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Abstract: Hydraulic fracturing operations are performed to enhance well performance and to achieve
economic success from improved production rates and the ultimate reserve recovery. To achieve
these goals, fracturing fluid is pumped into the well at rates and pressures that result in the creation
of a hydraulic fracture. Fracturing fluid selection presents the main requirement for the successful
performance of hydraulic fracturing. The selected fracturing fluid should create a fracture with
sufficient width and length for proppant placement and should carry the proppant from the surface
to the created fracture. To accomplish all those demands, additives are added in fluids to adjust their
properties. This paper describes the classification of fracturing fluids, additives for the adjustment of
fluid properties and the requirements for fluid selection. Furthermore, laboratory tests of fracturing
fluid, fracture stimulation design steps are presented in the paper, as well as a few examples of
fracturing fluids used in Croatia with case studies and finally, hydraulic fracturing performance and
post-frac well production results. The total gas production was increased by 43% and condensate
production by 106% in selected wells including wellhead pressure, which allowed for a longer
production well life.

Keywords: naturally fractured reservoirs; hydraulic fracturing; fracture design; fracturing fluids;
gelling agent; breaker; proppant; crosslinkers

1. Introduction

Reservoir stimulation and enhanced hydrocarbon recovery using hydraulic fracturing
was first applied in 1947 to Kelpper Well No. 1, located in Hugoton field, Grant County,
Kansas, and since then, hydraulic fracturing has become a common treatment to boost the
productivity of oil and gas wells [1,2]. Gasoline-based napalm was used as a fracture fluid
in this stimulation treatment. The first treatment of hydraulic fracturing in Croatia was
carried out only 11 years later, in 1958 [3].

In recent years, hydraulic fracturing has become a very common and widespread
technique, especially in North America, due to technological advances (such as directional
drilling, high-volume fracturing, fracture divergence systems, slickwater, multi-well pads)
that have allowed shale gas production to be technically and economically feasible [4].
In Europe, experience to date has been focused on low volume hydraulic fracturing in some
conventional and tight gas reservoirs, mostly in vertical wells [2]. According to Broomfield
and Lelland (2012) extensive shale gas resources are present in Europe but only Poland
and the UK have performed high-volume hydraulic fracturing for shale gas extraction
until 2012. However, some member states have already been active in developing shale
gas resources, for example Poland, Germany, the Netherlands, the UK, Spain, Romania,
Lithuania, Denmark, Sweden and Hungary [5].

Hydraulic fracturing (HF) is a well stimulation technique that involves injecting a
fracturing fluid (typically water, proppant, and chemicals) under high pressure into an oil
and gas reservoir through the well for the purpose of creating new fractures in the rock as
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well as increasing the size, extent, and connectivity of the existing fractures. The fracture
that develops is narrow, usually 2 to 3 mm in width and grows upward and outward,
widening slightly until a barrier is encountered or there is sufficient leakoff into side
fractures or a permeable formation to stop the fracture from growing [4].

HF is commonly used in low permeability rocks to increase oil and/or gas flow to
a well from conventional hydrocarbon reservoirs (e.g., sands, sandstones, and fractured
limestones and dolomites) as well as from unconventional reservoirs (with a permeability
lower than 1073 pum?, in rocks such as tight gas sands, gas and oil shales, coalbed methane,
heavy oil and tar sands, and gas-hydrate deposits) [6-8].

Hydraulic fracturing can increase the flow rate of oil and/or gas from low-permeability
reservoirs and from wells that have been damaged, as well as connect the natural fractures
in a formation to the wellbore [9].

A low permeability reservoir has a high resistance to fluid flow, and it is normally an
excellent candidate for stimulation by hydraulic fracturing.

Regardless of the permeability, a reservoir rock can be damaged during drilling and
cementing when drilling and/or completion fluids leak into the reservoir causing the
plugging of pores, a reduction in reservoir rock permeability, and a substantially reduced
fluid flow through the damaged reservoir (the skin factor is positive). Damage can be
especially severe in naturally fractured reservoirs. To stimulate damaged reservoirs, a short,
conductive hydraulic fracture is often the desired solution [2].

An increasingly important segment of the industry is currently stimulating naturally
fractured formations (e.g., tight sands and shales); where the assumptions of linear elas-
ticity, simple fluid leakoff, and planar geometry fail to hold [10-15]. Temporary plugging
during fracturing operations has become an efficient method to create a complex fracture
network in tight reservoirs with natural fractures. An accurate prediction of the network
propagation process plays a critical role in the optimization of the plugging and fracturing
parameters [13].

Hydpraulic fracturing uses different kinds of fracturing fluids to increase bottom hole
pressure. When bottom hole pressure (BHP) reaches the fracturing pressure of the reservoir
rock, the fracturing fluid starts to penetrate it, thus causing the creation of fractures.
Fracture initiation and propagation are mainly affected by rock properties, confining
pressure, pressurization rate and fluid type [16]. In theory, hydraulic fractures should
propagate in the direction of maximum principle stress, but due to the inhomogeneities of
rock strength and pre-existing fractures in rocks, the direction of hydraulic fractures does
not always follow that path [17]. After the pump pressure is released, a proppant should
be set in the created fracture to prevent fracture closure [18].

Therefore, the selected fracturing fluid is a crucial component of hydraulic fractur-
ing and its composition must be altered to meet the specific reservoir and operational
conditions.

According to the base fluid, the following fracturing fluids are distinguished: water-
based fluids, fluids based on produced water, oil-based fluids, acid-based fluids, alcohol-
based fluids, foam-based fluids, emulsion-based fluids and energized (cryogenic) fluids
(COy, Ny, etc.) [2,6,7,19-21]. Each of these fluids has its advantages and disadvantages and
a specific area of application.

Since the first hydraulic fracturing treatment, the composition of fracturing fluid is
being improved in order to achieve better proppant transportation and the creation of
the desired fracture geometry to enhance the productivity of low permeability reservoirs.
Besides those two fluid functions, great attention is focused on developing new envi-
ronmentally acceptable additives which will increase fluid thermal stability and reduce
reservoir damage after fractures are made [22-25].

Aqueous fluids such as acid, water, and brines are now used as the base fluid in
approximately 96% of all fracturing treatments employing a propping agent [2]. For con-
ventional reservoirs, crosslinked guar-based fluids are mainly used as fracturing fluids.
Borate crosslinkers are the most commonly used crosslinker in fracturing fluids. However,
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they exhibit a lower performance at high temperature, high pressure, high water salinity,
and low pH applications. These problems are solved by using zirconium crosslinkers [26].

Nj-energized fluid, CO,-energized fluid, N, foam and CO, foam have been widely
applied, especially in water-sensitive formations [27]. These energized fracturing fluids
are able to help control fluid leakoff and assist load fluid recovery during flowback [27].
The amount of frac fluid recovered on flowback in shales may range from 5% to 50% [4].

Recently, researchers have been looking for a fracturing fluid that fulfills their require-
ments in deep, high temperature wells [24,25,28]. An ultra-high temperature hydraulic
fracturing fluid has been developed by Song and Yang (2016) [25].

The existing conventional hydraulic fracturing technology faces problems, such as
reservoir damage, equipment abrasion, low effective propped area, and early screenout.
Luo et al. (2020) proposed a novel self-propped fracturing fluid (SPFF), which remains
in the liquid phase before entering the fracture and forms solid proppant particles when
stimulated by the reservoir temperature after entering the fracture (chemical proppant,
CP). The test results showed that the leakoff volume and core damage level of the SPFF
were less than that of a conventional fracturing fluid, thereby effectively reducing damage
to the reservoir permeability [29].

Hydraulic fracturing for natural gas extraction from unconventional reservoirs has
raised public concerns over its potential environmental impacts on human health, drinking
water, air quality, landscape, etc., and especially on the contamination of shallow ground-
water aquifers [4,18,30,31]. A couple of research projects have investigated groundwater
contamination resulting from shale gas development. However, a few studies have re-
searched the potential contamination of groundwater through leaky abandoned wells in
shale gas development projects [32,33]. The long-term simulation shows that only 0.02%
of injected fracturing fluid reaches the aquifer, so the risk is low [32]. For assessing the
potential impact of hydraulic fracturing on groundwater aquifers, a conceptual model
using a generic features, events, and processes (FEP) database has been developed [34].

According to Almubarak et al. (2020), hydraulic fracturing treatments consume at
least 757 m® of water in conventional wells and up to 60,567 m> of water in unconventional
wells [35]. However, 39 m? of fluid and approximately 7000 kg of proppant were used to
perform one HF in Croatia, which is far less than the stated amount [3].

The use of water causes many potential damaging issues in the formation and limits
the amount that can be saved for future generations. One solution is the use of waterless
fracturing fluids (hydrocarbon-based, liquid CO,, energized, and CO, and N, foamed
fluids) which were developed to reduce or eliminate the need for water in hydraulic
fracturing [35].

The aim of this research is, in a systematic way, to present fluid design and testing, dif-
ferent types of fracturing fluids, their advantages, disadvantages and the area of application
with an emphasis on fluids for hydraulic fracturing of naturally fractured reservoirs. Along
with a detailed analysis and quantification of fracturing fluids and their application for the
hydraulic fracturing of naturally fractured formations, for the first time, we endeavored
to comprehensively review and jointly present the available laboratory tests, fluids and
additives, and their application in the practice of hydraulic fracturing. This paper can assist
in fluid selection and in the design of fracturing treatments. Additionally, four field case
studies of hydraulic fracturing in different types of reservoir rocks (carbonate, siltstone,
and quartzite) in Croatia are presented and analyzed.

