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Unconventional resources such as shale gas have attracted increasing global attention with great potential to
bridge the energy supply chain. Yet the technical challenges and ecological concerns arise in the attempts to
increase resource recovery. Shale reservoirs feature a low permeability water-sensitivity, and geological complexity, which call for more effective stimulation techniques to both reduce water use and boost production. It is
believed that technology innovation such as waterless fracturing is the key to effectively improving unconventional resources recovery, while addressing the issue in reducing water consumption and environmental
footprints.
This paper investigates the development of two major waterless fracturing fluids, foams and liquid N2/CO2,
including the advantages and challenges faced with waterless fracturing, fracturing mechanisms, and fluid
properties such as stability and rheology. Based on literature review, it is believed that foam has a great potential
to be a promising fracturing fluid in improving productivity and long-term production with benefits such as fast
cleanup, improved proppant transport, and minimal environmental footprint. Foam properties such as stability
and rheology have been continuously improved with technological advances in the stabilizing agents. Foams
stabilized by nanoparticles are reported to significantly improved foam stability and rheology under reservoir
conditions over conventional surfactants. Other fracturing fluids such as liquid CO2/N2 and gas fracturing fluids
are designed to clear formation damage near the wellbore or for scenarios where long fractures are not desired,
and both are faced with various technical challenges. This review provides readers with the state-of-the-art
research progress regarding the technological advances of waterless fracturing fluids and sheds light on future
research areas that can benefit a greener and more effective shale gas development.

1. Introduction

shale gas both technically and economically feasible (Vidic et al., 2013;
Wang et al., 2016).
Various fracturing fluids have been developed and applied over the
years. The most commonly used fluids are the water-based fracturing
fluids such as slick water and gel- and polymer-based fluids. However,
the application of traditional water-based fracturing fluids gradually
becomes limited due to clay swelling (Sinal and Lancaster, 1987) and
water-trapping owing to capillary forces, which undermines the fracture conductivity and impedes production (Gupta, 2009). Literature
also shows that the water-based fracturing fluids consume a significant
amount of water, which poses great pressure on local water resources
and huge disposal efforts for the recovered water (Clark et al., 2013;
Jiang et al., 2011, 2014). Therefore, many new waterless fracturing
technologies, such as liquefied petroleum gas (LNG) fracturing (Lestz
et al., 2007), nitrogen foam fracturing (Gupta and Bobier, 1998), liquid/supercritical CO2 fracturing (Gupta and Bobier, 1998; Middleton
et al., 2015), gas fracturing (Li and Xue, 2000; Montgomery, 2013) and
cryogenic fracturing using liquid N2 (McDaniel et al., 1997; Grundmann

The past three decades have seen the booming interest and development of unconventional reservoirs, especially shale gas. According to
the US Energy Information and Administration, the unconventional
tight reservoirs were estimated to store 800 trillion cubic feet of recoverable natural gas (Li et al., 2015). This relatively clean energy is
characterized as the bridge fuel for the world to transit from highcarbon to low-carbon energy resources (Vidic et al., 2013; Wang et al.,
2018). US shale gas is estimated to have $34 billion in 2011, yet despite
its huge economic potential, there are concerns in using water-based
fracturing fluids (Howarth et al., 2011). With technology advances, it is
demonstrated these unconventional resources can be explored in an
environmentally friendly way.
Unconventional resources such as shale usually feature a low matrix
permeability, commonly less than 1mD (Gu and Mohanty., 2014). Highprecision horizontal drilling with high-volume hydraulic fracturing has
revolutionized the shale gas development and made the exploitation of
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et al., 1998; Lei et al., 2019), have been considered by many scholars.
The water content in fracturing fluids needs to be reduced while
maintaining critical fluid properties such as fluid stability and viscosity.
Foams have been introduced to stimulate unconventional reservoirs
and are considered to possess many advantages over water-based
fracturing fluids, such as less water consumption, faster cleanup, better
leakoff control, and proppant transport, to name a few (Xiao et al.,
2016; Wang et al., 2016). Foams are two-phase systems comprising a
liquid, a compressible gas, and chemicals such as surfactant or polymer
to enhance fluid stability or viscosity, but these two-phase systems are
thermodynamically and kinetically unstable due to the high surface
area, and a tendency of the surface area to decrease results in the degeneration of foams into separate gas and liquid phases (Emrani et al.,
2017), also called Ostwald ripening (Voorhees, 1985). The surfactant is
a common foaming agent used to reduce the surface tension and increase foam stability and has been used for decades for foam generation
(Blauer and Kohlhaas, 1974). A surfactant is an amphiphilic molecule
that has both a hydrophilic and a hydrophobic tail. Surfactant molecules will accumulate at the gas/liquid interfaces with aligned tails to
strengthen the interfacial films and protect the foam bubbles from
coalescence (Faroughi et al., 2017). However, surfactants suffer from
thermal degradation and lose their function under high temperature or
salinity conditions. Typical surfactant-stabilized foams were reported to
remain stable for several hours (Blauer and Kohlhaas, 1974). Surfactants also suffer from high adsorption in porous media, which results in
excessive chemical consumption and ecological issues.
These limitations of surfactants call for alternative ways to stabilize
foams. Nanoparticles have been found to stabilize CO2 foam with its
high thermal stability and salinity resistance (Espinoza et al., 2010;
Rognmo et al., 2017; Hosseini et al., 2018). Nanoparticles can adsorb
on the CO2/water interfaces with its high adsorption energy and
strengthen the gas/liquid interface, which acts as a physical barrier
against bubble coalescence and thus increase foam stability (Worthen
et al., 2014; Emrani et al., 2017).
This review contains 6 sections. Section 2 focuses on the Life Cycle
Assessment (LCA) during shale gas development. Section 3, Section 4
and Section 5 talks about foam fracturing, liquid CO2/N2 fracturing and
gas fracturing fluids, and Section 6 concludes.

