Fig. 2 that
this fracturing system can be used to simulate horizontal stress
differences and explore the effect of true stress conditions on
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Fig. 2. SC-CO, fracturing experimental system based on true-triaxial stress (Zhang et al., 2017a).

fracture initiation and propagation. This allows fracturing experi- 2017a, 2022; Wang et al., 2017b; Zhou et al., 2018a; Zou et al,,

ment is consistent with field test results. Moreover, the system 2018; Li et al,, 2019; Hu et al., 2019).
supports a much larger sample sizes (edge length of However, considering the rigorous requirements on experi-

100—1000 mm) compare to pseudo-triaxial system. A schematic of mental conditions of SC-CO, and the stress loading tool is non-
rock is shown in Fig. 3b (Ishida et al., 2004, 2012; Zhang et al., transparent metal mould, neither of the above experimental
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Fig. 3. Schematics of rock shapes for (a) pseudo-triaxial stress system (Bennour et al., 2015; Zhou et al., 2016; Yang et al., 2021a, b) and (b) true-triaxial stress system (Zhang et al.,

2017a; Zhou et al., 2018a).

systems can directly observe fracture initiation and propagation in
real time. Under the limitation of this issue, scholars attempt to
explore a visual fracturing experimental system that can realize
real-time monitoring (Gongalves da Silva and Einstein, 2018;
Amarasinghe et al., 2020). Some scholars use high-speed photog-
raphy to monitor the fracturing process by removing stress-loading
molds in some stress directions, also replacing rock sample with
transparent materials (Alpern et al., 2012; Zhou et al., 2018b).
Although, this method can directly observe fracturing process, it is
hard to achieve the triaxial stress conditions. And, the properties of
transparent materials, such as polymethyl methacrylate (PMMA),
are quite different from real formation, which cannot be completely
regarded as fracturing process of the reservoir.

2.1.2. Formation types

As mentioned in Section 1, SC-CO, used as fracturing fluid is
aimed to exploit unconventional reservoirs such as shale gas, tight
oil and gas, coal bed methane, geothermal resource, etc. Therefore,
fracturing experiment studies are principally focus on formation
with respect to shale, tight sandstone, coal, granite and certain
artificial materials like cement stone and PMMA, etc. This section,
we will review rock types used in fracturing experiments, and
describe related research purpose.

As shown in Fig. 4 and Table S1 in Supplement Material, a large
number of fracturing experimental studies of shale are conducted
(Bennour et al., 2015; Li et al., 2016; Zhao et al., 2018; Zhang et al.,
2017a; Zhang et al. 2020; Jia et al., 2018; Wang et al., 2017b; Jiang
et al., 2018; Deng et al., 2018; He et al., 2019; Zhang et al., 20193,
b; Ranjith et al.,, 2019; Shafloot et al.,, 2021). These studies are
focused on understanding CO, fracturing initiation, propagation,
fracture characteristics and other aspects. It provides critical
theoretical fundamentals for field application, and greatly pro-
motes the application of CO, fracturing for the development of
shale gas reservoir. In addition, while CO; is injected into subsur-
face to enhance oil and gas recovery, the potential of carbon storage
in shale is also being explored (Abedini and Torabi, 2014; Lashgari
et al.,, 2019).

Other unconventional resources, such as tight gas, coalbed
methane etc., are also widely distributed around the world (EIA,
2017; Sun et al,, 2019; Hou et al,, 2015; Zheng et al., 2018). As
mentioned in the section of introduction, CO, is a promising
working fluid for fracturing especially for unconventional
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Fig. 4. Statistics on SC-CO, fracturing experimental research in the literature (Bennour
et al,, 2015; Li et al., 2016; Zhou et al., 2016; Zhao et al.,, 2018; Yang et al., 2021a, b;
Ishida et al.,, 2012, 2013; Zhang et al., 2017a; Jia, YZ et al,, 2018; Jiang et al.,, 2018; He
et al., 2019; Zhang et al.,2019a, b; Ranjith et al., 2019).

resources. Numerous studies have been conducted on CO, frac-
turing in these reservoirs as well (Zou et al., 2018; Li et al., 2019; Yan
et al, 2019a; Wang and Liang, 2019; Yang et al., 20214, b). Fig. 4
shows the rock sample parameters for tight sandstone and coal
rock in detail.

Also, in the context of global warming, renewable geothermal
energy plays an important role to reduce carbon emission. Though
water-based hydraulic fracturing has been widely used as the
stimulation method in EGS project, the use of water for fracturing
in EGS will also faces several issues, including environmental
contamination, water shortage, formation damage, etc. (Breede
et al., 2013). Thus, CO, was considered as the circulation fluid of
EGS in 2000, and it shows several advantages for heat extraction
from hot dry rocks (Brown, 2000; Pruess, 2008). Moreover, as CO;
will continuously leaked and trapped in the formation rock during
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the circulation process, using CO; in EGS can also serves the pur-
pose of CO, sequestration. It provides the auxiliary benefit of
earning credits for reducing greenhouse gases (Randolph and Saar,
2011). To successfully introduce SC-CO, as a fracturing fluid in EGS,
researches on SC-CO, fracturing granite under high temperature
are performed recently (as seen from Fig. 4 and Table S1 in Sup-
plementary Material) (Ishida et al., 2012, 2013, 2016, 2017; Inui
et al.,, 2014; Chen et al., 2015; Isaka et al., 2019; Zhang et al., 2021).

It is obvious that fracturing studies based on real rock samples is
relevant to realistic reservoir condition, but it is challenging to
observe and quantify the internal structure and fracture charac-
teristics in a non-intrusive manner based on real rock sample. To
investigate internal temperature field and the influence of perfo-
ration angle on fracture propagation during CO, fracturing, artificial
cement specimens were adopted to replace rock samples for
installing sensors and different perforating tools inside (Zhou et al.,
20184, 2019; Wang et al., 2017a; Ha et al., 2018; Chen et al., 2019).
Also, for observing the process of fracture initiation in real time,
transparent materials, such as PMMA, are manufactured to sub-
stitute intact rocks. The mechanism of fracture initiation and
propagation was studied by recording the whole process with high-
speed camera (Zhou et al., 2018b; Alpern et al., 2012). However,
while synthetic materials bring convenience and observability for
experimental investigation, the experimental results are difficult to
be extended to field applications because of the huge differences in
synthetic materials and reservoir rocks. For example, heterogene-
ity, bedding planes and natural fractures from real rock sample is
known that has significant influence on fracture initiation and
propagation.

2.1.3. Fracture monitoring and analysis approaches

The purpose of fracturing experiment is to characterize the
fracture morphology and reveal the fracture initiation and propa-
gation mechanism. Monitoring the process of fracture de-
velopments is one of the most important yet challenging procedure
in experiments. Over the last several decades, many monitor tools,
techniques and related algorithms have been used to qualitatively
or quantitatively analyze fracture attributes in SC-CO, fracturing
experiments. In this section, monitoring and analysis approaches
will be reviewed, including manual optical measurement, acoustic
emission (AE) monitor, profilometry, 2D slice scan, 3D CT scan, etc.

(1) Manual optical observation method.

Manual optical observation is the most common method for
measuring fracture distribution and obtaining fracture propagation
modes (Jia et al., 2018), fracture width (Wang et al., 2017b; Zou
et al, 2018) and spatial distribution (Li et al., 2019), etc. This
method is used to obtain fracture morphology by directly observing
fractured rock or by labeled with dying solution, a comparison of
different fracture analysis methods is shown in Table 1. The width
distributions of fractures are measured artificially with rulers along
the fracture extension on rock surfaces (as shown in Fig. 5).
Moreover, the spatial shapes of fractures are manually recon-
structed according to the labeled location on external and internal
fracturing surfaces. The geometric parameters of fractures and
complexity of fracture are characterized qualitatively (Zhou et al.,
2018a; Zhang et al, 2019a; Chen et al., 2019). This method is
widely used by researchers since it is straight-forward to perform,
and applies for rock sample with a wide range of sizes (mostly
adopted for large rock sample). However, this method is often
limited for the case of characterizing fractures on the external
surface of a rock sample, or observing internal fractures after rock
sample is artificially broken. When we breaking the fractured rock
sample with external forces, it may introduce lots of secondary
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fractures that are not originally induced from fluid injection. Thus,
it is an intrusive and quantitative method for fracture analysis.

