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Abstract: Hydraulic fracturing has made the production of gas more economical. Shale gas possesses
the potential to arise as a main natural gas source worldwide. It has been assessed that the top
42 countries, including the U.S., are predicted to own 7299 trillion cubic feet (tcf) of technically
recoverable shale gas resources. The main goal of this paper is to serve as a guide of different shale
gas extraction methods. The significance of these methods and possible pros and cons are determined.
Each technique was explained with the support of literature review. Specifically, this paper revealed
that some fracking methods such as pulsed arc electrohydraulic discharges (PAED), plasma stimulation
and fracturing technology (PSF), thermal (cryogenic) fracturing, enhanced bacterial methanogenesis,
and heating of rock mass are at the concept stage for conventional and other unconventional resources.
Thus, these found to be significant for stimulating natural gas wells, which provides very good
production results. This paper also discovered that fracking remains the recommended technique
used by the oil and gas industries.

Keywords: guide to different fracturing technologies; shale gas extraction technologies; different
hydraulic fracturing; natural gas extraction technologies

1. Introduction

The hydraulic fracturing application in oil and gas exploration is not new. It was first tested in
1947 and first applied in the industry around 1949. Since then, the industry has been using hydraulic
fracturing for stimulation of reservoirs and enhanced oil recovery (EOR). Certainly, it is one of the
fundamental aspects of developing natural gas resources. The act of extracting natural gas from shale
formations (shale gas) has been considered unconventional by petroleum engineers.

Recent industrial improvement in horizontal drilling has made harvesting natural gas at an
economic rate from shale formations possible. In 1968, the high-volume hydraulic fracturing (using
procedures characteristically with a magnitude of an order greater than the conventional fracking
methods) began to be used. This trend was later supplemented by horizontal drilling shale formation
in the late 1980s and the application of chemical mixing (more recognized as "slickwater fracturing")
since 1997. Shale formations have a permeability so low that in the 1990s producing from these rocks
competitively was not possible. However, most shale resources could be extracted onshore and required
less equipment as compared to the conventional. In engineering practice, the term “unconventional
resources” does not have a formal actual definition behind it [1]. Generally, it means that resources
extracted by the methods do not fulfil the standards for conventional production. Those standards can
include a complex combination of reservoir characteristics: the existing exploration and production
practice, the economic condition, and the scale, rate and period of production from the resource,
which can unavoidably change over time. Nonetheless, sandstone and carbonate reservoirs are
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classified as conventional, whereas all the others (such as gas hydrates, coalbed methane, tight gas
sands, shale gas and fractured reservoirs) are unconventional. According to Meckel and Thomasson [2],
basins with permeability higher than 0.1 md were considered as conventional. Thus, the conventional
resource is the first level that most of the oil and gas industry starts extraction with, and this paper also
focused on conventional resource techniques towards different fracturing methods.

In addition, with the technological breakthrough from the introduction of hydraulic fracturing
(also widely known as fracking) through the application of horizontal drilling, the extraction of natural
gas from shale formation has become more pervasive in North America [3]. Shale gas count was only
2% or 0.01 trillion cubic meters (tcm) of gas production in the U.S. in 2000; by 2010, production had
increased the figure to 23% (0.14 tcm) [4]. According to the U.S. Energy Information Administration
(EIA) data [5], it is clear that the growth of U.S. shale gas production from the year 2013 to 2018
was exponential, around 11,415 billion cubic feet to 22,054 billion cubic feet respectively. However,
as pointed by Solarin et al. [6], forecasting is not a sustainable means in getting the accurate values of
subsequent shale oil and gas production. In fact, the recent issue of 2019 novel coronavirus disease
(COVID-19) has proven this. The impact of COVID-19 has made unprecedented changes in the
energy industry with many uncertainties. It was expected that, due to the COVID-19 pandemic,
the liquid fuels and petroleum and demand will reduce by 5.2 million b/d in 2020 but is expected to
increase by 6.4 million b/d in 2021 [7]. Crucially, due to the fluctuation of energy prices, environmental
and urbanization factors, this type of research is necessary in order to figure out the significance of
these factors. The operation of high-volume fracking could involve some hazards particularly to the
environment. Thus, the main goal of this paper is to serve as a summary of the development of different
shale gas extraction methods through the literature. A description is given for each introduced method.
The procedure is then described which includes the effect and significance of such technologies.

2. Shale Gas Extraction with Countries’ Production

Shale is a type of sedimentary rock formed from the compaction of fine-grained silt and clay
particles called “mud”. This process can be a rich source of oil and gas, since the particles are
fine-grained and interstitial spaces are small. Therefore, this results in difficulties for the movement of
fluids (such as oil, gas and water). Although the spaces are small, they can hold up a considerable
volume of the rock. These traits make shale not only a reservoir rock but also a source rock and cap
rock. Significantly, shale gas possesses the potential to become a main natural gas source worldwide.
It was found that Russia and USA contributed more than 40% in the natural gas extraction of the
total world supply between 2000 to 2011 [8]. It is also assessed that the top 42 countries, including
the U.S., are predicted to own around 7299 trillion cubic feet (tcf) of technically recoverable shale gas
resources [9]. However, as more areas are discovered and assessed, the gas basins are expected to
increase. Shale gas reserves can theoretically provide world energy needs for the upcoming 60 years
based on recent reserve evaluations and consumption [10].