water-based fracturing fluid can account for a large proportion of the
total GHG emission and total water use. Studies have shown that waterbased fluids in fracturing treatment have contributed to a large portion
of GHG emissions during the production phase. For example, Jiang
et al. (2011) estimated the GHG emissions for the production of the
Marcellus shale gas using the EIO-LCA model. During the operation of
hydraulic fracturing, large quantities of water need to be trucked to the
well and the recovered wastewater will need to be trucked away to a
disposal plant, both of which contribute to extra GHG emissions related
to water use. According to their results, 13 MT of CO2e and 51 MT of
CO2e are emitted per well for transportation of water only. Addition
11 MT of CO2e will be emitted when the water used is purchased from a
local plant. The GHG emission of the water-based fracturing operation
accounts for 18.6%–44.4% of the total GHG emissions during preproduction. Therefore, it is imperative to reduce the water content in
fracturing fluid to reduce the overall GHG emission.
Life Cycle Assessment has shown that lowering water use and GHG
emissions can greatly reduce water consumption and mitigate global
warming. Potential new greener technology such as waterless fracturing (foams and liquid CO2/N2) uses little or no water and can serve
as the crucial technologies that can help achieve these goals.
3. Foams
3.1. Foam stability
Foams are structured two-phase fluids composed of a compressible
internal phase (typically 55%–95%) which is dispersed as small discrete
entities through a continuous liquid phase (Reidenbach et al., 1986).
Foam stability is a critical foam property closely associated with
proppant transport along the fractures. Surfactants have been the most
common foaming agents used to generate and stabilize foams. They can
adsorb at the gas/water interfaces, decrease the interfacial tension and
prevent foam bubbles from collapsing. With technological advances,
foam stability has been continuously improved by either the stabilizing
agents (Nikolov et al., 1986), foam generation techniques or foam
configuration (Kibodeaux and Rossen, 1997).
However, despite these improvements to stabilize foams using surfactants, the surfactant-stabilized foams can at most be stable for several hours (Petkova et al., 2012; Simjoo et al., 2013). Under high
temperatures and salinity, the degradation of surfactant-stabilized
foams has led to the rise of alternative foaming agents. Nanoparticles
were reported to aid the formation of smaller foam bubbles and
markedly enhanced the stability against Ostwald ripening (Voorhees,
1985). As nanoparticles are adsorbed at the gas/liquid interfaces, the
adhesion energy of particles is hundreds or thousands of times higher
than that of surfactant molecules, which results in the higher strength of
the interfacial films (Binks and Horozov, 2005). The irreversible adsorption of nanoparticles on the interfaces enables the water phase to
pass without destabilizing the foam, while surfactant molecules frequently enter and leave the liquid interfaces providing only short-term
stabilization (Worthen et al., 2012). Singh and Mohanty (2017) successfully stabilized foams with silica nanoparticles with foam half-life
increasing by 10 times compared to that of a surfactant. The mechanical
and thermal stability of nanoparticles also make them robust at reservoir conditions (Bennetzen and Mogensen, 2014). In addition, the
solid and inert nature of nanosilica makes it convenient to modify the
surface to exhibit desired properties such as hydrophobicity, which is
believed to affect the behavior of nanoparticles at the interfaces (Binks
and Horozov, 2005). For example, the partially-PEG-coated hydrophobic nanoparticles could generate aqueous foams with higher stability than that without the coating (Espinoza et al., 2010; Worthen et al.,
2012).
More recent studies have investigated the synergistic effects between nanoparticles and surfactants for generating stable foams
(Worthen et al., 2013; Qajar and Xue et al., 2016; Maurya and Mandal,

2. Life Cycle Assessment
Developing unconventional resources rouses controversy nowadays
with major concerns over its unknown GHG emissions and related GWP
(Chen et al., 2017). Therefore, the assessment of these impacts on the
environment becomes necessary before large scale exploitation. LCA is
one of the commonly used techniques to assess the environmental impacts associated with each stage of shale gas development.
So far, hydraulic fracturing remains the most effective way for reservoir stimulation, especially for tight formations such as shale, so it is
a major factor to be considered in estimating GHG emissions.
Conventional water-based fracturing not only consumes large quantities of water but also requires tremendous efforts in post wastewater
management, along with its hazards in toxicity and contamination
(Stamford and Azapagic, 2014), which all lead to increased GHG
emissions.
The impacts of GHG emissions are usually assessed by its GWP,
defined as the time-integrated (GWP20 or GWP100) radiative forcing
(RF) due to a pulse emission of a component, relative to a pulse emission of an equal mass of CO2 (Arent et al., 2015). Many models have
been developed to estimate the greenhouse gas (GHG) emissions and
related GWP of shale gas extraction considering reservoir geology, estimated ultimate recovery, methane content, average lifetime, and
water use etc. (Jiang et al., 2011; Burnham et al., 2011; Hultman et al.,
2011; Howarth et al., 2011; O'Sullivan and Paltsev, 2012; Logan et al.,
2012; Weber and Clavin, 2012; MacKay and Stone, 2013; Dale et al.,
2013; Chang et al., 2014). In these models, the GHG emission related to
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Table 1
Apparent viscosity of different surfactants and nanoparticle concentrations
(Table from Al-Yousef et al., 2018).
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant
Surfactant

1
1
1
1
3
3
3

Surfactant
concentration (wt%)

NPs concentration
(wt%)

Apparent
viscosity (cp)

0.3
0.3
1
1
0.1
0.1
0.1

0
0.5
0
0.5
0
0.25
0.75

225
271
330
224
107
182
163

concentration, as shown in Table 1. It is also noticed that for certain
surfactant concentrations, the apparent viscosity of foams reaches a
plateau where nanoparticles no longer contribute to higher foam apparent viscosity, indicating an optimal level of nanoparticles for the
highest foam apparent viscosity. Different nanoparticles may also respond differently to adding surfactants. Surfactants may assist in increasing foam apparent viscosity but, sometimes, it can reduce foam
apparent viscosity.
To better assess foam rheology under reservoir conditions, the foam
apparent viscosities were measured under supercritical conditions with
nanoparticles and improved apparent were reported (Espinoza et al.,
2010; Farhadi et al., 2016). For example, Farhadi et al. (2016) found
that CO2 foam apparent viscosities can be increased with the presence
of nanoparticles under supercritical conditions. By co-injecting supercritical CO2 and nanosilica/surfactant ethyl hexadecyl dimethyl ammonium bromide into a beadpack, the pressure drop along the capillary
tube was used to calculate the CO2 foam apparent viscosities in Table 2.
Higher apparent viscosities were observed with a mixture of nanoparticles and surfactant. The increasing nanoparticle concentration in
the presence of surfactants has contributed to higher foam apparent
viscosity. However, the synergistic effects of surfactants get less significant as surfactant concentrations are used. The data also shows
there is an optimal foam quality that results in the highest foam apparent viscosity. The change of foam apparent viscosity versus foam
quality usually features the “mountain-shaped” trend, as called by Zhu
et al. (2017). A peak foam apparent viscosity at a foam quality of 75%

Fig. 1. Static foam tests with 0.5% surfactant and varying nanoparticle concentration at 25 °C (Figure reprinted from Singh and Mohanty, 2014).