(2) AE monitoring in fracturing process

AE monitoring is another popular fracture characterization
method. It is an indirect detection method to determine the prog-
ress of fracture generation by monitoring changes in acoustic sig-
nals induced from fracturing events (the characteristics of this
method are shown in Table 1). In recent years, it has been
commonly used in fracturing experiments to study fracture prop-
agation mechanisms (Ishida et al., 2012, 2013, 2017, 2021). The AE
monitoring system consists of sensors, pre-amplifiers, signal
conditioner, A/D converter, memorizer, etc. Received AE signals are
firstly amplified by preamplifier and a signal conditioner, and then
recorded on a hard disk through an A/D converter (Ishida et al,,
2012; Hamstad, 1986). When rock failure occurred, elastic waves
are consequently emitted and propagated outward. The recording
of an AE event is triggered when the signals exceeds certain
threshold value of AE sensors. Due to the different patterns of AE
events, the AE counts and amplitude in each sub-stage is signifi-
cantly distinct (Li et al., 2018, 2019). AE monitoring can provide
valuable information, including the spatial localization, hypocenter
mechanism, AE amplitude, etc. Through AE signal, the initiation
time and location of fractures can be obtained, and the failure mode
of specimen can be analyzed as well (as shown in Fig. 6. When the
compressional or dilatational motions dominate the signals, the
corresponding AE events are named as tensile and compressive
events, respectively; otherwise, they are named as shear events. So
mechanical failure modes could be statistically estimated in terms
of the proportion (1) of dilatational first motions in all well-
identified P-wave polarities (Lei et al., 1992; Zang et al., 1998).
The effects of fluid on distribution of AE sources and fracture modes
are discussed by Inui et al. (2014). And statistical analysis of the P
wave polarity of AE waveforms indicated that the AE events asso-
ciated with the SC-CO; induced fractures were dominated by shear
failure (Ishida et al., 2012, 2013; Bennour et al., 2015; Zhang et al.,
2017a; Zou et al., 2018). Furthermore, fractal dimensions of the
distributions of the located sources can be obtained by the corre-
lation function method (Lei et al., 1992). A larger fractal dimension
indicates that locations of AE sources are more likely to distribute in
three dimensions rather than along a flat plane, suggesting the
induced fracture extending in a three-dimensional manner (Ishida
etal., 2012; Hirata et al., 1987). However, this method is sensitive to
external environmental noise signals. To obtain a valid data from
experiments, sophisticated post-processing algorithms, such as
denoising and artificial inversion are required.

(3) Optical microscope with fluorescent method

The geometric complexity of pore spaces and micro-fractures
are frequently discussed in the hydraulic fracturing process. Aside
from macroscopic definitions, the fluorescent method proposed by
Nishiyama and Kusuda (1994) was applied to quantify microscopic
fractures. Using image analysis method, their characteristics
including porosity, and total length of micro-fractures per unit area,
can be measured. The pore space and micro-fractures filled with
resin and fluorescent paint can be observed and analyzed by mi-
croscopy on a polished rock surface under ultraviolet light
(Bennour et al., 2015). It is straight-forward to observe morphology
of micro-fractures and interactions between fractures and minerals.
This technique can be used to obtain the microscopic fracture
propagation patterns induced by different fluids. Previous research
results concluded that a fluid with higher viscosity is more tended
to result in a smoother fracture propagation path. While, injecting a
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lower viscosity fracturing fluid causes intermittent and stepwise
fracture propagation path (Ishida et al., 2016). Recently, microscopy
is performed on the shale, concrete etc., which fractured by injec-
tion of fluid such as viscous oil, water, L-CO, and SC-CO,. The
microscopic observations of fractures are conducted and dyed
minerals are recognized in Bennor's research. As depicted in Fig. 7,
the fractures induced by low viscosity fluid such as SC-CO,, are
mainly propagated along the grain boundaries of the constituent
minerals. Those specimens fractured by higher viscosity fluid, like
water and oil, often cut through the mineral grains (Bennour et al.,
2015; Chen et al., 2015; Ishida et al., 2016; Zhou et al., 2018a; Jia
et al,, 2018). However, the field of view for this method is typi-
cally less than few millimeters (as seen in Table 1), also the tar-
geting area must be polished initially. These limitations prohibit
this technique from being applied to relatively large rock samples.

2021a; Shafloot et al., 2021

2D/3D
Whole
Good
Weak
High

Yes

(4) Electronic microscope technique

The scanning electron microscope (SEM), a versatile and useful
tool for failure analysis. It has gradually replaced the transmission
electron microscope (TEM) for fracture surface analysis since the
early 1960's. This instrument is particularly useful in fracture
analysis because (1) it supports a wide magnification of view, and
(2) fractures can be viewed directly. With this instrument, one can
determine the failure mode of a broken sample in a relatively short
period of time. SEM is used in different magnifications to observe
fractures at various length scale, pore structure, organic matter and
inorganic morphologies of rock samples (Russo, 1978; Kanaori
et al,, 1991). In recent years, electronic microscope is employed by
several researchers to get images of main fractures created by
different fracturing fluids, which are obtained based on relatively
lower magnifications (as illustrated in Fig. 8a) (Zhao et al., 2018;
Deng et al.,, 2018; He et al., 2019). The geometric characteristics and
curvature degrees (tortuosity) of main fractures are discussed. Also,
fracture branches and their interactions with the main fracture can
be analyzed. To observe micro-fractures in some regions of interest,
higher magnifications could be used to obtain information about
fracture width, surface topography of the surface and composition
(as shown in Fig. 8b) (Li et al., 2019).

According to Li et al.’s results, CO,-based fluids generate mul-
tiple fracture branches, many micro-fractures, and rugged fracture
surfaces. However, water-based fluids would form a relatively
smooth fracture surface with few micro-fractures and branches (Li
etal, 2019). He et al. suggests that the micro-fractures can form the
linkages between the organic pores, inorganic pores, minerals and
organics (He et al., 2019). Similar to the optical microscope method,
the scanning area of rock is usually limited to millimeter scale (as
described in Table 1). Although this method can intuitively obtain
accurate fracture characteristics, it brings difficulties to analyze
full-size fractures. And the observed morphology is extremely
sensitive to the selection of sample observation areas. By itself, the
SEM cannot uncover all facts leading to the identification of the
failure mechanism of a lab-scale rock sample (Diamond and
Mindess, 1992).

Ranjith et al., 2019
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SC-CO; fracturing
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Ishida et al. 2012; Zhou Li et al. 2016; Zhang X. et al.,

et al, 2018a
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Good
Medium

Hard

AE

3D
Whole
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(5) 3D profilometry and optical topography technique

The above two fracture observation methods even can intui-
tively obtain the plane characteristics and parameters (width, tor-
tuosity, etc.) of microscopic fractures. However, most of these
methods are significantly limited by size of field of view, and
fracture characteristics are all analyzed in two-dimensional space.
Therefore, 3D profilometry and optical microscopy testing are
successively used to study the quantitative properties of fracture
surfaces, including maximum, minimum value, root mean square

Zou et al. 2018; Wang et al., 2017a,

b; Wang and Liang 2019

Manual imaging
Local/whole
5—-30 cm

Hard

3D
Low

dimension
View filed
model

Intrusiveness Strong
Reference

Approach
Description

View

View size
Quantitatively Poor
Accuracy
Simulation

Comparison of different fracture analysis methods (Modified from Yang et al., 2021a).

Table 1
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Fig. 5. Manual optical images of HF growth path at the local scale and fracture width created by different types of fluids: (a) x-linked guar, (b) slickwater, (c) to (f) SC-CO, (Zou et al.,

2018).