2. Relationship between Hydraulic Fractures and Natural Fractures

Commonly, a fractured reservoir presents a matrix with a low permeability but with
a high storage capacity of fluid. The networks of fractures within the reservoir vary in
aperture, length-scale and density of fractures. The production of naturally fractured
reservoirs is highly influenced by these features, which increases the permeability and
alters the flow trajectory and the pressure in the reservoir [36]. Lu et al. (2020) conducted a
numerical simulation using a complex fracture development model where the interaction
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between one single hydraulic fracture within a temporary plugging segment and multiple
natural fractures was observed. The numerical results demonstrated that the opening and
development of a natural fracture are mainly dominated by its approaching angle and
relative location [13].

The physics of the interaction between the hydraulically induced fractures and the
natural fractures in the rock is often disregarded [10]. Understanding hydraulic fracture
interaction with natural fractures aids in optimizing fracture treatments in permeable
reservoirs that need dominant fractures which accept a high proppant concentration. It is
then beneficial to initiate a fracture with a high rate from a small perforation cluster and
preferably with the circulation of crosslinked gel to the perforations [11].

During hydraulic fracturing, the interaction of hydraulic fractures with natural frac-
tures can result in the formation of complex fracture networks in carbonate reservoirs and
influence well productivity [12]. To solve this problem, the researchers applied different
models, but in this paper, we briefly mention only two of them, developed by Shrivas-
tava et al. (2018) and Alsulaiman et al. (2020). Shrivastava et al. (2018) studied this
interaction in three-dimensions (3-D) and presented a hydraulic fracturing simulator that
solves the coupled fluid flow and geomechanics problem for 3-D fractures and captures the
physics of fracture growth and the intersection of a hydraulic fracture with a pre-existing
discrete fracture network. They observed that as a hydraulic fracture approaches a natu-
ral fracture, the natural fracture simultaneously experiences compressive (the region of
the natural fracture shadowed by the hydraulic fracture) and tensile (the region of the
natural fracture in front of the hydraulic fracture) stresses which can further result in the
partial failure of the natural fracture and in both the crossing and the intersection of the
hydraulic fracture with the natural fracture [14]. The presence of natural fractures in car-
bonate reservoirs, which are candidates for acid fracturing, tend to reduce the productivity
of acid fractured wells, because the natural fractures increase leakoff, which causes the
main hydraulic fracture to be shorter [15,37-41]. Alsulaiman et al. (2020) developed a
model to explain acid (reactive fluid system) distribution in hydraulic and intersecting
natural fractures and then used it to explain the complex interactions of acid fractures in
naturally fractured carbonate formations and to optimize acid fracture design parameters.
They found that naturally fractured reservoirs with a low permeability (10~° pm?) were
significantly different from hydraulic fractures not intersecting with natural fractures,
and because of the presence of natural fractures, the acid fractured well productivity in-
dex (PI) is lower. This negative impact of the natural fractures becomes less significant
as the reservoir permeability increases, and for high reservoir permeability (10-2 um?),
the difference in productivity index between high permeability reservoirs with or without
natural fractures is negligible. As for the impact of the acid injection rate on well produc-
tivity in naturally fractured reservoirs, a high acid injection rate is recommended in low
permeability reservoirs, but it should be moderate in high permeability reservoirs [15].

3. Materials and Methods

Publicly available articles as well as approved data on examples from the company’s
practice were used in the preparation of this article. The collected data were analyzed and
logically synthesized.

4. Fracturing Fluid Design, Properties and Testing
4.1. Fracturing Fluid Design and Properties

For the successful performance of hydraulic fracturing, the ideal fracturing fluid
should meet the following requirements [6]: compatibility with the reservoir rock and
the reservoir fluid, proppant maintenance in suspension and their transfer from the sur-
face to the fracture, a sufficient value of viscosity for fracture creation, the generation of
enough of a pressure drop along the fracture to create a wide fracture, low fracturing
fluid loss, the exhibition of a controlled break to a low viscosity fluid for cleanup after the
treatment (effective flow back), low friction pressure losses during injection, to be formu-
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lated using chemical additives that are approved by the local environmental regulations
(environmentally friendly), to be easy to mix, safe for work and be cost-effective.

If a fracturing fluid is not compatible with the reservoir rock or fluid, a chemical
reaction between the fracturing fluid and the reservoir rock or fluid can occur. The conse-
quences of those reactions are clay swelling or migration, emulsion or residue formation
and matrix dissolving [6].

Another important feature of a fracturing fluid is the ability to carry the proppants
from the surface to the fracture. The function of a proppant is to keep the fracture open
after the hydraulic fracturing is completed. The traditional concept relies on viscosity to
enhance proppant transport during treatments. Fluid viscosity should be high enough
(from 100 to 1000 mPa-s) to create the fracture and to enable proppant entrance into the
fracture. After the fractures are created and the proppants are placed, viscosity should
decrease in order to accomplish the effective flow back of the fracturing fluid [20].

Optimal proppant placement is critical to maintaining productivity from stress-
sensitive reservoirs, in which gas conductivity depends on the connectivity of the network
of secondary fractures to the wellbore [42]. Di Vaira et al. (2020) proposed a novel numeri-
cal approach for predicting proppant transport through a secondary fracture system, with
far-reaching applications to porous media particulate transport [42].

Fracturing fluid rheology is used to evaluate its ability to carry a proppant. The frac-
turing fluid experiences different shear rates when it is pumped downhole. It is subjected
to a large shear when flowing through the tubing, and a small shear when flowing through
the fractures. Shear thinning properties of fracturing fluids are preferred since they can
provide suspension stability and reduce friction during pumping. However, the ability of
the fracturing fluid to perform shear recovery quickly as it transitions from a high shear
regime in tubing to a low shear regime as it enters the fracture is crucial to avoid wellbore
screenout [43]. The fracturing fluid viscosity and injection rate can influence the HF natural
fracture and thus the complexity of the fracture geometry [44].

Density is an important property of a fracture fluid because it affects the surface
injection pressure and the ability of the fluid to return to the surface after treatment. Water-
based fluids generally have densities near 1006 kg/m?, which are 20% to 30% higher
than the densities of the oil-based fluids, and substantially higher than the densities of
foam-based fluids. Low-density fluids can be used in low-pressure reservoirs to assist in
fluid cleanup, but in certain deep reservoirs it is necessary to use fluids of a higher density
(even over 1440 kg/m?).

In the HF of the high permeability formation, a fluid loss additive is often added to
the fracturing fluid to reduce leakoff and improve fluid efficiency. The fluid efficiency is
the percentage of fluid that is still in the fracture at any point in time, when compared
to the total volume injected at the same point in time. Ideally, a fluid efficiency of 40%
to 60% will provide an optimum balance between creating the fracture and having the
fracture close down after the treatment. A fracturing fluid has low efficiency (10% to 20%)
if too much fluid leaks off and the created fracture volume will be only a small fraction
of the total volume of injected fluid. However, if the fluid efficiency is too high (80%
to 90%), the fracture will not close rapidly after the treatment. In the HF of most low
permeability reservoirs, fracture fluid loss and efficiency are controlled by the formation
permeability. In the HF of naturally fractured formations, the leakoff can be extremely
high, with efficiencies down in the range of 10% to 20%, or less. To fracture treat naturally
fractured formations, the treatment often must be pumped at high injection rates with fluid
loss additives.

4.2. Fracturing Fluid Testing

For the successful implementation of the hydraulic fracturing process, frac fluid
testing, water analysis, and proppant analysis are extremely important [45]. Samples
of the base fracturing fluid (usually water) should be taken and analyzed. Basic and
advanced fracturing fluid testing include linear gel rheology, high-temperature, high-
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pressure (HTHP) rheology, viscosity profiles, breaker profiles, and regained permeability
(see Table 1). For example, in the case of using a water-based fluid (a combination of a linear
and crosslinked gel) with various gel loadings (depending on the formation parameters)
a stability test, variance test, shear test and breaker test must be carried out. Every test
(graph) must include the composition (with the name and additive concentrations) of the
tested fluid, the name of the instrument with configuration sleeve/bob, the temperature
at which the test was performed, water characteristics, linear gel temperature, pH and
viscosity at 300 RPM.

Table 1. Fracturing fluid testing.

Fracturing Fluid Testing

Test Description

HTHP rheology up to 204 °C and 10.3 MPa. Used for standard
crosslinked gel testing (Standard ISO Testing).

HTHP rheology—Model 7600 HTHP rheology up to 316 °C and 276 MPa.

Rheology—Model 50

Ambient pressure rheology for non-crosslinked fluids such as

Linear gel rheology base linear gels. Temperature up to 88 °C.

Constant shear testing performed on model 50 or model 7600
Viscosity and breaker profiles  (depending on temperature and pressures desired) to determine
the viscosity profile or breaker effectiveness vs. time.

Testing to determine the percentage of permeability reduction a
Regained permeability fracture fluid could potentially cause as a result residual fluid
left in the formation.

The chemicals used for stimulation operations are extremely sensitive and, as such,
require the base water to be of a particular quality. Typically, a water analysis is carried
out on the base fluid to determine the minerals and type of bacteria present. Therefore,
before the fracturing fluid is prepared, the water for based fluids is sampled and its quality
is analyzed. It is necessary to state the water source, sample date, and test temperature.
Water quality testing includes chlorides, sulfates, pH, calcium (hardness), nitrates and total
dissolved solids (TDS).