2018; Lin et al., 2018). It was commonly found that the stability of
foams stabilized by surfactant was improved by a trace of nanoparticles.
It was found improved foam life and thermal stability of N2/water
foams stabilized by surfactant and nanosilica (Sun et al., 2014; Singh
and Mohanty, 2014). Both foam viscosity and foam half-life were improved as shown in Fig. 1. The height of foams stabilized by nanoparticles with a concentration of 0.3 wt% or higher hardly changed over
90 h, while the case without nanoparticles degraded completely.
The foaming agent plays a crucial role in strengthening interfacial
films and increasing foam stability. Surfactants can generate and stabilize foams with desired rheological properties but suffer from degradation under high temperature or salinity conditions. Nanoparticles
such as nanosilica have been reported to increase foam stability and
apparent viscosity under these conditions.
3.2. Foam rheology
The rheological properties of foams are directly related to its
proppant transport capability (Jennings, 1996). A fracturing fluid
should have enough viscosity and stability to effectively transport
proppants into the fractures. Foams stabilized with nanoparticles have
been reported to display improved apparent viscosity (Al-Yousef et al.,
2018). Most studies focus on the stabilizing function of nanoparticles or
the synergistic effects between nanoparticles and surfactants, polymers
or their mixtures to improve foam apparent viscosity (Al-Muntasheri
et al., 2017; Emrani and Nasr-El-Din, 2017). The apparent viscosity of
water-based fracturing fluid is commonly less than 10cp (Palisch et al.,
2010) and decreases as it progresses through the fractures, causing
premature proppant settlement (Brannon and Bell, 2011). As for foambased fracturing fluid, drastic improvements in foam rheology is expected when the volumetric fraction of foams reaches an extent that
complex interactions among foam bubbles take place, which usually
results in higher foam viscosity (Falls et al., 1989). This was also observed by Harris and Reidenbach (1987) where foam apparent viscosity
increases with foam quality from 0% to 80%. Other techniques such as
crosslinking have also been reported to improve foam apparent viscosity (Harris, 1996).
Nanoparticle-stabilized foams displayed not only good stability but
also improved foam apparent viscosity. Al-Yousef et al. (2018) generated 70% N2 foams with silica nanoparticles in a core sample and calculated the foam apparent viscosity of foams by measuring the pressure
drop along the core at room conditions. The results indicated that foam
apparent viscosity was improved with the increasing nanoparticle

Table 2
Apparent viscosity of foams for different foam configurations (Table from
Farhadi et al., 2016).
NP concentration
(wt.%)

Surfactant
concentration (wt.
%)

Phase ratio

Pressure
drop (psi)

Apparent
viscosity
(cp)

0.00
0.10
0.00
0.10
0.00
0.10
0.00
0.10
0.01
0.01
0.01
0.01
0.01
0.10
0.00
0.00
0.00
0.01
0.01
0.01

0.019
0.019
0.057
0.057
0.038
0.038
0.038
0.038
0.019
0.057
0.019
0.057
0.000
0.000
0.000
0.000
0.000
0.038
0.038
0.038

3
3
3
3
2
2
4
4
2
2
4
4
5
5
1
3
5
3
3
3

4.07
8.64
14.18
16.25
9.76
31.77
6.25
13.36
9.98
20.41
5.32
12.02
3.42
3.61
3.03
3.43
4.12
20.20
20.18
20.33

0.58
1.23
2.02
2.31
1.85
6.03
0.71
1.52
1.89
3.87
0.61
1.37
0.39
0.41
0.86
0.49
0.39
2.87
2.87
2.89

Note: phase ratio is the ratio of gas to liquid phase.
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were observed (Worthen et al., 2012; Gu and Mohanty, 2014). Worthen
et al. (2012) claimed that the foam quality that achieved the peak foam
apparent viscosity fell between 0.5 and 0.9. The peak value of apparent
viscosity at a foam quality of 60% (Mo et al., 2012), 74% (Zhu et al.,
2017), and 85% (Pang, 2007) were also reported. Here, a foam quality
of 67% contributes to the highest foam apparent viscosity. However,
this result is based on the values used in experiment design while it still
falls into the 0.5 to 0.9 range as stated by Worthen et al. (2012).
Introducing nanoparticles to surfactant stabilized systems can improve the texture of foams, which results in more stable foams. The
foam lasted longer when nanoparticles were added. The foam texture
also remained finer than the case without nanoparticles (Xue et al.,
2016). It has been well documented that foam apparent viscosity is
closely related to foam texture. The apparent viscosity of the generated
foam is improved owing to the slugs of liquid between bubbles, the
resistance to bubble deformation and the surface tension gradient
across bubbles (Pal, 1996; Worthen et al., 2013). Foams with finer
texture have more densely distributed bubbles, thus have denser liquid
slugs and more frequent encounters of bubble deformation. Smaller
bubbles also have a higher resistance to deform. Both are expected to
result in higher apparent viscosity.
Compared to raw nanoparticles, surface modification to nanoparticles can assist in altering the surface properties to change the
contact angle or the interactions between nanoparticles at the interface.
For example, by grafting short PEG chains on the nanosilica surface,
Worthen et al. (2012) generated supercritical CO2/water foam in a
beadpack and the apparent viscosities were shown in Table 3. Their
results indicated that higher pressures and proper salinity increase
could lead to higher foam apparent viscosities. The data shows that
foam apparent viscosity can be improved by increasing the nanoparticle
concentration in the aqueous phase. Here, the nanoparticle concentration used is relatively high up to 3%, but the apparent viscosity still
shows significant improvement as its concentration is increased from
1%. It is also noticed that adding NaCl has contributed to the increase of
apparent viscosity. It is reported that adding salt to nanoparticle dispersions can increase the hydrophobicity between nanoparticles (Binks
et al., 2007). The resulting hydrophobicity increases the affinity between nanoparticles at the interfaces when the salt concentration is
increased. Worthen et al. (2013) also showed that adding NaCl to nanoparticle-stabilized CO2 system improves the contact angle between
nanoparticles and at the interfaces. The improved contact angle facilitates more nanoparticles to absorb at the interfaces, which results in a
more robust structured nanoparticle network, thus higher apparent
viscosity and better foam stability. However, excessive salts can cause
the aggregation of nanoparticles and undermine foam apparent viscosity. Their results also show that increasing the pressure of the twophase system are conducive to improving the apparent viscosity.
To further boost the apparent viscosity of the two-phase system,
polymers are added in some studies into the nanoparticle-surfactant