(RMS) and standard difference of fracture aperture, fractal dimen-
sion and complexity, etc. According to the scanning methods,
profilometry can be divided into stylus profilometry scan and op-
tical profilometry. This technique was performed by Jia et al. (2018)
and Li et al. (2019) to acquire the characteristics of 3D fracture
surface, which can be seen from Fig. 9. Parameters of fractal
dimension, fracture width and surface area ratio etc., were pro-
posed to quantitatively evaluate fracture complexity, roughness
and tortuosity in these studies (Li et al., 2016; Li et al., 2019).
Apart from the profilometry, another method to analyze the
fracture surface is the 3D optical microscopy. After fracturing
experiment, the fractured sample was then separated into two
halves along the main fracture, and the fracture surface topogra-
phies were digitally imaged in XYZ point cloud format using a 3D
optical topography scanner. Considering the arbitrary distance and
angle between the scanner and the surface, a fitting plane of the
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scanned surface was obtained based on the minimum deviation
method (Zhang et al, 2019a). As shown in Fig. 10, three-
dimensional scanner is used to get their morphologies and eval-
uate roughness of the fracture surfaces. The fractal dimension,
height field, arithmetic mean and standard deviation of height field
and area ratio (AR) are quantitatively characterized to describe the
roughness of fracture surfaces (Zhao et al., 2018; Zhang et al., 2020).
These two methods can realize 3D morphology and quantitative
attribute analysis of fracture surface with a relative larger size of
scanning region. However, the fractured rock sample must be
manually broken into halves for scanning. The results are often
affected by artificial intervention. Also, these parameters are usu-
ally obtained from regions of interest instead of whole fracture
surfaces. Therefore, non-intrusive monitoring methods are needed
to investigate the morphology of fracture surfaces.
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Fig. 6. Time dependency of the located AE events through the injection process of specimen (Li et al., 2018).

500 pm

Fig. 7. Observations of the induced fractures and mineral grains by optical microscope with fluorescent method (Chen et al,, 2015).

(6) Fracture analysis based on CT scanning.

CT scanning is able to identify internal fractures of rock without
damaging the sample. It was utilized to visualize and quantify the
generated fractures. Zhou et al. (2016), Zhang et al. (2017a), Zou
et al. (2018) and Ranjith et al. (2019) implemented CT scanning to
acquire 2D slice images of rock and to observe morphology and
distribution of the induced fractures (Fig. 11). However, only a few
slices of CT images in certain locations are scanned to represent
whole fracture geometry. Also, no quantitative attributes of frac-
tures are analyzed in these works.

Using 2D CT images, some researchers have reconstructed these
into 3D samples based on image processing software, like Avizo,
DragonFly etc. (Isaka et al., 2019; Jiang et al., 2019; Yang et al,,
2021a, b). Three-dimensional reconstructions of CT scanning im-
ages are able to accurately characterize fracture morphology, frac-
ture orientation, fracture spatial distributions and mineral
composition. It can be found in Fig. 12 that Yang et al. (2021a), Ha
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et al. (2018) and Shafloot et al. (2021) obtained the 3D fractures
to quantitatively analyze the micro-morphology of fractures. The
fracture network pattern, fractal dimension (FD), aperture, area
ratio (AR) and fracture volume etc., are investigated. Compared
with many conventional fracture analysis methods, this method
can ensure the integrity of rock and avoid the generation of sec-
ondary fractures in the intrusive methods. Moreover, it can also
avoid of using the local or some specific fracture attributes to
represent the overall characteristics of whole fractures. However,
because the X-ray intensity is significantly affected by the size of
scanning objects, the size of rock samples is usually less than
100 mm (As listed in Table 1). Besides, there are also some limita-
tions to identify and extract multi-scale fractures effectively.
Therefore, it is necessary to improve CT scanning resolution and
increase the scanning size in the future. Some algorithms for multi-
scale fracture scanning and reconstruction are needed.

(7) Other characterization methods
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Fig. 8. Electronic microscope images of the micro-morphology of HFs created by different fluid. (a) SC-CO, and water fracturing in shale (Zhao et al., 2018); (b) L-CO, and SC-CO,

fracturing in tight sandstone (Li et al., 2019).

Besides fracture analysis approaches introduced above, the vi-
sual characterization methods are performed to monitor fracture
propagation (Bhargava and Rehnstrom, 1975). Achieving real-time
observations of fracturing process usually require the use of high-
speed and high-resolution cameras. To explore the effect of SC-
CO, phase transition on fracture dynamic propagation, high-speed
camera was adopted to observe fracture development through a
transparent PMMA sample by Zhou D. et al. (2018b). And the effect
of the vertical loading and fracture geometries on the observed
fracturing processes was investigated using a similar method by
Gongalves da Silva and Einstein (2018); Amarasinghe et al. (2020).
Relying on real-time observation of fracture propagation, it will be a
promising analysis method in the future. However, the synthetic
transparent material typically has homogeneous mechanical
properties and does not contain some representative features in
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natural rocks, such as bedding planes, natural fractures and pore
structure etc.

Recently, another popular method for real-time imaging of
fracturing process is the digital image correlation (DIC) technique,
which is an optical and a non-contact measurement method to
visualize surface displacements (Skarzynski and Tejchman, 2013).
The monitoring process is captured by tracking the deformation of
a random speckle pattern applied to the surface through digital
images acquired at different instances of deformation. Due to its
availability, simplicity and low cost, this method is increasingly
used in fracture mechanics analysis (Pan, 2018; Kan et al., 2018).

Also, for all these optical imaging methods, we cannot apply true
triaxial stress conditions as an open side face is needed to set up the
imaging system. Therefore, it is of great significance to explore a true
triaxial fracturing system based on visualization in following study.
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Fig. 9. Profilometry images for SC-CO, and H,O0 fracturing. (a) Sample fractured by H,0; (b) Sample fractured by SC-CO, (Li et al., 2016; Li et al., 2019; Jia et al., 2018).

2.2. Numerical simulation on SC-CO; fracturing

Due to the high cost of field operation and large-scale experi-
ment, numerical simulation is the most economical and efficient
way to simulate the process of drilling, well completion, and pro-
ductivity forecast. Hydraulic fracturing modelling has been exten-
sively studied in both petroleum engineering and fracture
mechanics. In the recent decades, several numerical methods have
been proposed and adapted to simulate hydraulic fracturing pro-
cess, such as the finite element method (FEM), the extended finite
element method (XFEM), the boundary element method (BEM), the
discrete element method (DEM), Peridynamics theory, phase field
method (PFM) etc. (Hattori et al., 2017). As one of the most popular
numerical methods in fracture mechanics, FEM has long been
adopted to simulate the propagation of hydraulic fracture (Advani
and Lee, 1982; Boone and Ingraffea, 1990). Specifically, FEM is
adopted to solve the rock deformation and fluid flow in reservoir. To
further model the fracture-like failure, cohesive zone elements are
then embedded into the model to simulate the fracture propaga-
tion (Carrier and Granet, 2012; Salimzadeh et al., 2017; Song et al.,
2021). However, the highly refined meshing around the fracture
tips are required when FEM was used for dynamic fracture prop-
agation problems. To address this issue, extended/generalized finite
element method (XFEM/GFEM) has also been proposed (Gupta and
Duarte, 2014). Different from FEM, XFEM/GFEM captures crack
discontinuity via discontinuous fields, namely the partition of unity
functions. In the framework of XFEM, remeshing is circumvented
by introducing the discontinuous fields but the computation of
stress intensity factors is not as straightforward as that in FEM
(Wang et al., 2017; Xu et al., 2017). However, XFEM/GFEM has the
same limitation as standard FEM in terms of dealing with complex
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topology produced from intersection between hydraulic fracture(s)
and natural fractures, such as fracture branching and merging
especially for 3D problems (Hattori et al., 2017; Roth et al., 2020).

The BEM is another popular modern approach for simulating
both 2D and 3D hydraulic fracture propagation, including the
presence of natural fractures. A fundamental difference between
the BEM and standard FEM is that the discretization is applied only
on the boundary of a domain (Cruse, 1968; Brebbia and Dominguez,
1977). Moreover, an indirect BEM formulation of displacement
discontinuity method (DDM) is developed by Dong and de Pater
(2001); Maso and Toader (2002) for hydraulic fracturing model.
DDM is the most commonly used for problems with crack-like
geometries. Compared with other continuum approaches such as
FEM and XFEM, BEM is easier to implement with lower computa-
tional cost. Another advantage is that the mechanical behavior of
natural fractures such as friction between opposite fracture sur-
faces are easy to be modeled in DDM formulation (Hattori et al.,
2017; Chen et al., 2022). However, it is still hard to realize the
simulation on intersection of arbitrary 3D hydraulic fractures in the
scheme of BEM.