Commonly analyzed parameters, their required values, as well as the quality of the
base water (ground water from the company’s wells or fresh water from the public supply
system) used for preparing fracturing fluids in Croatia are listed in Table 2. Data from the
water analysis can be used to select the additives needed to mix the viscous fracturing fluid
required to create a wide fracture and to transport the propping agent into the fracture.
In addition, samples of the additives used during a treatment and the fracture fluid after
all the additives have been added should be taken and saved in case future analyses
are required.

Proppant analysis includes: sieve analysis, sphericity and roundness, crush resistance,
turbidity, bulk, apparent and absolute density, acid solubility, unconfined compressive
strength of the proppant, short- and long-term proppant conductivity and simulated
fracture window (see Table 3). The current standard test methods for testing proppants
used in hydraulic fracturing is ISO 13503-2 (which replaced API RP-56/60/61) [46].

A field lab must be equipped for water analyses testing, including a pH meter, density
meter, thermometer, viscometer for linear gel measurement (Fann-35 or equivalent), Fann
Rheometer Model 50 (or similar from another manufacturer) to simulate bottom hole
conditions, a hot water bath and other auxiliary tools. The Model 50 Rheometer is a
rotational viscometer designed for testing fracturing fluids at temperatures up to 260 °C
and pressures up to 7000 kPa in a coaxial cylinder chamber. INA—Industrija nafte d.d.—the
Croatian oil company, has accepted the Fann 50 tests run with an R1 sleeve and a B5 Bob
configuration (R1-B5) at a shear rate of 100 s~ 1.
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Table 2. Water analysis [3].
Water Analysis
Parameter Required Value Range of Values for Water Used in Croatia
pH <8 5.7-7.9
Iron (mg/L as Fe) <10 <0.005-9.64
Total Hardness (mg/L as Ca, Mg) <500 42.3-443.35
Chloride (mg/L as CI) <1000 0.071-63
Sulfate (mg/L as SOy4) <100 0.045-70
Salts (mg/L) <1.5 0.1-104
Bicarbonate (mg/L as CaCO3) <600 13.7-634.6
Density (kg/dm?) <1.005 0.9998-1.0009
Table 3. Proppant analysis.
Proppant Analysis
Test Description

Proppant conductivity

Short- and long-term proppant conductivity.

Proppant UCS

Determines unconfined compressive strength (UCS) of proppant (for resin-coated
proppants).

Composite sieve analysis

Determines the gradation of a sample. Sieve sizes include applicable sizes through number
200 mesh.

Sphericity and roundness

Characterizes the physical appearance of proppant.

Crush resistance

The strength of proppant is determined by quantifying the amount of proppant crushed at a
given stress.

Determines the amount of suspended particles or fine matter present in fracture sand by

Turbidity measuring the optical scattering and absorption of light from particulate matter suspended
in a wetting fluid.

Bulk density Describes .the mass of proppant that fills a unit volume, including both proppant
and porosity.

Apparent density Measured with a low viscosity fluid that wets the proppant particle surface. It takes into

account the volume of pore space inaccessible to the fluid.

Absolute density

Density of the proppant, excluding the inaccessible pores in the proppant and void spaces
between the proppant itself.

Acid solubility

Often used to indicate and quantify the presence of impurities in fracture sand.

Simulated fracture window

A large-scale physical model consisting of two pieces of Plexiglas held 6.35 mm apart. This
is used to visually observe fluid flow through a simulated 6.35 mm fracture. Useful for
comparative testing between two fracture fluids.

Properties such as proppant transport capabilities, for example, can be tested and
qualitatively and quantitatively measured. The model is 0.91 m tall and 2.44 m long.

5. Fracturing Fluids—Composition and Additives

The two main functions of a fracturing fluid during hydraulic fracturing are the

transfer of energy from the frac pumps to the formation, creating the fracture and the
transport and suspending the proppant. Since the goal of hydraulic fracturing is to increase
the production of hydrocarbon, a fracturing fluid must be compatible with the formation
minerals, minimize proppant pack and surrounding formation damage and be easily
recovered after hydraulic fracturing [19].
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5.1. Classification of Fracturing Fluids

Fracturing fluids are divided into seven categories: water-based fluids, oil-based
fluids, acid-based fluids, alcohol-based fluids, energized fluids, foams, and emulsions [47].
The classification, type, composition, advantages, and disadvantages of fracturing fluids
are presented in Tables 4-10 modified according to [7,19,21,48,49]. Water-based fluids, oil-
based fluids, energized fluids and foams are considered conventional fluids and viscoelastic
surfactant fluids, methanol-containing fluids or 100% methanol, liquid CO,-based fluids
and liquefied petroleum gas-based fluids are considered unconventional fluids.

Table 4. Water-based fracturing fluids. HPG: hydroxypropyl guar; HEC: hydroxyethyl cellulose; CMHPG: carboxymethyl
hydroxypropy1l guar; CMHEC: carboxymethyl hydroxyethyl cellulose.

Base Fluid Fluid Type Composition Used for

linear gel water, guar, HPG, HEC, CMHPG short fractures, low temperature

water, crosslinker, guar, HPG,

crosslinked gel CMHPG or CMHEC

long fractures, high temperature

short and narrow fractures, low

slickwater water, sand, additives
temperature

viscoelastic surfactant gel
(micellar)

moderate long fractures, moderate

ater, electrolyt rfactant .
water, electrolyte, suriac high temperature

Water

Advantages

The most commonly used fracturing fluids, their behavior in well conditions is the best researched, they are
reasonably priced, they can be designed for different types of reservoir rocks, and they can be applied in a wide
range of temperatures.

Disadvantages

Water can cause severe emulsions that can lead to emulsion blockage cases, as well as water blockage cases in
tight gas wells. There is a risk of inorganic scale precipitation near the wellbore, which can cause alterations to
relative permeability, can increase near wellbore skin and reduce production rates.

Table 5. Oil-based fracturing fluids.

Base Fluid Fluid Type Composition Used for

linear gel oil, gelling agent short fractures, water-sensitive formations

crosslinked gel oil, gelling agent, crosslinker long fractures, water-sensitive formations

emulsion water, oil, emulsifier moderate length fractures, good fluid loss control

Advantages

Water usage is very reduced or completely eliminated. Fewer (or no) chemical additives are required. Flaring and

Qil truck traffic is reduced. There is a lower viscosity, density and surface tension of the fluid, which results in lower
energy consumption during fracturing. They are compatible with shale reservoirs. There is no fluid loss. They
increase the productivity of the well. Recovery rates (up to 100%) are possible. The cleanup is very rapid, often
within 24 h.

Disadvantages

They are potentially riskier than other fluids and more suitable in sparsely populated areas because they require
large quantities of flammable propane. There is a higher investment cost. Their success relies on the formation
ability to return most of the propane back to the surface to reduce the overall cost.
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Table 6. Acid-based fracturing fluids.

Base Fluid Fluid Type Composition Used for
linear gel acid, guar or HPG short fractures, carbonate formations
Acid crosslinked gel acid, crosslinker, guar or HPG long and wide fractures, carbonate formations,
emulsion acid, oil, emulsifier moderate length fractures, carbonate formations

The application of acid fracturing is confined to carbonate reservoirs and is never used to stimulate sandstone, shale,
or coal-seam reservoirs.

Table 7. Alcohol-based fracturing fluids.

Base Fluid Fluid Type Composition Used for
methanol and water mixture or low permeability reservoirs with high clay
methanol and water .
100% methanol content, low formation pressure
Advantages

Water usage is very reduced or completely eliminated. Methanol is not persistent in the environment (it

Alcohol biodegrades readily and quickly under both anaerobic and aerobic conditions and photo-degrades relatively
quickly). It has excellent fluid properties: a high solubility in water, low surface tension and high vapor pressure.
It is a very good fluid for water-sensitive formations.

Disadvantages

Methanol is a dangerous substance to handle because it has a low flash point—hence is easier to ignite—a large
range of explosive limits, high vapor density and invisibility of the flame.

Table 8. Foam-based fracturing fluids.

Base Fluid Fluid Type Composition Used for
water-based water, foamer, N, or CO, low pressure formations
acid-based acid, foamer, N, low pressure, carbonate formations
alcohol-based methanol, defoamer, N» low pressure, water-sensitive formations
CO,-based liquid CO, + N low pressure formations
Foam Advantages

Water usage is reduced (or completely eliminated in the case of CO;-based foams). There is a reduced amount of
chemical additives. There is a reduction in formation damage. There is a better cleanup of the residual fluid.

Disadvantages

There is a low proppant concentration in fluid, hence decreased fracture conductivity. There are higher costs. The
foams have a difficult rheological characterization, i.e., flow behavior is difficult to predict. A higher surface
pumping pressure is required.
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Table 9. Emulsion-based fracturing fluids.

Base Fluid Fluid Type Composition Used for
water—oil emulsion water + oil water-sensitive formations,
CO,—methanol CO, + water + methanol unconven'tlonal (low permeability) f'ormatl'ons, but no
direct usage for shale gas stimulation
others -
Advantages
Emulsion  Depending on the type of components used to formulate the emulsion, these fluids can have potential advantages

such as: water usage is very reduced or eliminated, fewer (or no) chemical additives are required, the increased
productivity of the well, better rheological properties, and fluid compatibility with shale reservoirs.

Disadvantages

There are potentially higher costs. The costs could potentially be higher when compared to water-based hydraulic
fracturing, depending on the type of emulsion formulation.

5.1.1. Water-Based Fracturing Fluids

Water-based fracturing fluids include liner gel, crosslinked gel, slickwater and vis-
coelastic surfactant fluids (see Table 4).