system. By using the mixture of nanoparticles, surfactant, and polymer,
Xue et al. (2016) reported stable and more viscous CO2 foam. Stable
high foam qualities of CO2 foams were obtained as supercritical CO2
and nanosilica, LAPB and HPAM flowed through a porous medium,
where foams were generated. They found that nanoparticles led to
higher foam apparent viscosity for foam qualities up to 0.95 (Table 4).
Adding polymers increases viscoelasticity of the aqueous phase, which
further decreased the lamella drainage rate and inhibited foam bubble
coalescence. It is noticed that adding nanoparticles has led to finer
foams judging from the reduced diameter of the foam bubbles, and the
improved texture has resulted in the increased apparent foam viscosity.
Adding polymers also seems to have a similar effect in reducing bubble
diameter, but the mechanisms of apparent viscosity improvement are
different. Nanoparticles improve the apparent viscosity by improving
foam texture (Farhadi et al., 2016), and the structural integrity of the
3D nanoparticle network, while polymer mainly improves the viscosity
of the continuous phase. The decreased polydispersity of polymers indicates that the polymers may have aggregated with the nanoparticle
and surfactants adding to the structural integrity at the interfaces.
3.3. Foam rheological modeling
Several models have been developed to study the foam flow
rheology in a fracture. The rheological models of foams may also result
in different foam apparent viscosities besides the complexities of foam
flow and the difference in foam generation, operation conditions, and
applied measurement methodology. The volumetric fraction or quality
of foam is a critical factor that affects foam behavior. As foam quality
increases, the interactions among foam bubbles become more frequent
and complex. External conditions such as shear rate, pressure, and
temperature or flow line geometry can also affect foam flow behavior.
Take shear rate for example, at a low shear rate (low or moderate foam
deformation), elastic behavior of foam is more demonstrated, while at
high shear rates (high and complex foam deformation), viscous behavior of foam dominates (Khan and Armstrong, 1986; Cox et al., 2004).
Higher accuracy is expected from these models if more of these factors
are properly considered. Taylor (1932) and Mackenzie (1950) first
proposed a foam flow model for low foam qualities (Equations (1) and
(2), respectively). The model was later modified by Llewellin and
Manga (2005). They proposed two equations for a foam quality less
than 7% (Equation (3)) and greater than 50% (Equation (4)).

µr = 1

Particle
concentration in
aqueous phase
(%w/v)

NaCl
concentration in
aqueous phase
(%w/v)

P (psia)

ρ CO2 (g
mL−1)

μapp (cp)

1
2
3
4
5
6
7
8
9

3
3
3
1
1
1
1
1
1

–
–
1
–
–
–
1
3
8

1200
3000
3000
1600
2000
3000
2800
2800
2800

0.235
0.792
0.792
0.506
0.665
0.792
0.776
0.776
0.776

5.48
12.1
15.7
2.02
3.01
3.58
5.68
9.42
9.44

5
3

Q < 7%, µr =

Q < 50%, µr =

Table 3
CO2/water foams with silica particles at a flow rate of 1.5 mL/min and 90%
quality (Table from Worthen et al., 2012).
Experiment

(1)

µr = 1 +

(2)

(1
(1

)
)

5

1

Ca

3

Ca > 1

1+9
(1 + 22.4 )

1

1

Ca 1
Ca > 1

(3)
(4)

where μr is the relative non-Newtonian viscosity of foam to the apparent viscosity of the continuous phase; φ is the bubble volume fraction; Ca is the capillary number defined as the ratio of viscous forces to
surface tension forces:

Ca =

µm Rb

(5)

where μm is the ambient fluid shear viscosity in Pa·s; is the shear rate
in s−1; Rb is the bubble radius in m and σ is the surface tension in mN/
m.
Faroughi and Huber (2017) further improved the model to calculate
the foam apparent viscosity relative to the liquid phase (Equation (6))
by introducing a capillary number into the equation and a threshold
packing limit φt at which the maximum volume of the second phase
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Table 4
Apparent viscosity of CO2/water foams at 3000psi and room temperature (Table from Xue et al., 2016).
Mixtures

CO2 volume fraction

Dsm (μm)

Upoly

μcontinuous

0.08% LAPB and 1% NP
0.1% HPAM, 0.08% LAPB and 1% NP
0.88% HPAM, 0.08% LAPB and 1% NP
0.88% HPAM, 0.08% LAPB
0.88% HPAM, 0.08% LAPB and 1% NP
0.88% HPAM, 0.08% LAPB

0.9
0.9
0.9
0.9
0.95
0.95

72
49
23
46
36
74

0.98
0.4
0.41
0.29
0.36
0.34

1
5
80
80
80
80

phase

(cp)

μfoam (cp)
74
160
274
147
105
53

Note: Dsm is the Sauter mean diameter of foam bubbles and Upoly is the dimensionless polydispersity.

was made of spherical bubbles. This equation applies to systems with a
gas ratio up to φt and any capillary number.

µr

12
Ca2 (µr )2
5
12
Ca2
5

1
1

4
5

under different foam configurations or measurement conditions.
3.4. Foam leakoff

1

= 1

1

Leakoff of fracturing fluid is inevitable due to the pressure difference between the fracture and the matrix. The rate of leakoff to the
matrix is a critical parameter in fracture design since fluid leakoff can
directly affect fracture geometry, fracture closure time and proppant
distribution. When leakoff occurs, the pressure buildup rate in the
fracture may become insufficient to propagate the fractures, and
sometimes the leakoff can be over 70% of the injected volume (Penny
et al., 1985) that additional fluid is pumped to extend the fractures,
adding to the overall treatment cost (Al-Muntasheri et al., 2017). High
leakoff rates can also cause premature proppant settlement, which results in partially-propped fractures and formation damage. Meanwhile,
overestimation of leakoff rate may also cause excessive surface
pumping pressure and increase the treatment cost.
The fluid leak-off rates of different fracturing fluids were measured
and represented by either the volume of fluid leakoff during a time
interval or the leakoff coefficient (Navarrete and Mitchell, 1995). To
reduce the leakoff rates of fracturing fluids, different additives are used
such as nanoparticles. The effectiveness of fluid loss control additives
can be related to their physical character and the permeability of the
invaded matrix. Vipulanandan et al. (2014) improved fluid leakoff
control by adding 20 nm silica nanoparticles. The fluid loss was tested
in fractured core samples at 100psi pressure difference. Similar injection tests were repeated with 5 wt% sand and 1 wt% nanoparticles. The
tests indicated that the silica nanoparticles could decrease fluid loss up
to 60% at room temperature and about 30% at 85 °C, as shown in Fig. 2.
The decrease of leakoff rate might be explained by the accumulation of

(6)

where

=

1

t

(7)

t

All these models assume zero interactions among bubbles, but as the
volumetric fraction increases to an extent that frequent interactions
among foam bubbles occur, other fluid models such as the Hershel
Bulkley model, Bingham Plastic model, and Power Law model are used.
The Hershel Bulkley model is a commonly used model proposed by
Hershel and Bulkley, which described the structural rheology of a nonNewtonian fluid. The Hershel Bulkley model relates the shear stress and
shear rate as