The revolution of unlocking enormous native gas resources has changed the U.S. oil and gas
market. The exponential increase in natural gas extraction has decreased the country’s dependence on
imported gas, specifically liquefied natural gas (LNG) imports to fulfil its demand. However, according
to Energy Information Administration (EIA), it is estimated that there are 482 trillion cubic feet of
unproved technically recoverable U.S. shale gas resources [11,12]. Projected proved and unproved
shale gas resources made up 25% (542 trillion cubic feet) of a total U.S. dry gas resource of 2203 tcf [4].
The technically recoverable resources can be characterized by the volumes of oil and natural gas which
can be developed with existing technology despite the o0il and natural gas costs [13]. Nonetheless,
the increase in gas production that peaked at about 771 billion cubic feet (Bcf) in 2007 also reduces
the reliance of the U.S. on gas imports (see Figure 1). The liquefied natural gas (LNG) imports have
decreased drastically to 0 billion cubic feet in November 2014. This was the first time to have the
0 billion cubic feet [14]. However, more recently, in February 2019, the U.S. net natural gas exports had
a sum of 3.3 billion cubic feet/day [15], while Canada and Mexico have increased their exports of LNG
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to many countries [16]. Thus, the United States of America has become the biggest in the world in
terms of country natural gas [17], as shown in Figure 2.
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Figure 1. U.S. liquefied natural gas imports (1985-2020). Reproduced from U.S. Energy Information
Administration [14]. EIA: 2020.
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Figure 2. Leading countries based on natural gas production in 2014 and 2017. Reproduced from, [18],
Statista: 2020.

The global recession in 2008 led to several factors that caused the steep drop in oil price in 2014.
Emerging economies such as China, India and Brazil slowed down and reduced their demand for oil.
Two North American countries, the United States of America (USA) and Canada, started to produce
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oil and managed to cut down their oil imports significantly. Meanwhile, Saudi Arabia, among the
countries holding the largest oil reserves in the world, decided to keep its production stable, with the
hope that the USA and Canada would be pushed to stop their operations owing to economic issues [19].
However, with economic growth in Asia region and Oceania regions, it was forecasted that natural gas
demand growth will rise by 770 billion cubic meters and double from 2015 to 2040 [20]. Due to these
economic factors, shale gas is expected to be more essential than shale oil [21]. Thus, shale gas research
extraction is apparent for the growth of natural gas for any country.

When there is reduction in the demand of U.S. natural gas, which may result in oversupply,
the natural gas prices will reach their record lows. According to EIA [7], the Henry Hub natural gas
spot prices in 2020 average $2.11/MMBtu, and are expected to increase in 2021 with an annual average
of $2.98/MMBtu (see Figure 3). In addition, U.S. natural gas prices have changed so much that U.S.
crude oil prices and gas prices index have deviated from the rest of the world. Since 2009, hydrocarbon
prices in the country have been propagating in various ways. As a result, there has been a huge surge
in the oil and gas price ratios [22]. At the same time, U.S. gas prices have shown a significant decline
compared to the Europe gas prices and Asia-Pacific’s LNG prices, since they are in line with crude oil
prices [22].
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Figure 3. Henry Hub natural gas spot price (2016-2021). Reproduced from U.S. Energy Information
Administration [7], ETA: 2020.

Shale gas transformation has had positive impacts on the U.S. economy by forming additional job
opportunities. It makes gas-consuming industries more competent and a source of revenue for state
and federal government. Some of the specific impacts can be seen as follows:

2.1. Expansion of Gas-Powered Plants: Cheaper Electricity

Gas prices have dropped significantly as result of the rise in shale gas production. This allows
power plants to generate electricity at a much lower cost [23]. In April 2015, natural gas generation
surpassed coal generation as the primary energy supply on monthly bases for the first time ever in
the history of the United States [24]. Ample and secure supplies of low-priced gas have led to the
development of gas-based power plants in the United State. For the last ten years, electric energy
produced from gas-based stations has increased by 50% or more as power plants replaced coal with
gas [22]. This trend is pleasing as the carbon footprint of natural gas is as low as half that of coal.
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2.2. Feedstock Price Reduction

U.S. petrochemical manufacturers use gas as their feedstocks have sufficiently profited from the
dropped input budgets. This has made them more competitive over companies outside the United
State. In the early years of this century, high feedstock costs lead to many companies migrating their
process plant to the Middle East and Asia. However, many manufacturers have decided to reverse this
trend, including Chevron Phillips Chemical, Exxon Mobil and Dow Chemical, investing more of their
capital in the U.S. petrochemical business [22].

2.3. Creation of Job Opportunities

The growth of shale gas productions has created new jobs around the United States. In 2010, it was
predicted that shale gas operations have offered 601,000 employment opportunities to the workers
within the value chain [25].

2.4. One of the Main Sources of US Government Revenue

The U.S. government has gained benefits from shale gas development through the good amount
of revenues that the industry has provided to the country. It was predicted that the government had
received around USD $18.6 billion in taxes (about USD $9.6 billion in federal taxes/USD $8.8 billion in
state and local taxes) from the industry [25]. These drastic changes have led to the transformation of
U.S. position for energy supplies. It further intensely reformed the way the trade flow behaves in the
global gas market. Furthermore, 14% of entire U.S. natural gas supply was made up of shale gas in
2009, and the number is predicted to continue to surge and reach 45% of U.S. total natural gas supply
in 2035 [26], see Figure 4.
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Figure 4. U.S. natural gas supply projections (1990-2035) Reproduced from U.S. Energy Information
Administration [26], ETA: 2020.

In just a few years, from being one of the main importers of LNG, the U.S. is predicted to become
a gas leading exporter for several years to come. For example, in Annual Energy Outlook 2006 [27],
the U.S. EIA had projected that, by 2030, the country LNG imports would achieve about 334.5 million
metric standard cubic metres per day (mmscmd). Furthermore, it is estimated that the U.S. would
export 47.6 mmscmd of LNG by the year 2030 [4]. Therefore, the accomplishment of U.S. has achieved
from shale gas extraction that has given rise to bigger attention over the possibility for this industry to
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alter energy markets in the other countries. In one of the evaluations for the European region, Poland
has the biggest technically recoverable shale reserves (145.8 tcf) [28]. Meanwhile, Argentina (801.5 tcf),
China (1115.2 tcf) and South Africa (389.7 tcf) have the main supply base in South America, Asia and
Africa, respectively [9].