Linear gel fluid is water containing a gelling agent such as guar, hydroxypropyl
guar (HPG), hydroxyethyl cellulose (HEC), carboxymethyl hydroxypropy1 guar (CMHPG)
or carboxymethyl hydroxyethyl cellulose (CMHEC). Polymers expand and form a high
viscosity gel. Other possible additives are buffers, biocide, surfactant, breaker, and clay
control. This fluid has a medium viscosity of 10-30 mPa-s, which results in improved
proppant transport and wider frac compared to water frac fluid. However, low viscosity
linear gels and friction reducers cannot offer efficient suspending characteristics within
the fracture under static conditions, which may lead to the early settling of the proppant,
so high-viscosity fluids have been the preferred method for increased proppant suspension
and transport [43].

A crosslinked gel fluid is made to enable gelling polymers to have higher perfor-
mance without raising their concentration. The polymers that are mainly used are guar,
carboxymethyl hydroxypropyl guar (CMHPG) or carboxymethyl hydroxyethyl cellulose
(CMHEC) and crosslinkers such as zirconate and titanate complexes, borate and aluminum
ions to crosslink the gelling polymers and provide a higher viscosity than that achieved by
a linear gel. This crosslink process is reversible and is accomplished by changing the pH
value of the fracturing fluid, which results in it having a good cleanup property for recov-
ered permeability and conductivity. Crosslinked gels are very stable for good proppant
carriage at high temperatures and have more expectable rheology. Using systems such
as borate-crosslinked fluid with the downside of considerable damage to the proppant
pack, typically results in about 85% regain conductivity. While this may still be acceptable,
the major limitation of these systems is the additional loss of needed fracture length [43].
For high temperature wells, guar-based fracturing fluids need to be formulated with higher
polymer loading and at a high pH, that leaves insoluble residue and a tendency to form
scales with divalent ions [50]. A thermally stable acrylamide-based polymer with a re-
duced polymer loading of 30—40% less than guar-based fracturing fluid was considered
to minimize formation damage concerns. With a polymer loading of 3 kg/m3, the fluid
viscosity stayed above 300 mPa-s at 100 s~ ! shear rate for 2 h at 143.3 °C [50].

The crosslinked guar and derivatized guar fluids have been successfully formulated
with seawater and used in wells at a bottom hole temperature (BHT) up to about 149 °C
and the Zr-crosslinked carboxymethyl hydropropyl guar (CMHPG) fluids have been
successfully formulated with produced water containing total dissolved solids (TDS)
up to about 280,000 mg/L and a hardness up to about 91,000 mg/L and used in wells
at a BHT of about 121 °C [51]. Almubarak et al. (2020) studied the influence of the
zirconium crosslinker chemical structure on the rheological properties of both biopolymer
(carboxy methyl hydroxy propyl guar, CMHPG) and synthetic polymer-based fracturing



Appl. Sci. 2021, 11, 2807

11 of 33

fluids. The performance evaluation shows that delay time, shear and thermal stability
can be enhanced by manufacturing the appropriate crosslinker chemical structure, thus
reducing additional additives required and saving cost. They also concluded that zirconium
crosslinker reactivity in a solution is influenced by the polymer type used [26].
Slickwater fluid contains mainly water and sand, so it represents the simplest and
most common form of water-based fluid. Generally, slickwater treatments use low viscosity
fluids pumped at high rates to generate narrow, complex fractures with low concentrations
of added proppant (24-660 kg/m?). The most significant disadvantages of slickwater
fracturing are proppant settling, high water consumption, and smaller fracture widths.
Viscoelastic surfactant gel fluid (VES) is composed of water, electrolytes and surfac-
tant. It is based on ionic structures and can be increased by mixing more electrolytes or
surfactants. Surfactants are used with inorganic salts to produce ordered structures that
make them more viscous, so this fluid has high zero-shear viscosity and, with less loading,
it can transport a proppant efficiently. Afra et al. (2020) showed that viscoelastic surfactants
(VES) can be used as a proppant carrier in order to replace polymers which possess a high
potential for formation damage. Although the limiting factor for the use of VES is their low
thermal stability, to enhance rheological properties and extend thermal stability, the authors
have designed a novel VES-based hydraulic fracturing fluid assisted by functionalized
carbon nanotubes (CNTs). Through the addition of CNTs in concentrations between 0.04
and 0.2 wt% to a solution of 6 wt% VES, rheological properties were enhanced by 40% [28].

5.1.2. Oil-Based Fracturing Fluids

Oil-based fracturing fluids include liner gel, crosslinked gel and emulsion fluids (see
Table 5).

Oil-based fracturing fluids were the first high-viscosity fluids used in hydraulic frac-
turing operations (before 1952). This type of hydraulic fracturing fluid is compatible with
almost any formation type [2]. It is used especially for reservoirs which are very reactive to
water because of the existence of swellable clays [7].

5.1.3. Acid-Based Fracturing Fluids

Acid-based fracturing fluids include liner gel, crosslinked gel and emulsion fluids (see
Table 6).

Al-Otaibi et al. (2020) presented a successful acid frac technique applied in a low
permeability, low porosity, high stress, high pressure and high temperature well drilled
in Kuwait. The subject well was drilled up to 5117 m with oil-based mud which had a
density of 2040 kg/m?> and was obtained by the addition of barite. Due to the invasion of
high-density mud into the carbonate reservoir, damage occurred and the operator decided
to design a proper stimulation treatment to restore the permeability and to evaluate the
reservoir potential. Acid treatment was performed with 28% emulsified acid solutions,
but pre- and post-stimulation flow measurement confirmed a slight improvement in
productivity. Therefore, based on the results, to achieve the expected potential, the operator
decided to carry out the hydraulic fracturing of the reservoir. During the main acid
treatment, a high injection surface pressure of 95.15 MPa was observed along with high
leak-off. The post acid frac results showed significant improvement in the productivity
index (PI) and production (three- to four-fold) [52].

5.1.4. Alcohol-Based Fracturing Fluids

Alcohol-based fracturing fluids include methanol and water mixture and methanol
(see Table 7).

Even methanol has been commonly used as a friction reducer or corrosion inhibitor;
in hydraulic fracturing fluids it has been tested successfully in some low permeability
formations. The real application of methanol-based fracturing fluids should be examined
more closely because its application requires great safety measures [7].
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5.1.5. Foam-Based Fracturing Fluids

Foam-based fracturing fluids include water-based foams, acid-based foams, alcohol-
based foams and CO,-based foams (see Table 8).

Foam-based fracturing fluids 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 [53]. The viscosity of foam-based fluid
strongly relies on the foam grade (the gas portion of the overall mixture) and foam texture
(the consistency of bubbles in the mixture). Owing to its viscous and less dense properties,
foams are very special and flexible.

Wanniarachchi et al. (2018) conducted fracturing experiments on a high pressure
triaxial apparatus. Siltstone specimens were fractured with water and foam (N, + water)
to investigate the effect of fracturing fluid on rock permeability and the fracture pattern.
To examine the fracture pattern and the fracture surface of the fractured specimens, they
used computerized tomography (CT) scanning and 3-D scanning technology. They showed
that fracturing with foam can induce a complex twisted fracture with a greater surface area
and an increased permeability of about 5 x 10° times greater than those obtained in intact
and water-fractured specimens [54].

Table 10. Energized fracturing fluids.

Base Fluid Fluid Type Composition Used for
liquefied carbon dioxide CO,
liquefied nitrogen N low permeability reservoirs,
liquefied helium He water—sensiti\./e formations, low
formation pressure
. . LNG (butane and/or
liquefied natural gas
propane)
Advantages
There are potential environmental advantages: water usage is very reduced or completely eliminated,
few or no chemical additives are required, and some level of CO, sequestration is achieved. There is a
reduction in formation damage (reduction in permeability and capillary pressure damage by reverting to
Energized Fluid a gaseous phase; no swelling induced) [27]. They form more complex micro-fractures, which can connect

many more natural fractures greatly, increasing maximally the fracture conductivity [55]. They enhance
gas recovery by displacing the methane adsorbed in the shale formations [55]. The evaluation of a
fracture zone is almost immediate because of rapid cleanup. The energy provided by CO; results in the
elimination of all residual liquid left in the formation from the fracturing fluid. There is a better cleanup
of the residual fluid, so a smaller mesh proppant can be used and supplies adequate fracture conductivity
in low permeability formations. The use of a low viscosity fluid results in more controlled proppant
placement and higher proppant placement within the created fracture width.

Disadvantages

The main disadvantages arise from the fluid’s low viscosity. The proppant concentration must be lower
and proppant sizes smaller, which decrease fracture conductivity. CO, must be transported and stored
under pressure (typically 2 MPa) and temperature (—30 °C). Another disadvantage is the corrosive
nature of CO; in the presence of HO. There are unclear (potentially high) treatment costs.

5.1.6. Energized Fracturing Fluids

Energized fracturing fluids include liquefied CO,, N, He and natural gas (see
Table 10).

The use of Ny and CO, overcomes and mitigates many of the challenges associated
with traditional water-based hydraulic fracturing fluids by reducing the high volumes
of water, chemicals and even proppant, and increasing oil and gas production from tight
or water sensitive formations as well as unconventional reservoirs such as shale, tight
sands and coalbed methane. CO; fracturing has achieved great success in North America
(first used in the 1980s), and began to be applied in China [56]. It has been widely used in
reservoirs with a permeability from 0.1 to 10,000 x 1073 um?2, with the deepest treated depth
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of over 3000 m and a bottom temperature from 10 to 100 °C [56]. In CO; fracturing, 100%
liquid CO; is used as a fracturing agent and therefore represents a promising alternative to
hydraulic fracturing since it can avoid problems arising with the use of water [57]. Fractures
generated in liquid CO, fracturing are narrower than those in hydraulic fracturing because
of the very low viscosity of CO;, so it is currently only suitable for low permeable gas
reservoirs [56]. The viscosities of liquid CO, and supercritical CO, are approximately 10%
and 2% of the viscosity of pure water, respectively, so their penetration into rock matrix
pores is much faster than that of water. The injection of CO; results in lower breakdown
pressures and more complex and well-connected fracture networks than the injection of
water [57].