=

y(

, ) + K( , )

n( , )

where y ( , ) represents the yield stress with the unit of Pa, K ( , ) is
the consistency index with the unit of Pa s n , and n ( , ) is the flow
index. The Hershel Bulkley model is a general form of relating shear
stress to shear rate. The slope of the
curve is the apparent viscosity at a shear rate. Fluid models are distinguished based on the value
of τ, K and n. The Bingham Plastic model and the Power Law model are
derived based on the different values of K and n in the Hershel Bulkley
model. Generally, for a Bingham Plastic model, y 0 and n ( , ) = 1.
For Power Law fluid, y = 0 and n ( , ) < 1; and Dilatant fluid with
y = 0 and n ( , ) > 1 (Guo and Liu, 2011). In addition, assuming pipe
geometry, laminar flow of an incompressible fluid and that the bubble
diameter is much smaller than the pipe diameter, the foam apparent
viscosity of the Power Law model was corrected by the modification of
the non-Newtonian shear rate. The resulting relation between foam
apparent viscosity and the shear rate could be expressed as

µ =K

3n + 1
4n

n 1

n 1

(9)

Foam rheology could be characterized by the three parameters in
the Hershel Bulkley model and they could vary for different foam systems or measurement conditions. The apparent viscosity of foams can
range from several centipoises to hundreds under different systems and
calculation methods. The large discrepancy of foam apparent viscosities
in literature can arise from the difference in foam configurations, stress
conditions and rheological models used for calculation and most important, the complex dynamics of foam bubbles. With introducing new
foaming agents such as nanoparticles, the foam apparent viscosity is
improved with different mechanisms, which may require the modification of these models to better describe foam flow behavior. The
validity of foam characterization lies in the accurate description of the
complexity of the interactions among foam bubbles. The stress-shear
rate relation has been continuously improved to model foam fluid more
accurately by including the effects of more of these critical factors

Fig. 2. Fracturing fluid loss volume under different temperatures (Figure reprinted from Vipulanandan et al., 2014).
218

Journal of Natural Gas Science and Engineering 67 (2019) 214–224

C. Fu and N. Liu

Table 5
Fluid loss coefficients under different conditions of N2 foams (Table from
Ribeiro and Sharma, 2012).
ΔP (psi)

k (md)

γ (s-1)

Γ

Cwliquid (ft/√min)

Cwgas (ft/√min)

450
950
1400
465
800
1250
500
500
500
500
500
500
500
1000
1000
1000
1000

1.5
1.5
1.5
390
390
390
1.5
55
390
55
55
55
55
1.5
1.5
1.5
1.5

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

0.55
0.55
0.55
0.6
0.6
0.6
0.6
0.6
0.6
0.25
0.5
0.55
0.65
0
0.4
0.62
0.68

0.0008
0.0021
0.0019
0.0089
0.0163
0.0133
0.0008
0.0023
0.0089
0.0044
0.0035
0.0023
0.0024
0.0034
0.0023
0.0021
0.0017

0.0005
0.002
0.0019
/
/
/
0.0005
0.0019
/
0.0005
0.0025
0.0019
0.0024
0
0.0008
0.002
0.0011

Fig. 3. Effects of foam quality on the leakoff coefficients of liquid (Figure
reprinted from Lv et al., 2015).

Note: ΔP is the pressure difference applied to the core, k is core permeability, γ
is the equivalent shear rate, Γ is foam quality, Cwliquid is the fluid loss coefficient, Cwgas is the gas loss coefficient.

nanoparticles at the filter cake. Adding nanoparticles could lower the
permeability of the filter cake and increase the resistance to fluid
leakoff.
Fluid loss can be further reduced using foams compared to slickwater-based fluids. Ribeiro and Sharma (2012) investigated the effects
of pressure drop, core permeability, gel concentration and injection rate
on the fluid loss coefficients of water-based fluid and N2 foams. The
results are summarized in Table 5. They found that fluid loss could vary
under different fluid systems and experiment scenarios. For example,
higher core permeabilities or pressure differences along the core could
lead to higher fluid loss coefficients, but the total fluid loss coefficients
of the fluid and gas phase of N2 foams were lower than the water-based
conditions, indicating a better leakoff control. Leakoff can be greatly
decreased for low permeability cores. This is a good sign since shale gas
often features low or ultra-low permeability. The leakoff of foams
during shale formation fracturing has the potential to be reduced when
properly designed, but it is also shown in Table 5 that increasing foam
quality can decrease the leakoff rate of the liquid phase while increasing the leakoff of the gas phase. This is an issue that may face highquality foam fracturing since a high volume of gas is used. The structural integrity of nanoparticle stabilized foams may help mitigate this
problem, yet more research is needed to investigate foam fracturing
performance for low permeability shale formations.
Adding nanoparticles to foams were reported to further improve
leakoff control. Lv et al. (2015) investigated the fluid loss coefficient of
N2 foams using silica nanoparticles and SDBS surfactant under a pressure difference of 507psi and a temperature of 30 °C. The leakoff
coefficients for liquid (Fig. 3) and gas (Fig. 4) showed that both the gas
and liquid leakoff coefficients for nanosilica/SDBS-stabilized foam were
lower than those of the SDBS foam. Their results suggested that adding
nanoparticles could improve the leakoff of both the gas and liquid
phase of the fracturing fluid. Foam-based fracturing fluid also poses
minimal damage on reservoir permeability and that the size of finetextured foam bubbles might block the foam fluid to leak off into lowpermeability pores, further adding to improved leakoff control (Harris,
1987).
Published experiment datasets on fluid leakoff coefficient could
vary for different core permeabilities, chemicals used, foam quality,
measurement methodology, temperature and pressure difference between the influx and outlet. Foams generally displayed improved
leakoff control over water-based fluids and using nanoparticles could
further reduce the fluid leakoff.

Fig. 4. Effects of foam quality on the leakoff coefficients of gas (Figure reprinted from Lv et al., 2015).