A non-continuum approach of discrete element method (DEM)
model was first developed by Cundall (1971) to analyze rock me-
chanics problems. Different from the continuum approach, this
model describes the rock media as a discrete system of deformable
polygonal blocks. No extra fracture criterion is needed in this
approach to model the fracture propagation. And there is no need
to update the topology with the propagation of hydraulic fracture
(Qu et al, 2020). However, a major drawback of DEM is its
computational cost. Large particles or blocks are needed to make
the simulation of field-scale problems affordable. Another one is
that the stimulated fracture network is presented by discrete
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(a) Sample S-1, SD=15 MPa (b) Sample S-2, SD=10 MPa

(c) Sample S-3, SD=5 MPa (d) Sample S-4, SD=0 MPa

Fig. 10. Reconstructed main fracture surfaces by three-dimensional scanner (Zhao et al., 2018; Zhang Y. et al,, 2019a).
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Fig. 11. CT scanning images of sandstone specimens. Specimen 4# was fractured with water, specimen 5# with SC-CO, (Zhou et al., 2016; Zhang et al., 2017a)
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(d)

Fig. 12. The 3D fracture reconstruction profile induced by different fluids based on CT scanning. (a) Water-based fracturing; (b) N,-based fracturing; (c) L-CO,-based fracturing; (d)

SC-CO,-based fracturing) (Yang et al., 2021a).

particles, which is not consistent with the real fracture shape. The
description of fracture width is also not straight-forward based on
this representation (Wang et al., 2018c).

The Peridynamics theory is proposed to represent a material as a
composition of material points, each of which interacts with the
other material points inside a horizon. The interaction between the
material points is related to the deformation and constitutive
properties of the material (Silling, 2000). As a non-local continuum
mechanics approach, Peridynamics method is mesh free, which
makes it easier to model complex fracture networks. Also, with a
relatively easy crack propagation criterion, the fracture initiation
and propagation can be captured spontaneously without compli-
cated computations.

As a mathematically rigorous framework to solve interface
problems, phase-field method has been applied in many areas
including solidification dynamics, coarsening and grain growth,
multiphase flow, microstructure evolution, fracture mechanics
(Pilipenko et al., 2011; Mikelic et al., 2015; Hattori et al., 2017). The
development of the PFM provided an alternative formulation when
dealing with different interface problems. PFM treats the fracture
propagation together with the deformation of surrounding me-
dium as an energy minimization problem according to the mini-
mum total potential energy principle (Lepillier et al., 2020). The
PFM approach has been widely used recently since its several ad-
vantages: (1) there is no need to represent the discrete fracture
surfaces by remeshing, which makes it possible to simulate the
complex intersection of hydraulic and natural fractures especially
in 3D space; (2) no extra fracture propagation criterion is needed
since Griffith's criterion has been recast into the bulk energy
functional; and (3) media heterogeneity is easy to be introduced
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into the solution scheme (Chen et al., 2022). However, the method
of PFM is high in computational cost, especially when a relatively
sharp interface embedded in a model.

The numerical methods mentioned above have been developed
for conventional hydraulic fracturing simulation. However, these
methods are mostly based on incompressible water-based fluids. In
the case of compressible CO,-based fluid, since its properties
significantly change with temperature and pressure, the fracturing
mechanism is also different from traditional fracturing process. In
this section, we draw an outline of hydraulic fracturing simulation
with SC-CO,. The status and development tendency of main nu-
merical method on SC-CO, fracturing will be discussed.

From the current research reports, there are few of numerical
studies with respect on SC-CO; fracturing. According to the nu-
merical research on CO, fracturing listed in Table S2 in Supple-
mentary Materials, the research method on fracture initiation and
propagation are mainly divided into four types: (1) fracturing
simulation based on FEM-based algorithm; (2) XFEM; (3) PFM; and
(4) DDM. Initially, FEM algorithm combined with partial secondary
development or mechanic theory is the most popular method to
simulate CO; fracturing process. Zhang et al. (2017b), Zhang et al.
(2019¢), and Wang et al. (2018b) proposed numerical model
based on this method to comparatively investigate the impact of
viscous oil, water, nitrogen and CO, as fracturing fluids on frac-
turing mechanism. The concept of FEM-based damage mechanics,
that combine the maximum tensile stress theory and the Mohr-
Coulomb theory, was introduced together by Liu et al. (2018) to
predict fracture propagation behavior in heterogeneous rocks. In
the coupled models, rock damage, anisotropy of formation and fluid
properties for both slightly compressible (water and oil) and
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compressible fluids (CO2, N3) are considered under isothermal
condition. The impacts of rock heterogeneity, Biot's coefficient,
confining pressure, interfacial tension and fracturing fluid type on
the fracturing process are investigated as well (the effect of
orthogonal joint is shown in Fig. 13). Afterwards, Zhang et al. (2021)
embedded MATLAB script into FEM software of COMSOL to achieve
efficient solution of the established THMD coupling model. Then a
three-dimensional fracture propagation process of hot dry rock
fracturing under thermal stress is simulated. The characteristics of
the heat and mass transfer and fracture propagation mechanism
when using SC-CO, and H50 in hot dry rock fracturing are studied,
results are shown in Fig. 14.

Then, Zhou and Burbey (2014), and Song W. et al. (2021) studied
the influence of fluid properties on fracture propagation behavior
by using the cohesive zone model in conjunction with a poro-
elasticity model. They found that fluid viscosity is the most sig-
nificant property, as it greatly affects the hydraulic conductivity and
leak-off coefficient. The effect of viscosity can dominate and mask
the effect of compressibility in numerical tests.

Yan et al. (2019b) established a fluid-solid coupling model using
the extended finite element method (XFEM) to simulate the SC-CO,
fracturing of coal seam. Through this model, the SC-CO, fracturing
process is considered as being divided into the SC-CO, fracturing
stage and the CO; phase-transition induced fracturing stage.

Mollaali et al. (2019) adopted the phase field approach to model
CO, fracturing in porous media. The flow of CO,, which is consid-
ered as a compressible fluid, is modeled by modifying Darcy's law.
Several numerical examples are validated and discussed as well. It
also indicated that the phase field approach potentially allows
complicated modeling of fracture initiation and branching. Another
prevalent approach used for CO, fracturing is DDM. He et al. (2020)
built three-dimensional model of fracture propagation and reser-
voir rock deformation by combing the DDM and the finite volume
method (FVM). On the basis of the model, the influence of
geological factors and construction factors on fracture propagation
are analyzed during SC-CO, fracturing. Afterwards, Zhao et al.
(2021) established the CO fracturing model in naturally fractured
reservoirs based on the simplified three-dimensional DDM.
Through this optimized model, the single fracture characteristics
induced by CO,, slickwater, and gel fracturing in naturally fractured
reservoirs and without natural-fracture (NF) reservoirs are
analyzed. Then, the effects of NF spacing and length on CO, mul-
tiple fracturing are studied. Moreover, to investigate CO, foam
fracturing, a new model based on finite difference and DDM is
established by Cong et al. (2022). The model considers not only the
effect of temperature-pressure-phase change on CO, foam prop-
erties, but also the coupling between the influence and fracture
propagation. From the calculation model, the effect of CO, foam
quality, injection temperature and formation parameters on frac-
ture propagation are analyzed. Also, the coupling method can be
used for reference in other fields, such as N, foam and other water-
saving fracturing simulation and wellbore parameters prediction.

In general, numerical research on fracture initiation and prop-
agation with SC-CO fracturing is still in its initial stage. Current
numerical methods of SC-CO, fracturing are mainly based on two-
dimensional models, and only a few models are established in
three-dimensional model. Moreover, heat transfer in the CO, frac-
turing process are ignored. Besides, most of the models simulate
the propagation characteristic in a relatively simple model (single
fracture problem) and fails to represent the field-scale problem
with formation anisotropy and existing of natural fractures.
Therefore, the numerical research on SC-CO, fracturing still has
great potential in the future, which needs to be improved and
optimized in terms of model accuracy and complexity. Hybrid-
based methods will be tendency to simulate CO, fracturing, such
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as fracturing model based on DDM combined with FVM etc. (He
et al,, 2020). The main reasons are as follows: (1) the fracturing
process involves multiple-field coupling like compressible fluid
flow, reservoir damage, and multiphase heat transfer, etc.; (2) the
transition from continuum to discontinuum may occur due to
progressive insertion of discontinuities such as failure, fracture,
fragmentation processes, which motivates the development of
combined method.