5.1.7. Emulsion-Based Fracturing Fluids

Emulsion-based fracturing fluids include water—oil emulsions, CO,—methanol and
other types of emulsions (see Table 9). An emulsion is a mixture of two or more liquids
that are normally immiscible. Many emulsion-based fluids use emulsions of oil and water
and could therefore be classified under oil-based fluids. Emulsion-based fluids reduce or
eliminate the use of water.

A high-quality emulsion of CO; in aqueous alcohol-based gel was used in the western
Canadian sedimentary basin as a fracturing fluid in 1981. Since then, the use of such fluids
has been very successful, particularly in low-pressure, tight gas applications. The flu-
ids have the same advantages as conventional high-quality CO, foams, with the added
advantage of minimizing the amount of water introduced into the well [58].

Liu et al. (2010) described a new fracturing fluid obtained with the combination of a
single phase microemulsion and a gellable polymer system (SPME-Gel). A microemulsion
is defined as a dispersion consisting of oil, surfactant, and aqueous phase, which is a single
optically isotropic liquid solution with a droplet diameter usually within the range of 10—
100 nm. This formulation was prepared by adding a microemulsion into a gellable polymer
system at various concentrations obtaining the characteristics of high viscosity, low fluid
loss and low friction. It was also shown that the broken SPME-Gel systems have low
residues remaining in the formation, low surface tension, low pressure to initiate cleanup
and a high core permeability maintenance, thus offering promising characteristics [59].
A few examples of newly developed synthetic fluids are presented in Table 11, modified
according to [23-25,60-63].

Table 11. Newly developed synthetic fracturing fluids.

Fluid Name Fluid Composition Additive Description Purpose of Testing Performed Tests Results
Developing very The measurement of Fluid is stable at 150 °C,
% i i : ) has better suspension
SM-VE 0.8% wt Supramolecular SMPT is synthesized by efficient crosslinks in rheological properties, oS Ear-based
(supramolecular polymer thickener monomers such as gel that can be proppant suspension y g

viscoelastic fluid)
[23]

(SMPT), 0.5% wt
viscoelastic surfactant
(VES), 2% wt KC1

acrylamide, sodium acrylate
and amide monomer. Used
VES is betaine zwitterionic.

advantages in the
elastic and viscous
properties of fluid.

test, gel breaking
property test, and
formation damage.

fluids, extremely
efficient crosslinking,
good cleanup and low
formation damage.

Synthetic
acrylamide-based
anionic terpolymer

Developing the fluid
for fracturing
ultra-depth (>5000 m)

The measurement of
rheological properties,

After fracturing,
the production of

Terpolymer fluid L A . proppant suspension hydrocarbons is
[24] gelatn_uzer, zirconium - well w1'th an test, filtration, gel encouraged with
crosslinked with ultra-high breaking property test 73 m®/d oil and
persulfat as the gel temperature (211°C) and formation damage. 105 - 10* m?/d gas.
breaker. in China.
Synthetic polymer as a Developing an The ltlydratlon of getlluflg Fluid demonstrates
Synthetic polymer gelling agent, zirconium pIng agent, measurement o stability to 230 °C, has
. X . ultra-high rheological properties, i
fluid for ultra-high as the crosslinker, _ temperature 1 K acceptable fluid loss,
temperatures oxdizing breaker and h dp lic £ . gel breaking p.roperty and shows controlled
[25] “green” temperature ydraulic fracturing test, test of fluid loss, breaking with low

stabilizer.

fluid system.

and retained
conductivity test.

formation damage.
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Table 11. Cont.

Fluid Name

Fluid Composition

Additive Description

Purpose of Testing

Performed Tests

Results

Hybrid dual-polymer
hydraulic fracturing
fluid

Guar derivative and a
polyacrylamide-based
synthetic polymer
crosslinked with a

Emulsion form composed of
acrylamide, acrylic acid,
2-acrylamido-2-
methylpropane sulfonic

Maintaining the
thermal stability of
fracturing fluids (up
to 204 °C) at a lower

The measurement of
rheological properties,
and proppant-carrying

By the addition of

synthetic polymer to
MHPG,

a fluid that is stable up

to 176 °C was generated;

a dual-polymer system

with lower polymer

[60,61] metallic crosslinker. acid. polymer loading. properties. loading can reduce
material cost and
damage in the
generated fractures.
Synthetic polymer

A novel non-residual fracturing fluid has
fracturing fluid . . Developing the Shear stability of good shear

A new high developed Thlc‘k‘enmg agents, cle_a_nup fracturing fluid for polymers, stability, and

temperature polymer  through analyzing the additive, the clay stabilizer, hydraulic fracturing high-temperature high-temperature

fracturing fluid

structure of polymer

the thermal stabilizer,
zirconium crosslinking

in high-temperature

rheology, gel breaking

rheology measurement

[62] 2-acrylamido-2- agent low-permeability testing, and formation shows that the polymer
methylpropanesulfonic ' Teservoirs. damage. fracture fluid can be
acid. used up to

170 °C.
HI:;LV is 31 qgater(r;ary HELV b i
polymer designe , because of its
. o by copolymerizing . . . . exceller;nt elasticity, )
E;%\Iilsisséﬁ;y(glsm acrylamide,acrylic acid, Fracturing fuid Viscoelasticity ;clllcilgi;r; the fracturing
-isopropenylcarbamoyl- ; i
Fracturing Fluid . b by Y alternative for the thlxotr(?py, and viscosity, proppant
enzene development of oil dynamic sand ; i
[63] sulfonic acid and N-(3- suspension capacity and

methacrylamidopropyl)-

and gas resources.

suspension.

pipeline and liquid

N,N-dimethyldodecan-1- friction.

aminium.

In addition to data presented in Table 11, some of the newly developed fracturing
fluids are described in more detail. An ultra-high temperature hydraulic fracturing fluid
developed by Song and Yang (2016) consists of tap water, a synthetic polyacrylamide
copolymer (gelling agent), a zirconium complex (metal crosslinker), a multi-functional en-
vironmentally friendly additive (temperature stabilizer, pH adjusting agent and a crosslink-
ing delay agent), and oxidizing breaker. The fluid shows stability up to 230 °C, delayed
crosslinking for use in applications with up to a 5-min pipe time, controlled breaking over
the range of 180 °C to 230 °C, excellent performance at low polymer concentrations (<0.5%),
and has acceptable fluid loss characteristics. The volume of filtrate, examined using a
static filter press, is 40 mL at 0.4% polymer, 6.89 MPa, and 170 °C [25]. Low viscous frac
fluids based on a synthetic polymer—polyacrylamide—with only ~30 mPa-s at 511 s~
was implemented with high operational success in 2019 on sandstone fracturing in Russia.
It demonstrated high transport efficiency to carry and place a ceramic proppant at mod-
erate rates (4—4.5 m3/min), both in combination with crosslinked gel as well as a single
fracturing fluid [64].

An engineered fracturing fluid (EFF) that consists of a water-soluble associative
polymer has been extensively tested by Perez et al. (2020). The associative polymer used in
this study was synthesized by controlled micellar polymerization using macromolecular
design via the interchange of xanthates (MADIX) technology. The results show that the
fluid exhibits outstanding properties and benefits to the transport of different types of
proppants (specific gravity up to 3.25) into hydraulic, and natural fractures effectively
without relying on high fluid viscosity. Unique fluid behavior is achieved via a novel
elastic and a network of packed structures from associative polymer fluid, having proper
proppant suspension, effectively placed at low viscosity, decreased fresh water requirement,
low injection pressures, with no settling and up to 98% retained conductivities. This novel
fluid could potentially replace conventional crosslinked, linear gels, and friction reducer
systems for a variety of hydraulic fracturing applications [43].

5.2. Seawater Fracturing Technology

Besides developing biodegradable synthetic additives, great attention is given to the
development of seawater fracturing technology. Using seawater as a base fluid to design
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fracturing fluids has many benefits, but it also presents a big challenge for the petroleum
industry because of many requirements which must be met for successful fracturing [65,66].

Seawater-based fracturing fluids are favorable in offshore applications because of the
readily available seawater which can eliminate costly vessel trips for the transportation of
fresh water and reduce rig rental time [66] as well as in arid regions, where freshwater is
limited and more valuable in other commercial uses [65]. In addition, the development
of unconventional deposits such as shale oil and gas deposits by combining multistage
hydraulic fracturing and extended reach horizontal drilling requires large quantities of
freshwater which could be replaced by saltwater [65]. However, using seawater as a base
water to design fracturing fluids requires solving various problems resulting from the
high salinity and total dissolved solids (TDS) of seawater and the presence of calcium,
magnesium and sulfate ions that cause delayed hydration, alteration of the crosslinking
mechanism, fluid instability at high temperatures and high scale formation [65]. Sulfate
ions from seawater can react with barium from the formation water to form a barium sul-
fate scale that causes formation damage and restrictions in the flow through pipes [65,67].
To effectively mitigate this serious scale problem, a combination of water treatment and
chemical scale inhibitor is recommended. Nanofiltration (NF) technology can be success-
fully applied to water treatment because it specifically removes sulfate ions from water
sources with a high sulfate content [67]. A combination of NF technology and sulfonate-
based scale inhibitor offers effective scale inhibition for seawater fracturing technology
applied in high-temperature formations [67].