Kersting et al. [29] argued that the shale gas production has limited impact outside U.S. before the
year 2030. Therefore, U.S. has gained from shale gas extraction, which indicates that it has the most
predicted reserves. U.S. has taken 8% of the world total technically recoverable reserves. Economically,
however, the current market has massive potential for exploring shale gas resources across the globe.
More efficient technologies that increase shale gas production reduce the costs and make the shale
gas economically feasible to produce. Looking at South America, Argentina makes about 56% of the
investments in the shale gas business. These are being encouraged by the Argentinean government
with the intention to alleviate the falling-off of the conventional oil and gas industry as well as reducing
the reliance of imports from Bolivia.

Also in Europe, several countries are currently in their progress in shale gas exploration [30].
Two countries from this region, namely France and Poland, keep about 45% of the assessed shale gas
resources. However, it was suggested to reduce the reliance on Russian imports and reach zero carbon
discharge. Therefore, the environmental factors associated with hydraulic fracturing have made some
of the European countries reconsider their plans on producing shale gas resources. In fact, this may
also be the reason why Bulgaria and France have banned fracking in their counties.

In the Asian region, China is currently holding the shale basin with the earth’s largest resources.
It makes up about 15% of the total reserves and nearly 81% of the resources in the region. The Chinese
have used significant and diligent methods in harvesting the potential of their large shale gas reserves.
Thus, to improve their knowledge and expertise, Chinese National Oil Companies (NOCs) have
been actively linking their shale gas businesses with the U.S. through acquiring shares and making
joint ventures.

3. The Shale Gas Extraction Technologies

3.1. Water Usage in Shale Gas Exploration

Shale gas exploration involves a massive amount of water. Five categories of water components
in shale gas exploration have been explained.

3.1.1. Seepage from Inappropriately Built Gas Wells

One of the crucial aspects to consider regarding hazards in fracking which affects environment,
human health and money is well integrity [31]. There are signs that show leaks of wastewater that
can contaminate shallow aquifer in zones next to shale gas production. Over time, both brine water
and fracking fluids from the shale gas site, as well as secondary processes, were triggered by the high
methane content in the groundwater (i.e., sulfate reduction). They could possibly influence the water
quality in aquifers where shale gas wastewater pollution can be found [32]. Hence, contamination of
wastewater is an indication of upcoming water quality deprivation, as it was detected in previous
conventional oil and gas wells.

3.1.2. Insufficient Attention Given to Waste Management

While it is essential to make certain that there is zero well failure, the management takes great
responsibilities. Shale gas exploration and extraction consume a huge amount of water. If care is not
taken seriously enough, there would be a risk of contamination caused by leaks, spills or fracking fluid
dumping and wastewaters that are inappropriately treated [33].
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3.1.3. Accumulation of Harmful Substances

Similar to extracting the conventional oil and gas wells, producing from a shale gas site may
pose a risk of buildup of metals and harmful radioactive substances on pond, river and stream
deposits near stray water dumping or spill sites. Nonetheless, instances of such accidental discharge
are virtually non-existent or unreported. The extra long-term influence by gradually liberating
poisonous substances and radioactive elements to the ecosystem around the affected zones can be
seen. For example, Mrdjen and Lee [34] found that, out of 36 drinking water wells, nine had been
affected by stray gas (methane and ethane) due to neighboring hydraulic fracturing activities in
Northeastern Pennsylvania.

3.1.4. Over Usage of Valuable Water Resources

A massive amount of water is needed for shale gas development. However, water scarcity may
occur in lands where water supply is limited or may occur from overexploitation of water [35].

3.1.5. Induced Seismicity

It is rare to receive a report of fracking causing tremors felt. However, reinjecting wastewater
formed from the fracking procedure into deep wastewater wells can “induce” small earthquakes.
Stray gas and water contamination dumping sites classically remain functional much longer and have
much more liquid reinjected than wells. Those that are hydraulically fractured can elevate pressure
levels of the underground rock higher than the fracking process, where the possibility of induced
quakes may be increased. Most wastewater injection sites have no sign of tremors. It requires a mixture
of many causes for injection to make earthquakes be felt [36].

3.2. Hydraulic Fracturing

Hydraulic fracturing technologies use a fluid as the medium to break reservoir formation.
Hydraulic fractures are created by the means of fluid injection. It is accomplished by thrusting the
fracturing fluid into the drilled borehole with a force high enough to elevate downhole pressure to
surpass the strength of the formation (fracture pressure). Today, the name “hydraulic fracturing’
is typically applied to address the method of breaking reservoir rocks with water-based liquids.
In applied science and engineering terms, hydraulics is a division of science with the specific focus on
the physical properties of fluids, mainly liquids, in motion. In view of defining this term, this work
classifies “hydraulic fracturing” under all methods that use liquids (as well as emulsions and foams)
as the fracturing medium.

7

Utilizing water as a base liquid for hydraulic fracturing is a later advancement. As presented
by Montgomery [37], the initial fracking operations were at first performed with gelled crude and
later with gelled kerosene. Before 1952, numerous fracturing operations were carried out with refined
crude oils. These liquids were cheap, allowing more volumes of fluids for bringing down expenses.
In 1953, however, water began to be utilized as a fracking liquid, and various gelling mediums
were created. Surfactants were mixed as additives to limit emulsions with the fracturing liquid.
Afterwards, other clay-stabilizers were created, allowing the utilization of water in a bigger number of
drilling sites with different formations. Thus, different developments such as foams and the mixing of
alcohol have increased the utilization of water in more underground structures. In aqueous liquids,
however, corrosives, water and saline solutions were utilized then as the base liquid in roughly 96%
of all fracking operations applying a propping medium [38]. During the early 1970s, a noteworthy
development in fracking liquids was the utilization of metal-based cross-linking mediums to improve
the thickness of water-based fracking liquids for formations with a greater degree of hotness. On the
other hand, gel stabilizers were created as more fracking operations have included high-temperature
formations with their first use as the application of roughly five percent methanol. Afterwards, non-gel
stabilizers that can be utilized on its own or mixed with the methanol were produced. Enhancements
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in cross-linkers and gelling mediums have brought about frameworks that allow the liquid to arrive
at the base of the wellbore in high-temperature formations before cross-linking—hence limiting the
impacts resulting from high shear [37]. The fracking liquid is a critical element of hydraulic fracturing,
not only about the specialized traits (rtheology, the capability to be applied in different downhole
environments, and so forth), but also its effect on the surrounding environment. In fact, a few of the
key concerns on the environment related to shale gas extraction at the moment are because of the water
consumption: the high volumes of water involved and leaked underground, the requirement to treat
flowback fluid, the possible occurrence of pollution of aquifers by seepage of chemicals utilized in the
fracking liquids, and so on.