3.5. Foam fracturing in field tests
Foam fracturing was primarily designed for low-pressure, watersensitive or low-permeability reservoirs. The fracturing results might
vary due to the differences in foam systems, treatment scale, and the
inherent reservoir properties. Formation treated with foams generally
showed improved flow rates and production over water-based fracturing fluid.
Formations stimulated with foams have shown improved production either for stimulated wells (Tulissi and May 2002; Granado et al.,
2013; Pathak et al., 2016), or newly-stimulated wells (Wamock et al.,
1985). For example, foam fracturing with 70% CO2 was attempted in
the Ark-La-Tex region for the first time in 1982, which demonstrated
that the CO2 foam-based fracturing fluid could be used effectively in
sandstone and carbonates (Wamock et al., 1985). The Willis D-1 well in
this region, which was bypassed, achieved a commercial oil and gas
production rate after fracturing with 70% CO2 foam. The initial production was 1.16*106 ft3/d gas, 298 B/d oil and 135B/d water with a
reservoir pressure of 1500 psi. The ultimate recovery was estimated to
be 8*104 barrels of oil and 3.10*108 ft3 gas for these previously noncommercial pay zones. The CO2 foam fracturing treatment had
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performed equally and more often better in production rate and the
ultimate recovery than previous techniques used in these areas.
Another well of improved production using CO2 foams lies in the Big
Sandy field, Kentucky, USA (Brannon et al., 2009). Two vertical wells
were fractured with a 93%–99% quality N2 foam. Cumulative production after the first 30 days was observed to be double the offset wells
with less equipment, tank storage, water volume, environmental footprint, minimal water hauling expense and much lower disposal cost of
the recovered fluid. Case studies of 29 horizontal Huron shale gas wells
in the Big Sandy field showed that improvement in these wells at the
Big Sandy region varied from 15% to 60%. Across all areas, the ultrahigh-quality foam resulted in a 46% better cumulative production than
the average of all offset wells during all production periods observed.
A gas well WD-1 in Saudi Arabia was reported to be refractured with
70% CO2 foam. Previously, the well was stimulated using a boratecrosslinked fluid. Gas production was improved by 15% from 3.4 to 4
MMscf/D with a flowing pressure of 1000psi. The gas production rate
increased to 6 MMscf/D after a breaker was used to remove the residual
damage. The CO2 foam refracturing treatment improved the gas production rate further to 10 MMscf/D at a flowing pressure of 1900psi,
which was about 60% increase than that before the treatment.
Overall, wells treated with foam-based fracturing fluid generally
displayed improved production rate and cumulative production for
different formations compared to the offset wells fractured by waterbased fracturing fluids. Improvement varies from 15% up to 200%
depending on the formation itself, treatment fluid and treatment scale.

4.1. Advantages and limitations
Liquid CO2/N2 fracturing is a true waterless stimulation technology
that uses liquid CO2/N2 fluids to fracture unconventional oil and gas
reservoirs, which, to date, are still poorly understood, but more literature addressing different aspects of this fluid is becoming available
(Aycaguer et al., 2001; Kilic et al., 2007; Zhao et al., 2015; Zhang et al.,
2017). Here, liquid CO2 and N2 are referred together, but these two
gases also differ from each other in many ways (Wang et al., 2016).
Since liquid CO2/N2 uses no water, it applies to extremely water-sensitive formations. Lillies and King (1982) opined that the most desirable
advantage of this fluid was the elimination of formation damage, rapid
post cleanup independent on reservoir pressure and immediate evaluation of the well after the treatment. It also greatly reduces cleanup
time and eliminates the need for fluid swabbing. Liquid CO2/N2 cooling
can also deteriorate mechanical properties of rocks and lift the pressure
by expansion, which further facilitates fracture initiation and the formation of longer fractures in the reservoir (Cai et al., 2016; Wu et al.,
2018). Using liquid CO2 can also facilitate resource recovery independent of reservoir pressure. The elimination of residual fluid also
makes it possible to place smaller proppants into the fracture thus improving the overall fracture conductivity.
Despite the non-damaging nature of this fluid, there are challenges
before its wider application. The low apparent viscosity of liquid CO2
and the pumpability issue were the two major challenges for the application. Efforts were made to enhance fluid properties by various
techniques, and positive results were observed. Many of these techniques or additives are proprietary, which will not be discussed in the
section, yet it is generally known these additives are specially designed
polymers or particles (Lillies and King, 1982; Sinal and Lancaster, 1987;
Meng et al., 2016; Lu et al., 2016). In addition, King (1983) pointed out
that the fluid loss could reach up to 75% for liquid CO2/N2 fracturing.
Field trials of this fracturing fluid showed improved production, but the
fracturing procedure and design required a different operational setup
and was usually demanding on surface facilities (Gandossi, 2013). Stimulation principles, construction techniques, equipment requirements
and technical features of liquid CO2/N2 fracturing were summarized by
Liu et al. (2014).

4. Liquid CO2/N2 fracturing
The first documented application of liquid CO2/sand fracturing was
in 1982 with highly satisfactory stimulation results. It was then introduced to the US in the mid-1980s when the US National Energy
Technology Laboratory (NETL) developed and tested this fracturing
process to gas wells. Liquid CO2/N2 is a fracturing fluid where the water
is replaced with pure liquid CO2 or N2, which has a temperature as low
as −109 °F (CO2) or −346 °F (N2). Liquid N2 or CO2 is pumped
downhole and brought directly in contact with the rock surface.
Compared with water-based or foam-based fluids, which initiate fractures using mechanical forces, liquid CO2/N2 fracturing fluid creates
fractures into the formations using a different mechanism. A thermal
shock (sharp thermal gradient) is generated due to the sharp temperature difference between the rock and the liquid. This thermal shock
can cause severe local tensile stress that generates fractures into the
rock surfaces (Alqatahni et al., 2016), which destroys the cementation
in particles and changes the pore structures (Wu et al., 2018). Hightemperature contrast can shrink the rock and expands the water,
creating local stress differences that render cracks and induces many
microcracks in the interior and surface of the rock due to the nonuniform distribution of thermal stress and ice crystallization (Jiang
et al., 2018). These microcracks are, however, inter-granular cracks
mainly attributed to the differences in thermal properties between
particles (Wu et al., 2018). Grundmann et al. (1998) remarked that
when the liquid nitrogen was warmed to reservoir temperature, the
liquid CO2/N2 expanded to a gaseous state resulting in about eightfold
flow rate increase that facilitates the transport of proppants into deeper
positions. Plus, for multi-stage fracturing, water can be a diverter between fracturing stages with its instant freezing on contact with the
treatment zone. Both laboratory and field applications have shown their
viability. This fluid is suitable for extremely water-sensitive reservoirs
since no water is used in this fluid. Liquid CO2/N2 can also be a good
choice to regain flow channels for wells with severe near-wellbore damages or for reservoirs where long fractures are not desired. It is also
suggested that liquid CO2/N2 is most desirable for low pressure and dry
gas reservoirs where the gas permeability is undermined by previous
fracturing fluid (Mazza, 2001).