In addition to the simulation of fracture initiation and propa-
gation, many scholars have studied other processes during CO,
fracturing through numerical methods, such as the flow and heat
transfer mechanism in wellbore and fracture (Yang et al., 2018;
Wang et al., 2019; Wang et al., 2019), the interaction mechanism
between CO, and reservoir rocks and fluids (Jiang et al., 2016; Pan
et al., 2018), as well as explored the feasibility of carrying proppant
with SC-CO, (Hou et al., 2017; Du et al., 2018; Wang et al., 2018a;
Zheng et al., 2020) etc. However, these topics are beyond the scope
of this review, and we will cover other aspects during SC-CO,
fracturing in our future work.

3. Principal research results and future challenge on SC-CO,
fracturing

In this section, the main findings and results obtained through
above research with respect to SC-CO, fracturing are reviewed,
which involving: (1) breakdown pressure when performing SC-CO,
fracturing; (2) the morphology and related attributes of fracture
induced by various fluids; (3) the main mechanism of fracture
initiation and propagation during SC-CO, fracturing.

3.1. Initiation pressure induced by SC-CO, fracturing

3.1.1. Theory description on initiation pressure with SC-CO;
fracturing

Most traditional criteria about the fracturing initiation pressure
are obtained based on the theory of linear elastic fracture me-
chanics (LEFM). It is expressed that fracture initiation will be
happened when the tangential stress reaches the tensile strength of
the rock on borehole wall, and the tangential stress g, on borehole
wall is expressed in a cylindrical coordinate system as follows
(Hubbert and Willis, 1957):
(1)

0'(9:0'(;(1) =+ 0'0(2) = 0t

where ¢ is the maximum tensile stress; oy(!) is the circumferential
stress caused by horizontal principal stresses oy and a},; and a,?) is
that caused by wellbore fluid pressure P. The stress of which can be
calculated by following formulas:

2 2
(1) _9H+0h R°) on—on R®
ap 3 <1 + ) 3 1+3 ) cos(20) (2)
RZ
00 =5p (3)

where (1, #) represents a cylindrical coordinate system; r is the
radial distance away from the wall; 4 is the tangential angle; R is the
wellbore radius. It is notable that a,(! is dependent of 6, and it
reaches the maximum value at the direction of the maximum
horizontal stress, where § = 0 and w. Therefore, formation will
initiate at § = 0 and  when P reaches a critical value, which called
at initiation pressure P;. P; can be obtained by substituting the
expressions of Egs. (2) and (3) into Eq. (1), which is given by:
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Fig. 13. Distribution and evolution of the fracture in the orthogonal jointed sample (Zhang et al., 2019d).

Py =0t — (30, —0n)

(4)

For the case of axisymmetric cylindrical specimen, oy and o}, are
two horizontal stresses, equaling confining pressure .. The
Hubbert-Willis equation (Hubbert and Willis, 1957) will be derived
from Eq. (4), which is:
Pf =0t — 20'c

(5)

Above initiation pressure equations represent the extreme case
that the rock is completely impermeable, and this criterion ignores
the effect of pore pressure. However, SC-CO,-based fracturing fluid
has extremely low viscosity and low surface tension and can
penetrate into the rock for a certain depth. The percolation effect
cannot be neglected when performing SC-CO, fracturing in for-
mations, such as shale and tight reservoir. The SC-CO, penetration
causes an additional tangential stress ¢4 in compression around
the wellbore. The poro-elastic stress ¢, caused by the radially-
varying pore pressure can be calculated by Ito (2008):

lrl—z JP(r)rdr - P(r)]
R

where v is Poisson's ratio; Biot's coefficient « = (1 — C; /G), Cr and
Gy, are the rock matrix compressibility and rock bulk compress-
ibility, respectively (Biot and Willis, 1957), and P(r) is the pore
pressure at the distance r from the center of wellbore. The

a(l -2y
e

(6)
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additional pore pressure of fracturing fluid in the infiltration area
not only cause an additional circumferential stress a4, but also
reduce the strength of rocks. Based on the Terzaghi effective stress
law (Jaeger, 1963), then Eq. (1) should be changed as follow:

o)V 40,2 43,3 =g —P (atr=R)

(7)

Haimson and Fairhurst (1967) pointed out that fracture initiates
on the borehole wall (where r = R), so P (r) and 0,®) equal P and
«1=2) p respectively. And g, at r = R is determined by just the

T-v
wellbore pressure P but independent of pore pressure distribution
at inside of rock. Then initiation pressure can be derived by
substituting those expressions of P and ¢,3) into Eq. (7), given by
the following expression (Zhang et al., 2017a; Jiang et al., 2018;

Ranjith et al., 2019):

_ 0t — (30 —on)

Pf = 5_ aq_zy) (8)
—v

Eq. (8) is appropriate for estimating initiation pressure for SC-

CO; fracturing. Comparing with Eq. (4) without considering pore-

elastic effects, the equation of initiation pressure for SC-CO, frac-

turing is different by a factor of 1/(2 — A), where A = 40=22),
Generally, ¢ < a <1 (¢ is the porosity of rock) and 0 < » < 0.5 for
rock, so A can be obtained in range of 0 < A < 1. Therefore, the
factor of 1/(2 —A) takes a value between 0.5 and 1. This theory

implies that initiation pressure for SC-CO; fracturing should be
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Fig. 14. Evolution of temperature and seepage field when using SC-CO, fracturing in HDR (Zhang et al., 2021).

smaller than that for hydraulic fracturing (Deng et al., 2018; Isaka
et al,, 2019).

3.1.2. Results on initiation pressure during SC-CO; fracturing

In this section, the initiation pressure of rock induced by
different fluids will be discussed. The formulas of initiation pres-
sure described previously are validated through these fundamental
research as well. Then, impacts of main parameters in geology and
engineering, such as in-situ stress, temperature, anisotropic
behavior, natural fracture, pumping rate, perforation angle etc., on
initiation pressure during SC-CO; fracturing are analyzed.

Initially, Bennour et al. (2015), Ishida et al. (2004, 2012), Inui
et al. (2014), and Chen et al. (2015) first investigated the effect of
fluid viscosity on fracture initiation with viscous oil, water, L-CO,
and SC-CO; (as listed in Table S1 in Supplementary Material). The
results indicated that SC-CO, has the lowest initiation pressure
among these fluids, followed by L-CO,, and viscous oil. Viscous oil
has the highest fracture initiation pressure. The result is consistent
with theoretical prediction by Egs. (4) and (8), and also validated
through a series of experiments and numerical simulation studies
(Zhou et al., 2016; Zhang et al., 2017b; Wang et al., 2018b). Alpern
et al. (2012) used various gas such as helium (He), nitrogen (N3),
carbon dioxide (CO;), argon (Ar), sulfur hexafluoride (SF6) to
conduct fracturing experiments on PMMA material, their results
suggested that fluids with a higher molecular weight will lead a
higher initiation pressure for PMMA sample. Afterwards, Li et al.
(2016), Yang et al. (2021a) verified this by conducting fracturing
experiments on shale samples using N, and CO,. In recent years, Li
et al. (2019), Zou et al. (2018), Zhou et al. (2018a) performed com-
parison experiments with SC-CO, and other common fracturing
fluids such as guar gum and gel. They found that SC-CO; fracturing
had the lowest fracture initiation pressure as well. All the studies
indicate that CO,-liked-based fracturing fluid has a nearly 20%—50%
lower initiation pressure than high-viscosity fluids, such as oil-
based or water-based fracturing fluids (Ishida et al., 2012; Zhang
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et al., 2017a). That is because CO,-based fluids have low/ultralow
viscosity and high diffusivity. It is more capable of increasing pore
pressure and reducing effective normal stress than water-based and
oil-based fluids, thus causing the rock failure at lower pressures.
Besides, it is worth noting that the entire water fracturing process
takes much shorter time than that of the SC-CO, fracturing process
(as shown in Fig. 15) (Ishida et al., 2013; Zhang et al., 2017a; Deng
et al., 2018). This could be attributed to lower compressibility of
water compared to SC-CO; (Motakabbir and Berkowitz, 1990; Yang
et al., 2021b).