3.2.1. Hydraulic Fracturing of Shales

No single method of hydraulic fracturing has totally functioned for all. Every shale play has their
own properties that need to be encountered. For instance, various techniques have been tested in
the Appalachian reservoir, including the utilization of CO,, CO, foam as well as slickwater and N
fracking. To meet particular formation conditions, the content of fracking liquids must be changed.
Slickwater fracturing, which is utilized widely in Canadian and U.S. shale reservoirs, is suitable
for complex formations that are fragile and has naturally formed fracture and substantial water
tolerance. Brittle formations need the usage of proppant of better performance to attain the anticipated
permeability. As a rule, a fracking fluid is the mixture of three core elements: fracking fluid = base
liquid + additives + proppant.

The mixing of highly pressured gas (usually either CO, or N,) “energized” a fracking fluid.
This method offers a significant amount of the energy needed to retrieve the fluid and decrease the
amount of water placed on reservoirs that are not water tolerant. However, it has the drawback that it
lessens the proppant volume that can settle in the fractures.

In general, water-based fluids are the easiest and best cost-appealing way to fracture a shale
reservoir. Nonetheless, substitutes for water-based fluids have considerably achieved better results
than water usage in many formations. For instance, foams have been broadly applied around the
1970s in depleted conventional wells whereby water fracturing was not suitable. In some formations,
the relations between the reservoirs and the water-based fluids may be unfavourable to hydrocarbon
extraction [39]. There are some criteria proposed to rethink choosing fluids that are waterless.
These include:

1  Reservoirs’ water tolerance

The base mineral structure of a certain shale formation influences the production efficiency of oil,
gas and water. For instance, liquefied petroleum gas (LPG), CO,, oil-based fluids and high-grade foams
are suggested for reservoirs with low water tolerance to avoid unnecessary particles movement and
soil swelling. In many shale formations, proppant efficiency reduces significantly with the application
of water because the formation-fluid relations soften the shale resulting in proppant settling.

2 Water trapping

In under-saturated gas reservoirs, the intrusion of water can be very harmful to gas yield
when there is any extra water that is left and trapped owing to capillary retention. The surge in
water concentration (known as water blocking or water trapping) greatly decreases the gas relative
permeability [40].

3 Proppant transplant

Foam and other gelled waterless fluids can carry proppant much more efficiently than slickwater
fluids. At decent foam grades (gas volume fraction characteristically greater than 0.5), the network
between gas bubbles results in a high energy release that causes a high effective viscosity. At foam
grades (smaller than 0.5), however, the network between bubbles is negligible so the fluid viscosity is
similar to that of the base fluid (which is normally gelled).

4 Water accessibility and price
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Companies are restricted by the machines and the fluids readily accessible on spot. In zones
susceptible to water scarcity, fresh water can be hard to find. In some countries, the local regulation
even controls water consumption, which has encouraged some companies to apply non-aqueous
fracturing operations. On the other hand, the availability and the price of liquefied petroleum gas
(LPG), CO; and N are place dependent. Most of the expenses rely on the accessibility of the fluid.
The usage of a huge amount of gases involves the preparation of many trucks, special storing trucks,
and specific pumping units. Moreover, application of LPG will need extra safety procedures.

3.2.2. Water-Based Hydraulic Fracturing

In fracturing operation, there is no single type of fluid that can work for all. It is therefore
important to select the type of fluid to be used cautiously as it will decide what chemical additives
should be chosen, whether flowback treatment of that fluid is required, and others. Even though the
fluids discussed in this section consist mainly of water, there are some different types of water-based
fluids based on the additives that are added. Table 1 compares the characteristics of two sides of
water-based fluid technologies.

Table 1. Comparison between the characteristics of two side of water-based fluid technologies.

Early Stage (Slickwater—98% Water and Sand) When Gel/More Complex Additives are Used

Small widths, long fractures, higher connectivity and Wide, short fractures, lower connectivity and fracture
fracture complexity, more stimulated reservoir volume complexity, less stimulated reservoir volume

) i(;wipiroip};aﬁti tr}ﬁsf)o}t 7777777777777777777 G Badip;oiaﬁaﬁtitraﬂsﬁo;t 777777777777777
(Require more water at a higher velocity to prevent (Gel breaking time need to be more than fracture
proppant settling) closure time)

“Lowcost ] Highcost

"Nogeldamage Geldamage

Permitted by local law and regulation

The following include four (4) notable water-based fluids:

1 Slickwater

Slickwater fracturing is the simplest and most common form of water-based fluid in shale gas
exploration. The fluid contains mainly water and sand. The most significant advantages of slickwater
fracturing are less gel damage, low cost and larger stimulated formation. However, some factors that
need to be considered during slickwater fracturing include proppant settling, high water consumption,
and smaller fracture widths [41].