4.2. Development of liquid CO2/N2 fracturing
Most literature has experimentally investigated the cooling effects
of liquid CO2/N2 on the physical/mechanical properties of the shale,
the changes in shale brittleness, pore structure and fracture toughness
evaluated by elastic parameters, acoustic velocity and tensile strength,
the enhancements of shale permeability and how various fracturing
designs can contribute to different enhancement results. Early investigations of liquid CO2/N2 fracturing were found in some mine applications (King, 1983; Grundmann et al., 1998; McDaniel et al., 1997)
and experimental researches (Cha et al., 2014; Wang et al., 2016; Zhang
et al., 2017; Yao et al., 2017). Efforts have also been made to facilitate
liquid CO2/N2 field application. In recent studies, a complete system of
apparatus for creating a mixture of liquid CO2/N2 and proppants for
fracturing stimulations is developed (Kelly et al., 2018; Shi et al., 2018),
but the system is not waterless, as it is stated that the proppants are first
mixed with some water because it is easier to mix proppants with water
at the surface than that with liquid CO2 at a pressure above the triple
point of CO2 (Kelly et al., 2018).
The fracture generation mechanisms of liquid N2/CO2 have been
experimentally studied and it is found that thermal shocks are effective
in generating a denser and complex fracture network. The cryogenic
effect of liquid N2 can facilitate fracture initiation and propagation and
can create many secondary micro- and macro-fractures around the main
fracture, forming a more complex fracture network (Cha et al., 2014;
Alqatahni et al., 2016). Cai et al. (2016) have found that liquid nitrogen
cooling could generate new microcracks and expand the pre-existing
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cracks in rock samples based on their results using SEM and NMR on
coal samples. However, thermally induced cracks can be created inside
the specimen rather than propagate to the surface (Yang et al., 2019).
However, a scale factor might be considered when reaching conclusions
related to the fracture generation mechanism (i.e. fracture generation is
more pronounced in wet rocks than that in dry rocks). Shale reservoirs
are tight, which confined the cryogenic effects of liquid N2 around the
main fractures. The results may differ greatly for a saturated core, as is
commonly used in experiments, from the treatment scale on the reservoir in a field operation.
Liquid CO2/N2 can deteriorate the mechanical properties of rocks
besides generating a complex fracture network. Experiments revealed
that cooling-heating cyclic treatments on rock samples can cause serious damage to their pore structure, which resulted in the weakening of
rock strength (McDaniel et al., 1997; Cha et al., 2014; Cai et al., 2016;
Alqatahni et al., 2016; Wu et al., 2018). As has been found in some
studies that the cryogenic treatment can reduce the breakdown pressure
by nearly 40% after liquid N2 fracturing experiments on concrete,
sandstone, and shale (Cha et al., 2014; Alqatahni et al., 2016). Lei et al.
(2019) conducted experiments to investigate the changes in the petrophysical properties and fracture propagation of coal samples under
cyclic treatment of liquid N2. It is found that the coal sample was damaged after treatment, but the damage was limited to the area close to
the injection hole. In more recent experiments, various confining conditions are applied to improve the validity of results. Yao et al. (2017)
studied the fracturing treatment using liquid nitrogen by injecting liquid N2 into the specimen at 15psi and 85 °C under triaxial stress
conditions. Their results show that reasonable permeability enhancement can be achieved solely by the circulation of liquid nitrogen
through the rock sample, yet without additional pressure, only a limited
extent of permeability enhancement can be obtained.
The cryogenic treatments of liquid N2 can cause changes in the
physical/mechanical properties of shale formations conducive to gas
flow. Improved permeability of rocks and the formation of a complex
and denser fracture network are commonly observed in the literature.
Systems for the field applications of the liquid N2 fracturing are also
emerging, but overall, most investigations on liquid CO2/N2 fracturing
remains in the realm of understanding its fracture generation mechanism or the cryogenic effects on the mechanical properties of rocks.
Laboratory findings may be incorporated with specific reservoir properties, operation equipment development, and configurable fracturing
systems to facilitate its field application. Unlike foam-based fracturing
fluids, which still uses the mechanical forces of hydraulics to break the
rocks, liquid CO2/N2 fracturing will need to address the factor of scale,
since the cryogenic effect usually works within limited ranges from the
liquid-rock contacts. The resulting fracture network may differ significantly from the injection of the liquid N2 to submerging the sample,
because abundant bedding planes in shale may present a different
mechanism of heat transfer between the fluid and the associated formation rocks.
As is known that, unlike traditional fracturing mechanisms, the liquid CO2/N2 fracturing creates fractures using thermal shocks upon
contact with rocks. The physical/mechanical responses of shale rocks
under thermal shocks thus become critical to assess the fracturing
performance of liquid CO2/N2. Several factors that affect the responses
of shale rocks to liquid CO2/N2, or referred to as thermal fracability, are
discussed below.

elastic parameters, tensile strength or acoustic velocity of samples
(Schoenberg, 1980; Han et al., 2018).
Different factors can affect the fracability of the rock, which represents the ability of the reservoir to generate capable and complex
fracture networks (Han et al., 2018). Rock brittleness is one index used
to directly assess reservoir fracability (Bybee, 2009). Brittleness index is
used to show the ability of the rock to form multi-dimensional complex
fragments in a rock under its own heterogeneity and external loadings.
It is thought to have a positive effect in contributing to the complexity
of fracture networks during a fracturing treatment. However, high
brittleness layers did not always contribute to complex fracture networks, as suggested by field fracturing practices. Without direct contact
of liquid N2 treatment, the pre-existing high brittleness layers such as
limestone or granite can even become the barriers that inhibit the
further propagation of fractures (Han et al., 2018).
Another critical factor that affects fracability is the presence of
bedding planes and microcracks in shale. Since these cracks usually
have a lower strength compared to the continuous part of the rock, they
can help fracture deflection and increase the complexity of the fracture
network, as has been studied in experimental investigations (Blanton.,
1982; Warpinski and Teufel, 1987) and numerical simulations (Feng
et al., 2017; Gao and Cheng, 2018). However, for deep buried tight
shales, bedding planes are abundant with few microcracks or fissures
(Lin et al., 2013; Xu et al., 2015; Zou et al., 2016). This may result in
limited thermally stimulated reservoir volumes because the rock-liquid
contact area is limited to the wellbore wall or at most some pre-existed
fractures. This issue may be solved by adjusting the operation routine
such as injection rate so that the liquid CO2/N2 can be brought in
contact with the surface rocks rapid enough to render secondary fractures along the major fracture surface.
Fracability analysis becomes important during selecting and configuring fracturing fluid properties. For a fracturing design, the fracability analysis should consider both the mechanical and chemical aspects of shale properties. Fracability analysis of shales is also necessary
when developing fracability evaluation models for pilot fracturing wells
in newly discovered plays. Critical factors such as the mechanical
properties of the rock and fracture distribution should be assessed to
improve the understanding of the capability of shale play for potential
stimulation operations. As stated by Han et al. (2018), it is crucial to
determine the relative weight of each influencing factor to improve the
validity of fracability models. Methods such as Analytic Hierarchy
Process (AHP), Entropy method, Grey Relevance theory, and Neural
Network are commonly used to quantitatively determine the weights
among factors. The database of various findings in shale properties
presented by various experimental studies can lay the foundation for
the development, validation, and improvement of different numerical
models to evaluate the fracturing potential of liquid CO2/N2.
4.4. Liquid CO2/N2 fracturing in field tests
Field tests using liquid N2 or CO2 coupled with other components
such as sand, gel etc. have demonstrated that liquid CO2/N2 fracturing
could be a viable way to boost production. Liquid N2 was used to restimulate four coalbed methane wells in depths between 2420 ft and
3090 ft in San Juan Basin, NM, with pumping pressures from 1850psi to
3200psi for different wells (McDaniel et al., 1997). These wells had all
been stimulated with either crosslinked gel, N2 foam (internal phase is
in a gaseous state) or slickwater. The production data (Fig. 5, Fig. 6,
Fig. 7) increased monthly after liquid N2 treatment. The production
rates for three wells have been improved from 5 to 15 times after liquid
CO2/N2 treatments, which lasted up to 3 months. The improved production implied that liquid N2 could boost production for stimulated
wells by reducing near wellbore damage and helping regain flow
channels. Another example of successful stimulation using liquid N2 lies
in Knott County, Kentucky at 3,020 ft and 3,000psi working pressure
(Grundmann et al., 1998). The stimulation used liquid N2 without