In addition to the influence of fluid properties on fracture
initiation, the geological conditions, such as in-situ stress, temper-
ature, anisotropic behavior of formation, etc., also significantly
impact on hydraulic fracturing performance. Firstly, to investigate
the effect of in-situ stress on fracture initiation. Lots of fracturing
experiments with SC-CO, under various stress conditions have
been conducted (Bennour et al., 2015; Zhao et al., 2018). In general,
the fracture initiation pressure increases gradually with increasing
of applied stress on sample (Zhao et al., 2018; Yang et al., 2021b).
And a higher contrast of stress between maximum and minimum
horizontal principal stresses can result in a lower breakdown
pressure (Jiang et al., 2018; Zhang et al., 2019a; Wang et al., 2017a).
Furthermore, Li et al. (2016) and Yang et al. (2021b) studied the
effect of stress status of cylinder specimen on breakdown pressure
during SC-CO; fracturing. It can be seen from Fig. 16 that the
initiation pressure is a linear function of the minimum principal
stress (confining or axial stress) (Isaka et al., 2019). The linear
relationship indicates that the fracture initiation pressure depends
both on rock tensile strength and least principal stress.

Moreover, the fracture propagation usually exhibits anisotropic
behavior due to complex sedimentary structures of rock sample. To
understand the effect of bedding orientation on fracture initiation
pressure. Shale, granite and tuff specimens with different bedding
plane angles (BPA, which is defined as the angle between the coring
direction and the direction perpendicular to bedding plane) were
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collected for SC-CO, fracturing experiments (Zhang et al., 2019b;
Kizaki et al., 2012). Results indicate that the specimen with BPA of
0° shows the highest initiation pressure, while the specimen with
BPA of 90° shows the lowest initiation pressure. Initiation pressures
of the rest specimens fluctuate in a certain range. In general, it
shows a decreasing tendency of the initiation pressure with
increasing of the bedding plane angle (He et al., 2019). On the other
hand, natural fracture is an important factor that influences frac-
ture initiation pressure. Wang et al. (2017b) and Deng et al. (2018)'s
studies implied that SC-CO, fracturing on shale samples with nat-
ural fractures have much lower initiation pressures than poro-
elastic model predictions (Eq. (8)). The reason may be that if pre-
existing fractures are accessible to the injecting fluids, the initia-
tion pressure will be reduced as the induced fractures will propa-
gate along the pre-existing fractures.

As mentioned above, fluid viscosity can greatly affect fracturing
behavior. Moreover, the viscosity of CO; is sensitive to temperature
and pressure of subsurface formation (Motakabbir and Berkowitz,
1990). So, the effect of temperature on fracture initiation pressure
when conducting SC-CO; fracturing should be investigated as well.
According to results obtained from Zhou et al. (2019) and Isaka et al.
(2019), the initiation pressure is decreasing with an increase in
temperature. The observed reduction in initiation pressure is
mainly due to the viscosity reduction and thermally induced rock
strength deterioration with the increase in temperature (Wang
et al., 2017b; Isaka et al., 2019).

The fluid injection rate has influence on fracture initiation as
well. Research conducted by Ha et al. (2017, 2018) and Zhang et al.
(2019b) showed that initiation pressure decreases with the
decreasing of the injection rate of SC-CO5. In the research on hot dry
rock (HDR) fracturing with SC-CO,, Zhang. et al. (2021) concluded
that the cryogenic induced thermal stress is essential for the gen-
eration of fracture network, which can significantly reduce the
fracture initiation pressure. And, with the increase in injection mass
flux, the rapid accumulation of fracturing fluid would lead to a
sharp increase in pressure, which may result in the temperature
increase of fracturing fluid and the reduction of cooling efficiency to
rock. So, it also suggested that a lower injection rate is more
conducive to cryogenic-induced thermal stress. Furthermore, Chen
et al. (2019) explored the effect of perforation angle on fracturing
with synthetic cement sample, they found that initiation pressure
increases as the perforation angle increases for both hydraulic
fracturing and SC-CO; fracturing.
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Fig. 15. Pressure curve versus time induced by water and L-/SC-CO, (Zhang et al.,
2017a).
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3.2. Fracture morphology and attributes created by SC-CO»

To figure out the difference between SC-CO, and conventional
hydraulic fracturing, fracture morphology and related geometric
properties are the most critical characteristics to be analyzed. Ac-
cording to what we reviewed in Section 2 and Table S1 in Supple-
mentary Material, numerous techniques have been used to explore
the fracture morphology induced by various fluids. In this section,
the fracture distribution, related geometric properties including
tortuosity, roughness and complexity are qualitatively and quan-
titatively analyzed. Then, the effect of geological factors such as in-
situ stress, natural fractures, bedding planes and temperature etc.,
on fracture morphology are also discussed.

Initially, Ishida et al. concluded that the distribution of AE
sources is affected by the viscosity of fracturing fluid (Ishida et al.,
2004, 2012, 2013; Warpinski et al, 2005). The AE sources
measured from the SC- and L-CO fracturing experiments distrib-
uted in larger areas with three-dimensional pattern than the AE
sources from water fracturing. It indicates that the injection of low
viscosity fluid such as SC-CO, can generate complex fractures with
multiple branches, while approximately single fracture was created
by injecting the water (Kizaki et al., 2012). Zhou et al. (2016), Li et al.
(2016), Zou et al. (2018), and Yang et al. (2021a) conducted hy-
draulic experiments to validate this result that the lower-viscosity
fluid would create more complex fracture network with multiple
branches, which can be observed from fracture reconstruction
model on the base of CT images in Fig. 12. Also, quantitative results
of fracture aperture distribution (Fig. 17 obtained from CT scanning
image) suggest that the fracture induced by SC-CO, is narrower
than that induced by the oil- and water-based fracturing fluids of
high viscosity (Ha et al., 2018; Li et al., 2019; Yang et al., 2021a). By
analyzing the polarities of P-wave initial motion, it is found that the
low-viscosity fluid such as SC-CO, induces shear dominant frac-
tures, while the high-viscosity fluid induces tensile dominant
fractures (Inui et al., 2014; Chen et al., 2015; Bennour et al., 2015;
Zhou et al., 2016, 2019).

As shown in Fig. 7, the images taken from a petrographic mi-
croscope show that the fractures induced by SC-CO, propagated
mainly along the grain boundaries of the constituent minerals, and
consequently, resulted in the formation of inter-granular fractures.
Many small fractures were also observed in the direction of the
maximum principal stress. In contrast, the fractures induced by oil
and water injection cut through the many mineral grains and then
intra-granular fractures were formed. And they propagated almost
along the direction of the maximum principal stress without
bending. It implies that low viscosity fluid tends to propagate along
rock defects, such as the boundary of grains, weak planes or natural
fractures, thereby inducing more complex fracture network
(Bennour et al., 2015; Chen et al., 2015; Ishida et al., 2016; Zhou
et al., 2018a; Jia et al., 2018).

Moreover, many advanced approaches to analyze fractures lis-
ted in Table 1 are adopted to quantitatively characterize fracture
attributes. Tortuosity, roughness and complexity are three crucial
properties to describe fracture surface topography. Fracture tortu-
osity 7 is widely used to quantify the curvature degree of fractures,
and it is defined as the ratio between the total fracture length Lf and
the shortest length of the two ends of a fracture L (Zhao et al., 2018;
Zhou et al., 2018b; Chen et al., 2015). Under the same experimental
condition, the tortuosity of the main fracture induced by SC-CO,
fracturing is higher than that induced by water fracturing (Jia et al.,
2018; He et al., 2019; Ranjith et al., 2019), suggesting that SC-CO; is
more effective in developing tortuous fractures. Secondly, the area
ratio (AR), standard deviation and a series of profile height pa-
rameters (S,, Sq, Sz, etc.), are introduced to evaluate roughness of
the main fracture surfaces. Quantitative results obtained from
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scanning profilometry and CT images etc. (partially depicted from
Fig. 9) imply that the main fracture surface created by SC-CO, is
much rougher than that created by water (Li et al., 2016; Zhao et al.,
2018; Zhang et al., 2020; Yang et al., 2021a; Jia et al., 2018; Zhang
et al., 2019a). Eventually, the complexity of fracture is quantita-
tively characterized by parameters such as fractal dimension (FD),
the number of fractures, stimulated fracture area, etc. The results
are consistent with the qualitative results obtained above. Fractures
induced by SC-CO; exhibit more complex geometric characteristics
through more fracture branches and higher FD etc. (Zhang et al,,
2017a; Zou et al., 2018; Jia et al.,, 2018; Yang et al., 2021a), the
similar fracture morphology characteristics is also obtained from
THMD coupling model by Zhang et al. (2021).