2 Linear fluid/ linear gel

Linear fluid is formed by mixing polymers to water. Polymers are powders that expand and
form a gel with a high viscosity when added to a solution containing water. The increase of viscosity
makes the proppant flow better than slickwater. Normally, the polymers used are guar, hydroxypropyl
guar (HPG), hydroxyethyl cellulose (HEC), carboxymethyl hydroxypropyl guar (CMHPG) and
carboxymethyl hydroxyethyll cellulose (CMHEC) [42]. The linear gel can fail in both low-permeability
and high-permeability formations. In low-permeability formations, the linear gel forms a thick filter
block that can reduce conductivity; in high-permeability formations, it forms no filter and results in a
great fluid loss [38].

3 Crosslinked fluid

Crosslinked fluid is made to enable gelling polymers to have higher performance without raising
their concentration. Organometallic crosslinked fluid is also another type of fluid developed by
Halliburton. The polymers that are mainly used are HPG, CMHPG, zirconate and titanate complexes
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of Guar [43]. Therefore, they are very stable for good proppant carriage at high temperatures and have
more expectable rheology. Borate crosslinked gel uses borate ions to crosslink the gelling polymers and
increase the viscosity more than linear gel [44]. As guar and HPG are the polymers applied normally,
it was reported that HPG is more stable at higher temperatures than guar [45]. This crosslink process is
reversible and is accomplished by changing the PH of the fluid, which makes it have good cleanup
property for recovered permeability and conductivity. It is verified that borate crosslinked gel can be
used in both low and high permeability reservoirs and is compatible with formations with temperature
as high as 300 °F [43].

4 Viscoelastic surfactant gel fluid (VES)

This fluid has been mentioned in the 1980s to lessen friction and for well treatment, but their
use for hydraulic fracturing is comparatively more recent. In principle, surfactants are used with
inorganic salts to produce ordered structures that make them more viscous. It is said that VES has high
zero-shear viscosity and, with less loading, it can transport proppant efficiently [46].

The VES is based on ionic structures and can be increased by mixing more electrolytes or surfactants.
Below are some of the traits of VES:

e Little additives are mixed without having to dampen polymers.

e No biocides are included.

e  No extra flowback surfactants included because of naturally having low interfacial tension.
e Do not involve extra clay control additives.

In short, what the operators are focusing on is removing the need to use clean fresh water by
using more complex mixture and maintaining the traits of a good fracturing fluid (stated in Table 1).

5 Zipper fracturing

Zipper fracturing can be done by the drilling of two parallel horizontal wells. Then, both of the
wells are fractured at the same time, which forces the ends of the fractures to force through to the
opposite well. Besides saving drilling cost and time along with reducing surface footprint, this process
induces fractures more deep and effective than a single horizontal well, which allows both wells to
yield more hydrocarbon at the same time [47]. The high pressure leads to longer fractures. This is
because it generates pressures that are due to the amount of proppant and fluid pumped [48,49].

6 Exothermic hydraulic fracturing

This method is about the concept of injecting chemicals during the hydraulic fracturing operation,
which produces heat and gas in response to the reaction. This heat and volume surge then generate a
pressure that creates fractures [50]. The method was tried in a research laboratory using cores from
tight formations in Saudi Arabia. It was found that both permeability and pore connectivity of tested
cores displayed a substantial increase after that treatment. However, a possible limitation of this
method is the localized effect. It requires proper stimulation for that heat and gas to reach the formation
far away from the well.

7 Hydraulic fracturing enhanced by water pressure blasting

Water pressure blasting is an approach that brings the use of water and explosives together.
A well is drilled to the desired depth and a gel explosive is injected. The hole is then injected with
water and sealed (at a pressure low enough where no fracture is formed). By activating the explosives,
water pressure blasting is accomplished. The process will produce energy that breaks the formation
and circular fractures. The operation is then continued with normal hydraulic fracturing to extend the
fractures even more. It is stated that experiments in coal seam gas wells have verified the process and
are able to increase the number and length of stimulated fractures [51]. This approach shows that it
can improve the way the fractures are originated and reduce water consumption. However, it can be
doubted that this method is economical to the shale gas industry without any proper proposal on the
depth of operation (since shale gas formation is far deeper than coal seam formation).
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3.2.3. Foam-Based Fluids

Foams can be utilized as fracturing fluid. Foams are two-phase fluids produced when a big part
of the inner phase capacity (normally more than half of the whole volume) is spread as tiny disperse
units through a continuous liquid form [52]. Owing to its viscous and less dense traits, foams are
very special and flexible. Researchers have proven that the viscosity of this fluid strongly relies on
foam grade (the gas portion of the overall mixture) and foam texture (the consistency of bubbles in the
mixture) [53].

In recent studies, CO, has been found to be useful in the fracturing operation. The fluid tested is
comprised of 75% volume foam of N; gas in liquid CO; as the base fluid stabilized by a CO,-soluble
foam [54]. The strength of this fluid is the extra viscosity gained by the foam. The abundance of Np
also lessens the cost of the fluid. Table 2 shows the kind of foams that can be made for fracturing [42].

Table 2. Kinds of foams used for fracturing.

Foam Type Core Component
_ Water-based foams Water and Foamer + N, or CO;
_ Acid-based foams Acid and Foamer + N,
_ Alcohol-based foams Methanol and Foamer +N;
CO,-based foams Liquid CO,+N;

3.2.4. Oil-Based Fluids

Oil-based fluid is a type of fracturing fluid with high-viscosity utilized in hydraulic fracturing
processes. It provides the best solution for reservoirs which are very reactive to water [55]. In the
Gasfrac process, LPG is gelled beforehand to increase the proppant transport ability of the fluid [56].
LPG is not gelled in the ecorpstim system. The system utilizes fine sand and carbon fullerenes as
floating proppants. Then, it mixes and dissolves into the reservoir which is retrievable usually within
24 h of production. Table 3 shows the potential benefits and drawbacks of using LPG for fracturing.