4.3. Thermal fracability of shale
The goal of investigating various mechanical properties or observing microfracture generation is to evaluate how rock samples react to
thermal shocks under different situations, or simply thermal fracability.
The physical and mechanical properties of rocks at super-low temperatures and after freeze-thaw cycles are used to reveal the effect of
cryogenic fracturing fluid on rock fracability through measuring the
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proppants. The well was tested on a 24-h flow after the job with an
established flow rate of 105Mcf/D.
Liquid CO2/N2 fracturing is a waterless fracturing technology with
great potential. It helps relieve water use and reduce environmental
footprints and formations damage induced by water-based hydraulic
fracturing. It could be used in water-sensitive, low pressure and low
permeability reservoirs, in regions with limited water supply, and even
hot dry hot for geothermal extraction. Economic viability is also expected since the major material used is nitrogen readily available in the
atmosphere. Research has shown its capabilities to enhance permeability and generate denser and complex fracture networks, but despite
its advantages in performance and its “green” nature, there is still a long
way before its massive application in field operations. Challenges such
as pipe damage prevention, development of high-pressure and cryoresistant materials and equipment, liquid CO2/N2 storage units during
operation, insulation and isolation between injection fluid and the annulus, and proppant carrying capability enhancements are still to be
solved.
From the perspective of Life Cycle Assessment, the further development of waterless fracturing technologies must assess the operational
costs, GHG emission, and GWP analysis. Many technical, economic and
ecological challenges await. It should also be noted that waterless
fracturing, especially liquid CO2/N2 fracturing is not a one for all
technology. It becomes increasingly highlighted because of the rapid
rise of unconventional resources, typically shale gas. Complete evaluation of technical, economic and ecological investigations needs to be
conducted to select the most suitable candidate for fracturing operations.

Fig. 5. The production history of well #1 (Figure reprinted from McDaniel
et al., 1997).

5. Gas fracturing
Gas fracturing, also called explosive and propellant fracturing
(Wang et al., 2016), has been a simple and cost-effective method for
stimulating reservoirs as early as in the 1960s. Gas fracturing is distinguished from gaseous N2 fracturing, where the nitrogen is injected
downhole in a gaseous state to generate fractures (Freeman et al.,
1983). Gas fracturing involves igniting a powder or propellant under
the well to create multiple fractures near the wellbore to reduce the
near-wellbore damage and enhance well production (Li and Xue, 2000).
Gas fracturing started in the United States and the former Soviet Union
in the 1960s and 1970s. It quickly became a commonly adopted stimulation technique in the 1980s in the former Soviet Union with over
4500 times of treatments and over 4000 times in the United States.
Field studies have shown a successful implementation rate of about
98% and stimulation efficiency from 70% to 85%. The gas fracturing
technique is not commonly used currently, because it is faced with
many challenges such as controllability issues in pressure-time response, damages to casing and formation, and limited understanding of
the mechanics of wellbore-tool interactions etc. It is also reported that
the explosion during the process can result in a compaction zone, which
can obstruct the natural fissures, undermines the in-situ permeability,
and reduces production (Li and Xue, 2000).

Fig. 6. The production history of well #2 (Figure reprinted from McDaniel
et al., 1997).

6. Conclusions
The ultimate goal in the energy supply industry is to provide the
highest useable resources with a minimal environmental footprint in a
cost-effective way. It is not an easy task. Developing the necessary
toolkit to meet this goal has never been imperative until the rise of
natural gas, especially shale gas. Fracturing stimulation is a critical
chain block to link this resource to the increasingly energy-demanding
society. Faced with pressures from water deficit, global warming, ecological protection, and fracturing performance, waterless technology
arises. Waterless fracturing is expected to provide better or at least
equivalent performance as water-based fracturing fluids, and joint efforts are needed from the decision makers, energy sectors, the industry,

Fig. 7. The production history of well #3 (Figure reprinted from McDaniel
et al., 1997).
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and the academics to make it happen.
Reducing water usage plays a significant role in tackling the challenges presented in shale resource development, especially in alleviating water supply pressure. Liquid CO2/N2 eliminates the use of
water and proves to be effective in reducing shale strength, enhancing
permeability and generating denser fractures, but various technical
challenges wait to be solved before its wide applications. Taking performance and water use into consideration, foam-based fluids are
highly configurable, consume minimal water while maintaining adequate stability and viscosity, and has the potential to be an ideal fracturing fluid for shale gas development. However, technology innovation
is a key section in achieving the desired outcome such as GHG emission
control, development of capable materials and equipment, applicable
fluid and apparatus systems, and disposal of recovered gas/liquid and
so on.
Successful fracturing operation demands the achievements of fracture length, a complex fracture network and an effective delivery of
proppants to support the fractures. For water-based fracturing fluids,
this is usually achieved by increasing proppants load due to their limited proppant transport capability to ensure that the fractures are effectively supported, which leads to excessive resource consumption and
overall operating cost. Liquid CO2/N2 can provide a fracture network
with denser fracture distributions, but the stimulated reservoir volume
is usually limited. However, foam-based fluids can reduce resource
consumption while achieving better fracturing performance. The benefits of utilizing foam fracturing include enhanced proppant placement,
reduced formation damage, better leakoff control, easier flowback and
minimal recovered fluid disposal besides reduced water use, which
leads to enhanced productivity, less cost per unit produced, and minimized environmental footprint. The introduction of nanotechnology
into foam systems can improve foam stability and rheology, but more
efforts are needed to engineer and configure the foam systems for its
field application and optimal performance.
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