Alohaly et al. (2016) conducted research on the behavior of two different types of
viscosifying agent—hydroxypropyl guar (HPG) and carboxymethylhydroxypropyl guar
(CMHPG)—in freshwater and seawater-based fracturing fluids [65]. They concluded that
base gel viscosity was not affected whether HPG or CMHPG polymers were used to make
seawater-based fluid, that seawater-based fluid could meet the stability criteria but that
it was more stable with CMHPG than with HPG, and full hydration is slightly delayed
when using both polymers with seawater. The crosslinking mechanism is affected when
seawater is used, and the fluid is less stable than fresh water with HPG and CMHPG.

Prakash et al. (2016) developed a low-residue fracturing fluid that uses seawater as a
base fluid and a low-residue polymer, a polysaccharide gelling agent (PGA), crosslinked
with zirconium that has a pH < 10 to minimize damage and residue encountered using
other fluids. This fluid exhibits good thermal stability within a temperature range of 65 to
163 °C (3.6 kg/m> PGA, 500 mPa-s after 100 min at 93 °C). The thermal stability of PGA
seawater-based fluid was improved when compared to the alternative hydroxypropyl guar
(HPG) seawater-based fluid. This fluid system has excellent proppant transport (2.5 h at
93 °C) and generates low residue content upon breaking (1%). A regained permeability
of 92% was obtained from a sandstone core, demonstrating the low-damage nature of the
fluid [66].

A new PGA crosslinked with zirconium seawater-based fracturing fluid was used in
the three horizontal wells: A (a pure sandstone formation with natural fractures), B and C
(both wells were identified as naturally fractured sandstone formations with a high amount
of carbonates) in the offshore Romanian Lebada field located in the Black Sea. This new
seawater-based fracturing fluid was used in the pad and subsequent proppant-laden stages
because of moderate permeabilities in the range of 0.1 to 2:10~2 um?2. Operations were
performed during a short time frame using multistage fracturing technology. A total of
20 hydraulic fracturing stage operations were designed and executed successfully in 2015
and 2016. In well A, six zones were treated with 515 metric tons of proppant carried by
1651 m3 of crosslinked fluid. In well B, seven zones were treated with of 508 metric tons
of proppant carried by 2055 m? of crosslinked fluid. In well C, seven zones were treated
with total of 510 metric tons of proppant carried by 2209 m? of crosslinked fluid. A total of
1533 metric tons of 16/20-mesh resin-coated proppant (RCP) was pumped in 5915 m> of
crosslinked gel [66].
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Properly designed seawater-based fracturing fluids offer the oil industry an acceptable
solution to the economic and environmental challenges associated with the large amounts
of fresh water required for the multistage hydraulic fracturing of unconventional deposits.

5.3. Fracturing Fluid Additives

Fracturing fluid composition (type and concentration of additives) depends on reser-
voir conditions (temperature and pressure) [20]. Additives help optimize the various
parameters of the fracturing fluid and include crosslinkers, clay control agents, gel sta-
bilizers, surfactants, foamers, gel breakers, fluid loss additives, friction reducers, scale
inhibitors, biocides, and pH control additives [30,68,69]. They are added into fracturing
fluids for three purposes [58]: easier fracture creation, proppant transport improvement
and reservoir formation damage reduction. Additives which enhance fracture creation
are: viscosifers, temperature stabilizers, pH control agents and fluid loss control additives.
The reduction in reservoir formation damage is accomplished with: breakers, biocides,
surfactants and clay control agents [70].

Additives and their functions are listed in Table 12. In Croatia, for all additives used
to prepare fracturing fluid a Material Safety Data Sheet (MSDS) and/or Safety Data Sheet
(In Croatian: Sigurnosno-tehnicki list—STL) must be provided. MSDSs and STLs must
be filled out according to the amended Appendix II of REACH (Registration, Evaluation,
Authorization and Restriction of Chemicals) Regulation published by the European Com-
mission as Regulation (EC) No. 453/2010 amending Regulation (EC) No. 1907/2006 [71].

Table 12. Fracturing fluid additives.

Fracturing Fluid Additives

Additive Typical products Function
Water fresh, salt or produced water Base (carrier) fluid
Acid hydrochloride or acetic acid Dissolves minerals
Biocide amides, aldehyd.es, ql}atgrnary amines, Kills bacteria
chlorine dioxide
calcium or magnesium . S .
Breaker peroxide, hydrochloride or acetic acid Causes gel degradation and reduces fluid viscosity
Clay stabilizer potassium CthI‘lC}e, sodium C.h loride, Prevents clay swelling
calcium chloride, polyamines
Increases the molecular weight of the polymer by
crosslinking the polymer backbone into a 3-D structure.
Crosslinker borate, titanium, zirconium, aluminum Increases the base viscosity of the linear gel.

Increases the elasticity and proppant transport capability of
the fluid.

Iron chelating agent

Citric acid, acetic acid,
thioglycol acid, sodium
erithorbate

Keeps iron in solution

pH adjusting agent/
buffer

sodium hydroxide, sodium carbonate,
potassium
hydroxide, potassium carbonate, acetic
acid formic acid, magnesium oxide

Controls the pH

Friction reducer

polyacrylic acid, polyacrylamide,
ethylene glycol,
methanol

Reduces the friction

Gelling agent
(Viscosifer)

guar and its derivatives (HPG, CMG,
CMHPGQG), cellulose and its derivatives
(HEC, CMHEC), surfactants

Increases the viscosity
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Table 12. Cont.

Fracturing Fluid Additives

Additive

Typical products Function

Scale inhibitor

ethylene glycol, methanol, ethylene

diamine fetraacetic acid (EDTA) Prevents scale in tubing and formation

ethanol, naphthalene,

Surfactant methanol, isopropyl alcohol, Lowers surface tension
lauryl sulfate
silica sand, resin-coated sand,
Proppant Keeps fractures open

ceramic proppant

Water (base carrier fluid) creates fracture geometry and suspends a proppant. One
portion of the injected water remains in the reservoir formation while the remaining
volume of water returns to the surface with natural formation water as “produced water”.
The actual volume of returned water varies from well to well.

An acid helps dissolve minerals and initiate cracks in rock. It reacts with minerals
present in the formation to create salts, water and CO;. An acid/corrosion inhibitor protects
the casing from corrosion. It bonds to metal pipe surfaces downhole. Any remaining
product not bonded is broken down by micro-organisms and is consumed or returned in
produced water.

A biocide eliminates bacteria in the water and prevents bacterial activity that can
cause corrosive by-products. It reacts with microorganisms that may be present in the
fracturing fluid and formation. These microorganisms break down the product with a
small amount of the product returning to the surface in produced water.

A breaker allows a delayed breakdown of gel when required. In other words, it causes
gel degradation. A breaker reacts with the crosslinker and gel once in the formation, making
it easier for the fluid to flow to the well. The reaction produces ammonia and sulfate salts
which are returned to the surface in produced water.

A clay and shale stabilizer locks down clays in the shale structure and prevents clay
hydration. It reacts with clays in the formation through a Na—K ion exchange. The reaction
results in NaCl which is returned in produced water. It also replaces binder salts such as
CaCly, helping to keep the formation intact as the CaCl, dissolves.

A crosslinker maintains the viscosity as the temperature increases by fluid crosslink-
ing. It combines with the breaker in the formation to create salts that are returned to the
surface in produced water.

An iron chelating agent (iron control) helps prevent the precipitation of metal oxides.
It reacts with minerals in the formation to create salts, CO, and water, all of which are
returned to the surface in produced water.

A non-emulsifier is used to break or separate emulsions (oil/water mixtures). It is
generally returned to the surface with produced water, but in some formations may return
in the produced natural gas.

A pH adjusting agent/buffer regulates the pH value of the fracturing fluid and
maintains the effectiveness of other additives, such as crosslinkers. It reacts with acidic
agents in the fracturing fluid to maintain a neutral pH. The reaction results in mineral salts,
water and CO; which is returned to the surface in produced water.

A friction reducer reduces the friction generated while the fluid is pumped down the
tubing at high flow rates.

Gelling agents (viscosifers) are added to the fracturing fluid to increase the viscosity.
This increases the fracture width so it can accept higher concentrations of a proppant,
it reduces the fluid loss to improve fluid efficiency, improves proppant transport and
reduces friction pressure. For conventional wide biwing fractures, the carrier fluid must be
sufficiently viscous (normally 50 to 1000 mPa-s at nominal shear rates from 40-100 s !) to
transport higher proppant concentrations (120-1200 kg/m?).
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Scale inhibitors prevent scales in pipe (tubing) and formation. The product attaches
to the formation. The majority of the product returns to the surface with produced water
while any remnants react with microorganisms that break down and consume the product.

A surfactant reduces the surface tension of the fracturing fluid in the formation and
helps improve fluid recovery from the well after the hydraulic fracturing is completed.
Some surfactants are made to react with the formation, and some are designed to return to
the surface with produced water or with produced natural gas.