3.2.5. Acid-Based Fluids

The distinction between proppant fracturing and acid fracturing is their means of creating fractures.
Proppant fracturing breaks the formation mechanically through high pressure, while acid fracturing
creates fractures chemically by dissolving the formation. Thus, to make acid fluids work, the formation
needs to be partially soluble in acid (containing limestone or carbonate).

Although some shale rocks may be comprised of a good percentage of limestone and carbonate
(for instance, some high carbonate formations such as the Eagle Ford shale in the USA), the acid-soluble
part of the formation is not a continuous phase. It makes it hard to create a desired long fracture.
High fluid loss because of acid reaction with the rock is also another factor that makes long fractures
difficult to create [57].

3.2.6. Methanol-Based Fluids

A methanol-based fluid can be used as fracturing fluid. The ways to increase the viscosity of
methanol have been introduced in the water-based fluid section, which vary from foaming to gelling
the methanol with polymers. Methanol can also be energized with CO; and Nj to tackle severely
under-pressured formations. Thus, methanol has been commonly utilized as additives for fracturing
such as friction reducer, corrosion inhibitor, flowback enhancer, etc. [58]. Methanol fracturing has
been tested successfully in some low permeability formations, but the real application in the shale gas
industry is yet to be seen since the processes would require great safety measures.
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3.2.7. Emulsion-Based Fluids

An emulsion is a blend of two or more liquids that are not miscible and can be applied to fracturing
processes. There are some formations which can hold the water content in the foams (liquid trapping).
The formation results in damage owing to increased irreducible water saturation. Emulsion-based
fluids, in this case, can reduce the water quantity by replacing a percentage of the water content in
the foam with methanol for example. In a study where 40% methanol is used in the aqueous system,
the well yielded impressive production outcomes in some Canadian gas reservoirs [59]. Significantly,
emulsion-based fluids have been applied in some low-permeability reservoirs. However, no direct
usage of fluid of this kind has been found in the recent study.

3.2.8. Cryogenic Fluids

1 Liquid CO,
Studies have shown that CO, can be utilized in different methods, which include:

e Liquid CO; (commercially used).

e  Supercritical CO; (concept stage).

e CO, foam (described in previous section foam-based fluids).
e  COj thermal hydraulic fracturing (concept stage).

In the 1960s, liquid CO; has been applied in fracturing processes. At first, it acted as an additive to
fracturing processes and acid treatment to increase the fluid recovery [60]. The idea of using CO; as a
base-fluid was started in 1981 [61]. The utilization of supercritical CO, is comparatively recent [62-64].
Furthermore, what makes liquid CO; special is its physical properties. The same as water, it is inert,
making it able to change its form as a solid, liquid, gas and supercritical fluid based on its temperature
and pressure. In site processes, liquid CO; is stored at 2 MPa and —35 °C. It is then mixed with
proppant and pumped into the well, and the fluid is heated upon reaching the bottom hole. CO; is
collected as a gas during flowback. Specifically, supercritical CO, is formed when the compound is
heated and pressured until it surpasses its critical point (31.1 °C and 7.39 MPa). It has special physical
and chemical properties which make it have a good penetration rate while causing no damage to the
formation. Table 3 shows the potential benefits and drawbacks of using liquid CO; as the base fluid
for fracturing.

In terms of cost implications, high pumping rates are needed—low viscosity fluid requires more
pumping power for proppant transport. Proppant selection and price are amongst the economic
analysis factors for reducing the cost of operation and maximize net present value [65]. In addition,
frictional losses related to CO, increase the power needed as well [46]. Secondly, less rig time is
required, but no swabbing of the well is needed. This means no waste fluid needs to be disposed,
and the well is evaluated faster [61]. Liquid CO; is the significant and commercially used method in
the shale gas industry. Furthermore, some studies have encouraged the usage of liquid CO, in shale
reservoirs [66,67].

2 Liquid nitrogen

Liquid Nitrogen (N) can be used as fracturing fluid. This fluid is cold (=184 °C to —195 °C) and
can create thermal tensile stresses, which induces fractures when exceeding the tensile strength of the
formation. In theory, the thermal shock of a super cold fluid in contact with a warm rock can cause
fractures to form [68].

To make sure this fluid can be used safely, the surface manifold and wellhead must all be made
of stainless steel. There are also situations where operators use specific fibreglass tubes to shield the
casing from the cold gas. Table 3 also explains the potential benefits and drawbacks of using this fluid.
The usage of gaseous N, as a component (in foams, mists etc.) is common in the petroleum business.
The usage of liquid N in the industry is limited and perhaps owing to the expenses required. Hence,
the technology is commercially available and has been tested on shale reservoirs [68].

3 Liquid helium
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Liquid helium (He) can be used as fracturing fluid. It is a method established with the idea of only
using inert materials for fracturing operation. A moveable pressure was installed at optimal distances
in a drilled horizontal well, which allowed engineered pressure for each separated section [69]. This is
done to amplify the effect of the surge in volume of helium under exothermic conditions, where the
volume rises 757 times when heated from liquid to gas. As described in Table 3, the use of liquid He in
this business is unclear. Though Chimera Energy Corp has claimed the method as a game changer,
there is very little information available to verify it.

3.3. Pneumatic fracturing

In this method, a gas is injected into the formation at a pressure above the overburden pressure
and at a flow volume more than the natural permeability of the formation. Generally, the method
does not include the use of the proppant in the processes to preserve fracture stability. In addition,
the induced fractures are assumed to be self-propping. In theory, there is no maximum depth limit for
this method. Owing to the effects of gas compressibility, the pressure required during injection is two
to three times more than hydraulic fracturing would need.