Besides, geological factors of subsurface formation such as in-
situ stress, natural fractures, bedding planes and temperature etc.,
also have great influences on fracture morphology during SC-CO,.
The in-situ stress is the principal factor to control fracture propa-
gation. It mainly depends on which factor has a greater influence on
the fracture propagation. Classical fracture mechanics theories
indicate that fracture is prone to propagate along the direction that
is perpendicular to the direction of the minimum principal stress.
When higher confining stress value and stress differences are
exerted on rock, the major induced fracture planes become much
smoother and are perpendicular to the minimum horizontal stress
direction (Wang et al., 2017a), the number of macro-fractures re-
duces and fracture paths deflect (Zhang et al., 2017a). When
experimental samples are with well-developed natural bedding
structure, the SC-CO,-induced fractures mainly propagate along
natural fractures, weakly bonded bedding planes and interbeds
with crossing beddings (Zhao et al., 2018; Zhang et al., 2017a; Wang
et al., 2017b; Jiang et al., 2018). And, due to the existence of natural
bedding planes, different patterns of fracture propagation may
occur in shale fracturing, including deflection, branching, and
approaching (Zhang et al., 2019a). So, under complicated formation
environment, SC-CO, fracturing tends to create fractures in multi-
ple patterns.

To explore the influence of temperature on SC-CO, fracturing,
hot dry rock and synthetic concrete were prepared to perform
experiments in different temperatures (Isaka et al., 2019; Zhou
et al., 2019). Their conclusions suggest that the temperature dif-
ference between cool fracturing fluid and hot rock results in the
cryogenic induced thermal stress, which can reduce the fracture
initiation pressure. Moreover, the temperature influences the
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morphology of induced fractures significantly (Zhang et al., 2021).
The fracture morphology can be classified into the single fracture
which propagates obliquely or along the principal stress direction,
and the fracture network with the increasing of temperature. And
the density of induced fractures decreases, but the tortuosity of
fractures increases with an increase in temperature, it suggests the
massive development of thin narrow fractures under high-
temperature conditions (as shown in Fig. 18) (Isaka et al., 2019).

3.3. Fracturing mechanism of SC-CO,

Through a series of experimental and numerical studies of SC-
CO, fracturing, results indicate that the underlying fracturing
mechanism of SC-CO», is different from the conventional fracturing.
The main mechanisms of SC-CO; fracturing will be summarized in
this section. Firstly, the difference in fracturing results of SC-CO;
and water-based or oil-based fracturing fluid seems to be signifi-
cantly affected by the viscosity. According to the theory of Espinoza
and Santamarina (2010), capillary effects dominate the process that
how fluid (SC—CO; and H;0) invades into the rock matrix. In such a
case, the pore structure serves as a significant influencing factor for
the process. For a particular pore structure, the critical break-
through/entry pressure (P:) is determined by the pressure-
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independent interfacial tension (¢) and contact angle (). Thus, the
pressure required for fluid to enter a pore throat can be calculated
as:

__4ocost

Pc d

9)
where d is the critical pore throat size that fluid may enter.

Eq. (9) suggests that the critical pore throat size is positively
correlated with interfacial tension and the cosine of the contact
angle. Whereas, the interfacial tension and contact angle of SC-CO;
are much lower than that of water under the same condition.
Meanwhile, a low-viscosity fluid of SC-CO, leads to a low flow
resistance within a hydraulic fracture (Zou et al., 2018). Thus, under
the same injection pressure, SC-CO; could enter the pore throats
with a smaller pore throat size while H,0 will be excluded (Fig. 19).
As a result, mineral grains between two secondary or minor frac-
tures are possibly peeled off from the fracture surface. It is able to
make shear sliding in shale to form micro-fractures and secondary
fractures. And, the SC-CO, may expand the pores and eventually
lead to the opening of a fracture (He et al., 2019; Chen et al., 2015).
These induced micro-fractures enhanced the complexity of the
hydraulic fractures and the porosity of formation, providing addi-
tional micro-flow channels for oil and gas (Zhang et al., 2017a; Li
et al.,, 2019). While for the water-based fracturing fluid, the fluid
cannot enter those small pore throats and will cut through mineral
grains in the process of fracture propagation. It is dominated by
tensile failure and limits the creation of micro-fractures and crush
of mineral grains (Chen et al., 2015).

Secondly, since the temperature of fracturing fluid is lower than
that of formation in the beginning of fracturing. The thermal stress
will be introduced when the hot mineral particles contact with cold
fluid (Taron and Elsworth, 2009), which will act on the rock in the
form of tensile stress (Enayatpour et al., 2019). In reservoir frac-
turing, the injection pressure generated by fracturing fluid also
tends to induce tensile failure, so the thermal stress induced by
temperature difference can effectively reduce the fracture initiation
pressure. Moreover, because of the low viscosity, SC-CO; can easily
enter the narrow pore space of rock, increase pore pressure and
enhance heat convection. So it will tend to form a fracture network
with branches under the comprehensive effects of fluid injection
and thermal stress. However, the heat transfer rate of SC-CO; is
higher than water because its greater specific heat capacity. Thus,
the active region of cryogenic induced thermal stress is limited in
the vicinity of wellbore when SC-CO; injected (Isaka et al., 2019;
Zhang et al., 2021).

Furthermore, CO, phase transition—induced fracture is a sig-
nificant mechanism for SC-CO, fracturing (Yan et al, 2019a).
Compared with conventional hydraulic fracturing, the existence of
CO, phase transition makes the fracturing mechanism of SC-CO, is
more complicated and results in a better fracturing performance. To
clearly observe fracturing process, Zhou et al. (2018b) conducted
fracturing experiments with PMMA material instead of non-
transparent rock sample. They also concluded that when fractures
start to propagate, SC-CO, converts to gas state instantly. The
massive energy stored in SC-CO, are released to extend initial
fractures further during phase change, resulting in a higher fracture
propagating speed. The high-speed propagation of fractures would
suddenly alter orientation of the stress field. In conclusion, the
more external energy is supplied during SC-CO, phase change,
which is more beneficial to accelerating fracture propagation and
generating multi-fractures (Zhou et al., 2016, 2019).
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4. Development history of field utilization on SC-CO;
fracturing

In the 1980s, CO, as a fracturing fluid was first applied to oil
field, this technology mainly includes CO, dry fracturing, CO,-foam
fracturing, etc. (Wamock et al., 1985; Sinal and Lancaster, 1987). In
the initial stage, CO, dry fracturing was proposed and used in field
where CO, was injected into the reservoir with sand. The com-
mercial success of this method was first achieved in Canada. Sub-
sequently, this stimulation approach was utilized in oilfield more
than 350 wells before 2003 (Gupta, 2003). Fracmaster introduced
the technology to the US market after the 1980s and subsequently
applied it in the Devonian shale reservoirs in Western Pennsylva-
nia, Texas, and Colorado (Harris et al., 1998). In 1999, 16 wells were
selected by the Burlington Company in Mexico to test the feasibility
of the liquid CO, sand fracturing technology in the entire San Juan
Basin (Campbell et al.,, 2000). The dry CO; fracturing technology
was also implemented in China. About 50 wells have been operated
with liquid CO,, fracturing in Changqing, Jilin and Yanchang oilfields
of China (Wang X. et al., 2014; Meng et al., 2018). Although dry CO,
fracturing can effectively stimulate unconventional reservoirs, the
drawbacks, such as low proppant-carrying capacity and high leak-
off volume, also significantly limit its field application (Nianyin
et al,, 2021). Meanwhile, to improve fracturing performance, the
CO; foam fracturing was also developed in Canada and US (Craft
et al,, 1992). In 2000, the field trial was carried out in US for the
development of Ohio shale gas. Moreover, in 2002, CO, foam frac-
turing was also applied in the Lewis shale reservoir by the Bur-
lington Company and shows promising results. Currently, the CO,
foam fracturing technology is relatively mature in the US, Canada,
Saudi Arabia, and China (Johnson and Johnson, 2012; Malik et al.,
2014; Mahmud et al., 2020; Mojid et al., 2021). However, there
are still some limitations to restrict this technology, such as how to
ensure the foam stability of fracturing fluid and minimize the for-
mation damage.