A proppant (propping agent) keeps fractures open, allowing for hydrocarbon pro-
duction. It stays in formation embedded in fractures so it is used to “prop” the fracture
open. After the injection of fracturing fluid, fractures start to close under the influence of
geostatic pressure. The function of the proppant in a fluid is to prevent fracture closure
and to maintain their stability during the production of hydrocarbons. Proppants should
be strong, resistant to crushing and corrosion and available at low cost [49,69]. If possible,
they should have a low density because of their better transportation through a fluid from
the surface to the reservoir. Proppant flowback following the fracturing treatment has been
a major concern because of its detrimental effect on production equipment, leading to the
plugging or erosion of surface and downhole completions [72]. An additional problem is
fracture choking, resulting in a large skin and possibly requiring re-fracturing. The most
commonly used proppants are silica sand, resin-coated sand, and ceramic proppants [49,69].
The properties of the mentioned proppants are presented in Table 13.

Table 13. Proppant’s properties.

Proppant Density (kg/m?3) Compressive Strength (bar) Max. Work Depth (m)

Silica sand 2650 414 2500
Resin-coated sand 1500 552 2500-3000
Ceramic proppants 3500 690 >3000

The size range of a proppant is very important. Typical proppant sizes are gen-
erally between 106 pm-2.36 mm (8 and 140 mesh). For example: 840 pm-1680 um
(12/20 mesh), 600 pm-1180 um (16/30 mesh), 420 um-840 um (20/40 mesh), 300 um-—
600 um (30/50 mesh), (212 um—420 um (40/70 mesh) or 106 um-212 um (70/140 mesh).
The shape of the proppant is also important. The shape and size of the proppant influences
the final permeability through the fracture. A wide range of particle sizes and shapes
will lead to a tight packing arrangement, reducing permeability /conductivity. Another
innovative solution that can be used for flowback control in certain conditions is a new
flowback technology with a nondegradable fiber proppant, designed specifically for low-
temperature applications. The nondegradable fibers rely on the mechanical interference of
the particles and not on chemical bonding. They can be applied with any proppant (sand
or ceramic), and they keep the proppant consolidated even at stress cycling conditions [72].
Luo et al. (2020) performed tests with a chemical proppant (CP) generated in the fracture
and concluded that the CP exhibited good performance in terms of compressive strength,
thermal stability, stability in reservoir fluid and treatment fluid. The CP could enter any
narrow fractures, and effectively solved the existing problems in the conventional frac-
turing technology by significantly improving the fracturing effect, especially the network
fracturing effect in tight reservoirs [29].

The typical composition of a water-based fracturing fluid (known as SF 650) used in
mini frac tests during hydraulic fracturing in Croatia is shown in Figure 1.
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Figure 1. Example of the composition of water-based fracturing fluid used in Croatia [3].

Based on the data shown in Figure 1, it can be concluded that the aqueous gel contains
97.43% water and only 2.29% of all other additives. In some other water-based fluids,
the water content may be even higher.

6. Hydraulic Fracturing in Croatia

The first treatment of hydraulic fracturing in the former Yugoslavia was carried out
in Slovenia in 1956 in the Pt-58 well (Lendava oil field) by using 30 m? of oil-based gel
and 5000 kg of proppant (quartz sand), but without success. At the same year, eight more
wells were fractured at Lendava field and oil production was increased up to 250% [73].
The first successful hydraulic fracturing in Croatia was carried out in 1958 in the Klo-14
well (Klostar oil field) by using 32 m? of oil-based gel and 5500 kg of proppant [3]. From
that year until the 1980s, all the performed fracturing treatments were considered to be
unsuccessful because they were made with insufficient fluid volume and low proppant
concentration, which resulted in very small fractures.

The year 1985 could be considered as a turning point, when the gas condensate
Kal-5alfa well was fractured and, despite the extremely difficult reservoir conditions,
an excellent result was obtained. HF in this well has been followed by the implementation of
many successful fracturing treatments. After that, hydraulic fracturing became a standard
process for increasing well productivity [6]. Since 1958, approximately 200 operations of
hydraulic fracturing have been performed in Croatia.

The high formation temperature of 179 °C posed problems for most fracturing flu-
ids [74]. On the Stari Gradac-2 well, in 1989, the Croatian company INA and Schlumberger
injected 2569 m? of gel and 530,000 kg of proppant. It was the biggest hydraulic fracturing
job in Europe at that time [6]. In order to complete many other fracturing treatments,
equipment for fracturing was improved and the monitoring of production data, before and
after fracturing, began. In Croatia, up to ten (10) HF operations are performed annually,
primarily in sandstone formations.
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6.1. Hydraulic Fracturing Process and Equipment Used

Hydraulic fracturing is a common operation in Croatia, used for reservoir stimulation,
primarily for increasing the productivity index, increasing wellhead pressure and for
removing damage near a wellbore (high skin factor).

The basic equipment for HF consists of fluid tanks, a hydration unit, a blender,
frac pumps, high and low pressure lines and a treatment monitoring unit, as shown in
Figure 2. Currently, a combination of batch mixing (water, clay inhibitors, biocides, buffer,
sometimes methanol and HPG) and “on-fly” (x-linker, breaker and proppant) equipment is
used in Croatia.

= High Pressure Lines

Control/Data Cables

Figure 2. Hydraulic fracturing (HF) basic equipment.

A typical well site with the mentioned equipment and with a pit for water storage is
shown in Figure 3.

Figure 3. Well site prepared for HE.
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6.2. Case Study

For this study, four wells (marked as W-1 well to W-4 well) were considered as case
studies and they have been fractured in the last five years. Two of them were fractured by
a lower volume of gel and proppant (the W-1 well and the W-2 well), while the other two
were fractured by a higher volume of gel and proppant (the W-3 well and the W-4 well)
depending on the reservoir permeability, porosity, well design and well depth. All wells
produce gas with condensate. The W-1 well is a cased hole completion and is finished
with a liner, while the W-2 well is an open hole completion, and gas is produced from
lithotamniam limestone of Baden age in both wells. Well W-3 and well W-4 are cased hole
completions and they are deeper in comparison with the previous two. Their lithology
is quartzite of lower Triassic age in well W-3 and siltstone of Mesozoic age in the W-4
well. Formations opened by the W-3 well and the W-4 well have very low permeability
(0.021 x 1073 um? and 0.1 x 1073 um?, respectively) and HF is required to enable gas
production. W-1, W-2 and W-3 were in production before HF, while the W-4 well was a new
exploration well. The main reasons for HF were: to remove skin (near wellbore damage)
and to increase the productivity index and wellhead pressure to enable gas production and
to enable production with lower drawdown due to water cut decreasing. Geological and
well design data for the selected wells are given in Table 14, while the locations of the wells
are given in Figure 4.

Table 14. Geological and well design data for the selected wells. W-1-W-4: well 1-well 4.

Well Name
W-1 W-2 W-3 W-4
Geological data
Depth, m 2823 2776 4646 3410
Reservoir fluid gas condensate gas condensate gas condensate gas condensate
Production intervals 2529-2561 2739-2776 3782-3818.5 3298-3392
epth, m
Lithology limestone limestone quartzite siltstone

Porosity, % 12-14 12-14 10 14
Permeability, 1073 um? 8.4 1.3 0.021 0.1
Reservoir pressure, bar 255 255 332 480
Reservoir temperature, °C 146 149 190 178

Enable production with

Remove skin and increase

Increase wellhead

Remove skin and increase

HF goals lower drawdown productivity index pressure and en able gas productivity index
production
Well design
Well path Vertical Directional Vertical Vertical
Pr(’dufrgg‘;i;acs}g‘g dia, 177.8 (7) 177.8 (7) 177.8 (7) 177.8 (7)
Liner dia, mm (inch) 127 (5) 144.3 (4.5) - -
Open hole dia, mm (inch) - 95 (3.75) - -
Tubing dia, mm (inch) 88.9 (3.5) 88.9 (3.5) 73.02 (2.785) 88.9 (3.5)

6.2.1. Job Design and Fluid Composition

HF service by using appropriate software identifies values of parameters specific to the
reservoir and the well that are critical to the optimal fracture treatment design. Estimated
or inaccurate values can result in premature screenout and reduced fracture penetration
because of pad fluid depletion, unpropped fractures, damaged proppant pack conductivity,
and increased treatment costs because of an excessive pad volume [75].
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Figure 4. Locations of the wells in the northern part of Croatia.

The fracturing fluid composition used for the hydraulic fracturing of the considered
wells is presented in Table 15. The basic fracturing fluid additives used in all four cases
were similar (gelling agent, crosslinker, surfactant, clay control additive, breaker, stabilizer)
while other additives were added to adjust the desired composition for optimizing the
hydraulic fracturing operation.

Table 15. Fracturing fluid composition.

Fracturing Fluid Composition

Wells
Additive, Unit W-1 W-2 W-3 W-4
Total Quantity
Proppant, kg 30,000 21,000 151,500 150,000
Gelling Agent, kg 1135 887 12,297 11,600
Crosslinker, 1 600 460 1750 1750
Surfactant, 1 260 250 510 708
Clay Control, 1 520 500 1020 1160
HT breaker, kg 44.5 31.3 129 225
HT Encapsulated breaker, kg 39 22 125 140
HT Stabilizer, kg 49 53.5 285 450
Delay Agent, kg 67 - - -
Stabilizer, 1 160 230 - -
pH Buffer, kg 99 71.7 - -
LT friction reducer, kg 48 48 - -
MT friction reducer, kg 460 222 127 -
HT friction reducer, kg - - - 127
Acetic Acid (10%), kg - - 434 1250
Dry Guar Polymer, kg - - 100 -

HT-high temperature; MT-medium temperature; LT-low temperature.
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The proppant used for the hydraulic fracturing of the W-1 and W-2 wells was an
intermediate strength ceramic proppant which has a size of 420 um-840 pm (20/40 mesh),
a light-weight ceramic proppant which has a size of 600 pm-1180 pm (16/30 mesh) and
a proppant consisting of rod-like particles which has an average length of 2.85 mm and
an average diameter of 1.31 mm. The proppant used for the hydraulic fracturing of
well W-4 was a high-strength ceramic proppant which has a size of 300 um—-600 um
(30/50 mesh) and an intermediate strength ceramic proppant which has a size of 420 um-
840 pm (20/40 mesh) while for the W-3 well, an intermediate strength ceramic proppant
which has a size of 420 um-840 um (20/40 mesh) was used.