So far, most projects that involve pneumatic fracturing have depths that varied from 3 to 15 m
(with the deepest recorded as 60 m). It is advised to include proppant for a depth of more than 30 m as
the increased overburden pressure can hinder self-propping. Like the potential benefits and drawbacks
of this method described in Table 3, the significance of Pneumatic fracturing method in the shale gas
industry may include:

e To be conducted in shallow shale reservoirs [70]. This aims to ease the process of removing
volatile pollutants.

e Gaseous N has also been used for shale gas extraction [71]. In addition, it has been used in
Devonian shale reservoirs in Ohio (USA) for natural gas production since 1985 [72].

3.4. Fracturing with Dynamic Loading

3.4.1. Explosive Fracturing

In this method, solid propellants are burned at suitable spots in the reservoir through a process
with a technical name called deflagration. It is a burning procedure that occurs without any oxygen
from outside sources. This method of fracturing creates a result which is different from the explosives
as the peak pressure is lower and burns for a longer time. The fracture length of this method is normally
in the range of a few feet to a few tens of feet at most. There are different technologies that have been
commercialized, though some may be similar to another:

e Gasgun [73]

e High energy gas fracturing [74]

e  Dynamic gas pulse loading [75]

e  Stimgun [76]

e  Dry Fracturing explosive propellant system (EPS) (at concept stage) [71]

3.4.2. Electric Fracturing

Electricity can be used to create mechanical load that fractures the formations.

1 Pulsed arc electrohydraulic discharges (PAED)

An energy wave is produced from the electrical reaction between two conductors positioned in a
wellbore full of water. The pressure produced can increase up to 200 MPa while the time interval is
about a hundredth of a microsecond. This spreads to the formation by the water in the wellbore and
forms fractures based on their closeness to the well [77-79].

2 Plasma stimulation and fracturing technology (PSF)
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This technique was developed in the Texas Tech University [80]. PSF induces numerous circular
self-propped fractures by a quick expansion of plasma using a patented high-energy electrical power
release method. The fractures are self-propped owing to shear movement. Combining the plasma
device with a pulse stepping algorithm extends the fracture produced by PSF up to 50 ft.

3.5. Other Methods

3.5.1. Thermal (Cryogenic) Fracturing

A method named “CO, thermal hydraulic fracturing” is proposed as a mix of conventional
hydraulic fracturing and fracturing induced by thermal stresses [60]. A huge amount of liquid CO,
is injected and remains in its liquid form in the reservoir, chilling down the targeted formation.
A temperature decrease of around 50-100 °C is required to create sufficient thermal stress in the
formation that induces fractures. The creators claimed that two years of monthly treatments are needed
before gas extraction can be done to increase enough fracture distance away from the stimulated area.

3.5.2. Mechanical Cutting of the Rock

The slot-drill is a cable saw system that works like a down-hole hacksaw. The process begins
with the drilling of a well to target depth and then cementing of a casing. The hole is then drilled
directionally to produce a shape of “J”. The drill string is then pulled back and a metal cable is then
fixed on one end of the drill pipe. The cable is held at some magnitude of tension as the pipe is put
back into the hole by its own weight. Under the tension, the cable hugs the inner radius of the curved
hole. It moves from side to side, and fractures cut upon each downward movement. The mechanical
force is a function of cable tension and radius of well curvature, which can be controlled to a certain
extent. Normally, the cut is done upward, but it can also be made directionally. The process can usually
last for two to five days. The cuttings are carried back to the surface by drilling fluid; see Table 3 for
the potential benefits and drawbacks of slot-drill.

3.5.3. Enhanced Bacterial Methanogenesis

Most of the time, there are parts of the shale formation that have not experienced enough
burial to create pressure and temperature needed to change the organic matter into hydrocarbon or
coal. This process is called thermogenic methanization. Recent studies have found that biogenic
methanization, where methane is produced from organic matter as the by-product of the normal
metabolism of microorganisms, which can occur in shale formations [81]. Table 3 provides the potential
benefits and drawbacks of enhanced bacterial methanogenesis.

3.5.4. Heating of Rock Mass

The same as its name, this method uses the heating of the formation. For example, heating rock
by steam injection or by other appropriate means, to enhance thermal maturity of organic matter and
increase the permeability (see Table 3 for the potential benefits and drawbacks of this method).

4. Conclusions

This paper serves as a comprehensive guide and review for different fracturing technologies.
Many promising methods were recognized. Some are already commercially available, while others are
under development or are at the concept stage. It is clear that fracking remains the favoured technique
used by the oil and gas industry. Some fracking methods such as pulsed arc electrohydraulic discharges
(PAED), plasma stimulation and fracturing technology (PSF), Thermal (cryogenic) fracturing, enhanced
bacterial methanogenesis, and heating of rock mass are at the concept stage for conventional other
unconventional resources. Therefore, these concepts were found to be significant for stimulating
natural gas wells, which provides very good production results. Table 3 explains the summary of the
potential benefits and drawbacks of shale gas extraction technologies.
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Table 3. Summary of the benefit and drawbacks of shale gas extraction technologies.