With the development and application of SC-CO, fracturing
technology, people begin to explore the feasibility of this technol-
ogy in field application. SC-CO; fracturing is a special form of dry
CO; fracturing. The principal difference between the two processes
is that CO, has reached the supercritical state before reaching the
fracture zone (Liu et al., 2014; Nianyin et al., 2021). In 2017, the joint
team of China University of Petroleum (Beijing), Wuhan University
and Shaanxi Yanchang Petroleum Group, conducted the first field
test of SC-CO, fracturing for development of shale gas in Shaanxi
province, China (Wang He et al., 2020). In the field trial, the depth of
the well is 2940 m, and 386 m’> liquid CO, were injected both
through the tubing and casing. Also, the flow friction, wellbore
temperature profile and proppant carrying performance of SC-CO,
were tested in the field. Results indicated that the CO, temperature
at the bottom of the wellbore reached the critical temperature at
the field conditions. The frictional resistance was higher than
traditional hydraulic fracturing, and pressure drop in the nozzle
counts a large proportion of the system pressure loss. Moreover,
due to the low density and viscosity of SC-CO,, severe proppant
plugging is observed due to low proppant carrying capacity. Thus,
the conventional fracturing fluids were utilized to carry proppant
eventually. In addition, micro-seismic monitoring results show that
the fracture initiation signals induced by SC-CO, are complicated
and uniformly distributed in all directions in the vicinity of the
wellbore. While after switching to hydraulic fracturing, results
show that the fracture distributed along the direction of the
maximum horizontal principal stress (Fig. 20). It is further proved
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Fig. 19. (a) Fluid invasion near the injection wellbore. Due to the low viscosity and high diffusivity of SC-CO,, a large affected area is created near pre-existing natural fractures or
flow channels. (b) In the area distant from the injection wellbore, capillary effects determine that SC-CO, enters pore throats as small as 5.7 nm, while H,O may only penetrate pore

throats larger than 12.9 nm (Jia et al., 2018).

that SC-CO, can create a complex fracture network with multiple
branches and weakens the dominant role of in-situ stress in field
scale experiments. In addition, a hybrid fracturing method using
both SC-CO; and conventional fracturing fluid has been considered
as a new fracturing technique due to the limitation of sand-carrying
capacity of SC-CO». This method is not only able to induce complex
fractures using SC-CO,, but also can pump more proppant into the
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fracture network using conventional fracturing fluids (Liu et al.,
2014; Zhou et al.,, 2019; Nianyin et al.,, 2021). At the same time,
some researchers are attempting to enhance the proppant carrying
capacity of SC-CO, by increasing fluid viscosity based on mechan-
ical or chemical methods (Li et al., 2019).
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Fig. 20. Comparison of microseismic crack detection (left for SC-CO, fracturing; right for hydraulic fracturing) (Wang et al., 2020).

5. Discussion and recommendation on SC-CO- fracturing

It is undoubted that hydraulic fracturing with water-based fluid
is the most common and effective method in unconventional oil
and gas development. However, large-scale utilization of water-
based fluids will bring a series of problems to the formation and
surface environment, such as reservoir and surface environmental
contamination, large consumption of water resources, high cost on
treatment of flowback fluid, etc. SC-CO,, as a particular anhydrous
fluid, can effectively solve the above problems, and is considered as
a promising alternative fracturing fluid for developing unconven-
tional resource. In recent years, a great number of fundamental
studies and field testing on SC-CO; fracturing in unconventional
reservoirs have been performed. A series of laboratory experiments
and numerical simulations were conducted to reveal the mecha-
nisms of fracture initiation and propagation. In this paper, the
research status on SC-CO; fracturing is reviewed, and the devel-
opment prospects with respect to laboratory experiment, numeri-
cal simulation, field test, etc., are analyzed as well.

At present, the laboratory experiments of SC-CO, fracturing are
mainly based on pseudo-triaxial and true triaxial experimental
systems. SC-CO, fracturing experiments on various formations,
such as shale, tight sandstone, coal seam, granite and other rock
types, are conducted. A series of advanced fracture monitoring and
analysis methods are used to analyze fracture characteristics
induced by SC-CO,. In terms of numerical simulation, the common
numerical methods for CO; fracturing mainly include FEM com-
bined with some secondary development, XFEM, PFM and DDM.
However, most of the reported numerical models are based on two
dimensions, and three dimensions are rarely considered. Moreover,
to save the cost of calculation, many factors, including multi-phase
heat transfer, reservoir heterogeneity, etc., are ignored in these
fracturing models. Experimental and simulation results show that
SC-CO,, fracturing is less affected by principal stress, and can induce
complex fracture networks with multiple fracture branches
compared with conventional hydraulic fracturing. It is more likely
to produce shear fractures, which is conducive to the formation of
fractures with high conductivity. However, under the influence of
its own special properties, SC-CO, fracturing induced fractures are
mostly distributed near the wellbore, with shorter extension dis-
tance than hydraulic fracturing. Since its low viscosity of SC-CO»,
conventional fracturing fluids are usually used to carry proppant in
field trials. In general, under the background of massive greenhouse
gas emissions and worsening global climate, CO, as a type of
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resource has promising prospects for energy development. Not
only does this reduce carbon emissions, but field tests have shown
that CO; can be retained by more than 30% after injected into the
reservoir, achieving partial carbon sequestration as well.
However, in view of current basic research and field test of SC-
CO; fracturing, there are still some limitations that need to be
improved and addressed. Some of the demanding directions for
further research and field application are summarized below:

(1) SC-CO; fracturing experimental system: The current frac-
turing experimental system is mostly designed in the closed
environment, so it is difficult to directly observe the propa-
gation of fractures in real time. In the future, a visual/imaging
experimental system need to be developed to capture the
initiation and propagation of fractures in real time based on
high-speed camera and DIC technology.

(2) Fracture identification and monitoring methods: Fracture
analysis methods need to evolve towards real-time moni-
toring and non-destructive methods. In addition to high-
speed imaging system for fracture observations, a triaxial
fracturing system can be improved for real-time high-pre-
cision CT scanning. The system enables the X-ray penetration
test system to capture fracture in real time during fracturing.

(3) Numerical simulation method of SC-CO, fracturing: The
hybrid methods based on PFM, DDM, DEM, etc., for multi-
physics coupling simulation may be the direction of future
development. In addition, heat transfer, local pressure drop
and reservoir heterogeneity need to be further considered in
the optimized model to improve the fidelity and accuracy,
and make it more consistent with original reservoir
conditions.

(4) Field application of SC-CO, fracturing: Due to the poor
proppant-carrying capacity of pure SC-COo, hybrid fracturing
with CO; and conventional fracturing fluid is commonly used
in the field test. This method not only induces complex
fractures but also improves proppant-carrying capacity.
However, it will increase difficulty and cost as two types of
operation equipment and fluids will be deployed. Moreover,
some scholars try to increase CO, viscosity by physical and
chemical methods to improve proppant-carrying perfor-
mance, but this method also has limitations such as cost
increase, reservoir pollution, and impact on fracture net-
works construction in the first stage (Heller et al., 1985;
Trickett et al., 2009; Luo et al., 2015). Thus, a new technology
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of enhancing SC-CO, proppant-carrying capacity should be
developed.

6. Conclusion

Due to its special physical and chemical properties, SC-CO, has
been considered as anhydrous fracturing fluid to develop uncon-
ventional oil and gas resources. In this paper, the state-of-art SC-
CO; fracturing experimental systems, fracture monitoring methods,
numerical simulation methods and field applications are reviewed
and discussed. The main mechanisms of fracture initiation and
propagation induced by SC-CO; are also summarized. Through a
series of basic studies and field tests, the feasibility of using SC-CO,
as fracturing fluid to develop unconventional reservoirs, including
shale oil and gas, tight gas, coalbed methane, geothermal resources,
etc., has been verified. Results show that hydraulic fracturing with
SC-CO; has obvious advantages and application prospect compared
with conventional hydraulic fracturing. However, due to the dif-
ferences and complexity of reservoirs and the special properties of
SC-CO,, various issues and challenges will be encountered in SC-
CO; fracturing process. Based on the current research status, the
limitations of basic research and field application are listed, and
some suggestions are given as well. It is anticipated that the related
research methods will be continuously improved to solve these
problems, and the technology of SC-CO, fracturing will be widely
applied to the field in the future. So as to provide technical support
for unconventional resources development and carbon emission
reduction projects.
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