S/N Concept

Benefits

Drawbacks

Significance of the Method in the Shale

Gas Industry
Foams are commercially used for shale
gas exploration.
. Poor proppant transport, lower The Lower Huron Shale in the Appalachian
Water usage reduction fracture conductivity . . PR
. . ) L Basin [82]; Foam fracturing together with nitrogen
Using foam for Reduction of chemical additives used More expenses needed o R .
1 ¢ . . . . is significant for stimulating natural gas wells.
racturing Lessening of reservoir damage Complicated rheology . .
s - This method yields good very good
Improved cleanup capability characteristics . .
Greater pumping pressure needed production result.
Berea tight gas sands and Devonian Ohio shales in
L the Big Sandy in the eastern USA [83].
Zero water consumption
Full compatibility with reservoir . Both GasFrac and ecorpstim are commercially
X X Include the use of a huge quantity LT X .
Higher performance than water in applied in unconventional reservoirs.
R . of flammable propane (only o A . Lo
general (lower viscosity, surface and . . However, it is not clear if this method is applied in
. . . suitable for areas with low N
interfacial tension) less energy needed opulation density) shale gas operation.
Using LPG for for fracturing _popuatt Sty 2000 operations by the Gasfrac firm in North
2 ¢ . . s . More investment expenses needed ¥
racturing Rapid (within 24 h) and effective (close to Reliance on fluid recovery to America [84]
100%) recovery rate y The Eagle Ford Shale in Frio County, Texas [85]
. N . reduce total cost
Reduction of waste related risk, flaring . X . Heptafluoropropane (non-flammable propane),
X The need to be liquefied again - o .
and truck traffic when recovered but its stability appears as a global warming
Less chemical additives required hazard [86].
,,,,,,,,,,,,,,,,,,,,, Abundance of LPG .
. Zero water usage . .
3 Usmfg meth_anol for Compatible with reservoirs with low Dangerous fluid: Eow flash point
racturing (11.6 °C)
T _watertoleance o ________.
Depending on the type of substance in
the emulsion, the fluid can reduce:
. . Water usage . .
4 Using emulglon for Chemical additives needed May be expensive, depen'dmg on
fracturing B .. the content of emulsion.
etter productivity
Better rheological properties
,,,,,,,,,,,,,,,,, Compatible with shale formations _ ___ __________________________________________.
Drop in water consumption
Less chemical additives needed
Aiding in carbon sequestration
Drop in reservoir damage (By reverting to Low viscosity: need to reduce
gas, no clay swelling occurs) proppant concentration and size
Using liquid CO, as Improved complexity of Transport of CO, (2 MPa -30°C)
5 the base fluid for micro-fractures [67] CO; is corrosive with water
fracturing Better gas recovery by replacing the gas ~ Unclear expenses (high pumping
adsorbed in the rock [67] pressure needed, although less rig
Rapid and effective cleanup time required)
Low viscosity allows smaller proppant to
be used and enable more
,,,,,,,,,,,,,,,,,,,,, proppantcontrol _ _ _ __ __ __ _______________ . ___________.
Elimination of water consumption Extreme low temperature (specific
Zero chemical additives required equipment required)
6 Using liquid N, for Lessening of reservoir damage High cost
fracturing Thermal shock induces fractures, require Hard to execute as liquid N, can
less proppant. be heated up fast and become a
,,,,,,,,,,,,,,,,,,,,, Abundantmaterial ______gaseventhoughinsulationisused
There are some suggestions from EPA about the
Can be costly potential improvement on hydraulic fracturing [46]
Using liquid He for Elimination of water in operation Difficulty in obtaining the gas Fluids that are viscoelastic under high temperature
7 ;gracqmring Chemical additives not required (helium is the 71st most abundant ~ Polymers that associate with surfactants that can

9  Explosive fracturing

10 PAED for fracturing

11 PSF for fracturing

No reservoir damage

Elimination of water in the process
Zero chemical additives needed
Has the chance to get higher permeability
(open, self-propping fractures able to
transmit more volume of fluid)
Elimination of water in process
Zero chemical additives required
Less vertical growth away from the target
Cheaper than hydraulic fracturing
Greater number of fractures
Reservoir fractured without the use
of packers
Less damage from fluid incompatibility
Less on-site equipment required
More homogenous permeability achieved

Reduction of water consumption
Less chemical additives needed

Reduction in water usage
Less chemical additives needed
Executable with a very little number of
trucks (decrease of traffic)

element on earth surface)
Proppant cannot be used

Limited economical depth range
Limited capability as
proppant carrier

Restricted to substitute small to
medium hydraulic
fracturing operations
No proppant used, solely depends
on shear slippage to prevent
fracture closure
Has the potential to induce
seismicity

Permeability increase is limited up
to a few metres from the
treated area
This method does not
use proppant.

Can only substitute hydraulic
fracturing for small to medium
stimulation only

Restricted fracture ranges from
the point where it is stimulated
No proppant transports

be used as straight fluid or foams [87]
Fluids with produced water as its base (also based
on associative polymers)

Though this method is commercially available,
it appears to be largely replaced.
Dry Fracturing EPS is at the concept stage.

PAED is at its concept stage for application in the
industry [77-79,88,89].

This method seems to be in its concept stage.
The creator claimed that PSF can be custom
planned for flexible testing in both conventional
and unconventional hydrocarbon formations [80].
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S/N

Concept

Benefits Drawbacks

Significance of the Method in the Shale

Gas Industry
Reduction of water consumption
Zero chemical additives needed Huge amount of liquid
Aids in CO; sequestration & CO, require dq
i 2 . . L
12 Cryogenic fracturing Less reservoir damage (CO, would return Cost time (Extraction could only This method seems to be in its concept stage [60],

to the gas phase in the end; no clay
swelling)
Better gas recovery by replacing the gas
adsorbed in the rock [67]

start after two years
of stimulation)

which is suggested for tight reservoirs,

Elimination of water from operation
Zero chemical additives needed
The estimated cost is less than half of
other methods

Consistently outperformed by
hydraulic fracturing
operation [90]

Though this is a method specially made for shale
reservoirs, it is still in its concept stage.

Enhanced bacterial
methanogenesis

Elimination of water from process
Zero chemical additives needed
Potential to produce from immature
formations

Unknown operating cost

This method seems to be in its concept stage as it
requires an in-situ procedure though it has been
successfully tested in the laboratory. More research
is required to increase the production rate by
forcing methanogens to absorb more

organic matter.
© 7777777 Fracture porosity may not be significant, T oo o T m T
but fracture permeability is essential for
the performance of shale gas
production [91].
Water usage reduction
Zero chemical additives needed

Dehydration of rock: better porosity and

permeability [92]

Conversion of heavy oil to light oil [93]

The procedure is used for oil shale extraction. It is
at the concept stage for other unconventional
resources such as shale gas.

15 Shale rock heating Profitability is a challenge
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