6.2.2. Hydraulic Fracturing Common Service and Fracture Design Steps

The service typically consists of two (2) tests: the closure test which determines closure
pressure or the minimum in situ rock stress, which is essential for all fracture analysis and
the calibration test which is an injection/shut-in/decline procedure. A viscosified fluid
without proppant (pad fluid) is pumped into the well at a rate proposed for the fracturing
treatment. The well is then shut in and pressure decline is monitored and analyzed using
fracturing design and evaluation software.

The selected case studies included three (3) main stages for fracture design: breakdown
injection, a step rate test (SRT) and a calibration injection test. After hard shutdown on
each of the stages, the decline pressure was observed to identify closure pressure and fluid
efficiency. All stages will be explained by using data for the W-3 well because the procedure
is the same for all the selected wells. First, breakdown injection was performed followed
by an SRT to identify near wellbore damage (NWB) restrictions and friction losses.

A calibration injection test was performed to analyze the reservoir geomechanical
model and calibrate pumping fluid properties before the main fracturing treatment. At shut-
in, a total friction pressure drop of 256 bar and an instantaneous shut-in pressure (ISIP) at
231 bar (surface pressure) were observed (see Figure 5). The FracCAT* fracturing computer-
aided treatment system comprises hardware and software for monitoring, controlling,
recording and reporting all types of fracturing treatments.

ISIP is defined as a final injection pressure reduced by a pressure drop due to friction
in the wellbore and perforations or slotted liner. Breakdown decline analysis indicates an
efficiency of 36% for treated water, with a closure pressure estimated at 521 bar BHP with a
frac gradient of 0.14 bar/m [3].

An SRT was pumped after performing a breakdown injection test (see Figure 6).
An ISIP of 227 bar was observed, lower than in the breakdown injection.

The calibration injection test was carried out after the SRT (see Figure 7). An ISIP of
252 bar was observed. As a result, 91 bar of total friction (Pfric) were estimated for the
linear fluid.

The main fracturing treatment was redesigned based on previous test analysis results
and collected information. The main frac execution and the hydraulic fracturing was
carried out according to the designed parameters. The fracture geometry was evaluated
after the treatment execution, according to the actual pumping data. The simulation model
was adjusted to match the simulated and actual treating pressures. The final simulation
results of the matched model are considered to reflect the treatment results. Based on
simulation results, the fracture geometry was estimated as per Figure 8.
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Figure 5. Breakdown injection test diagram [3]. ISIP: instantaneous shut-in pressure; Pfric: total friction.
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Figure 6. Step rate test (SRT) test diagram [3].
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Figure 7. Calibration injection attempt execution [3].
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Figure 8. Fracture geometry profile as executed [3].

The success of fracturing depends on the value of the dimensionless fracture conduc-
tivity (FCD). Fracture flow capacity is a measure of how conductive the fracture is or how
easily fluid moves through a fracture. It is defined as the product of fracture permeability
and fracture width. When the value of fracture flow capacity is divided by the product of
formation permeability and fracture half-length, the result is the FCD dimensionless value.
The treatment must be designed to create a fracture wide enough, and pump proppants at
concentrations high enough, to achieve the conductivity required to optimize the treatment.
However, in many low permeability reservoirs, the FCD must be 50 to 100 for the fracture
fluid to clean up after the treatment. As such, the value of FCD = 10 is considered a
minimum value [76].
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The main hydraulic fracturing summary based on the amount of used fluid and prop-
pant, maximum pressure, slurry rate and achieved FCD is given in Table 16. The optimum
value of FCD is achieved for all four wells. The highest FCD of 5149 was achieved by
the W-2 well due to open hole completion while the W-4 well reached the lowest FCD of
17.2. In well W-4, the effect of fracturing is visible, but with a significant increase in water
production so it has not been put into production yet, and a decision has been made for
further well testing and potential well appraisal. A build-up pressure test in the W-4 well
was carried out prior to the HF decision due to a high skin after drilling.

Table 16. Main hydraulic fracturing summary. FCD: fracture conductivity.

Well Name
W-1 W-2 W-3 W-4
Water-based gel, mS3 191.7 140.4 4453 571.4
Proppant, kg 30,000 21,000 151,000 150,000
Maximum frac pressure, bar 373 390 510 588
Maximum slurry rate, m?3/min 3.5 3.5 4.0 4.0
FCD, dimensionless 171 5149 147 17.2

Eventually, hydraulic fracturing results regarding the daily production of gas (Qg),
condensate (Qc) and water (Qw), as well as wellhead pressure (Pwh) are shown in Table 17.

Table 17. Well production before and post HE.

Well Before HF Post HF

Qg (m3/d) Qc(md) Qw(m3/d Pwh(bar) Qg(mid Qc(m3d) Qw(m3/d  Pwh (bar)
W-1 280,000 28 7 120 315,000 38 8 125
W-2 15,000 2 140 65 55,000 7 104 102
W-3 2400 1 1 31 28,000 17 22 45
W-4 1200 0 0 20 30,000 2 60 40
Total 298,600 31 148 - 428,000 64 194 -

The total gas production was increased by 43%, condensate production by 106%, and
water production by 31%. Therefore, production parameters after HF are very satisfactory.
Despite gas and condensate production increasing, water production did not increase
significantly (except in the W-4 well). The wellhead pressure was increased by 4.1% (W-1),
57% (W-2), 45% (W-3) and 100% (W-4), which allows for a longer well life production and
more profitable reserves. Gas production was increased after hydraulic fracturing in the
W-1 well with a significant increase in condensate production. Hydraulic fracturing in the
W-2 well and W-3 well caused an increase in all production parameters (gas and condensate
production, wellhead pressure) even decreasing water production. Despite the increase
in gas and condensate production in the W-4 well, water production was significantly
increased, which requires further well logging data analysis regarding exploration activities
in this area.

7. High-Volume Hydraulic Fracturing of Shale Gas in Croatia

The exploration and production of hydrocarbons, such as shale gas, requires the
combined use of high-volume hydraulic fracturing and directional (especially horizontal)
drilling. This hydraulic fracturing technique raises specific challenges, in particular for
health and environment [31,77-80]. One of the main public and scientific concerns is the
contamination of shallow groundwater aquifers with fugitive hydrocarbon gases and HF
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fluids that may migrate to shallow aquifers if hydraulically induced fractures intercept the
vicinity of fault zones and leaky abandoned wells [34]. A framework for investigating HF
impacts on shallow aquifer was established with the European Union framework which
can be further used for other areas. The European Commission formulated initiatives that
aimed to understand, prevent and mitigate the potential environmental impacts and risks
of shale gas exploration and exploitation (e.g., Horizon 2020 program LCE-16-2014) [34].

According to the recommendations of the European Commission on minimum princi-
ples for the exploration and production of hydrocarbons (such as shale gas) using high-
volume hydraulic fracturing [5,81] member states have the right to determine the conditions
for exploiting their energy resources, as long as they respect the need to preserve, protect
and improve the quality of the environment. For the purpose of this recommendation,
“high-volume hydraulic fracturing” means injecting 1000 m* or more of water per fractur-
ing stage or 10,000 m3 or more of water during the entire fracturing process into a well.
This recommendation lays down the minimum principles needed to support member states
who wish to carry out the exploration and production of hydrocarbons using high-volume
hydraulic fracturing, while ensuring that the public health, climate and environment are
safeguarded, resources are used efficiently, and the public is informed. Before high-volume
hydraulic fracturing operations start, member states should ensure that: (a) the operator
determines the environmental status (baseline) of the installation site and its surrounding
surface and underground area potentially affected by the activities and (b) the baseline is
appropriately described and reported to the competent authority before operations begin.
A baseline should be determined for: (a) the quality and flow characteristics of surface
and ground water; (b) water quality at drinking water abstraction points; (c) air quality;
(d) soil conditions; (e) the presence of methane and other volatile organic compounds in
water; (f) seismicity; (g) land use; (h) biodiversity; (i) status of infrastructure and buildings;
(j) existing wells and abandoned structures.

The above mentioned recommendation will be implemented in Croatian parliament in
2021. This should help improve transparency for citizens, establish a clearer framework for
investors and a level playing field regarding the industry’s regulation. Another component
of the Commission’s shale gas initiative is its communication on fracking. This looks at
the potential benefits of fracking in terms of energy security, competitiveness and revenue.
It also deals with environmental challenges concerning water, air pollution and land
take. In Croatia, high-volume hydraulic fracking (fluid volume more than 1000 m? per
operation or 10,000 m? total) has not been used and furthermore, there is no significant
shale gas potential.

8. Discussion

Hydraulic fracturing has been used in the oil and gas industry for more than 70 years
(since 1947) and in Croatia, for more than 60 years (since 1958). Hydraulic fracturing
involves mostly fresh water and a proppant that is injected into wells at high pressure to
crack the reservoir formation so hydrocarbons can flow more freely. The proppant holds
the cracks open. The process is designed to only affect the target reservoir formation. In
addition to water and a proppant, a small proportion of chemical additives in hydraulic
fracturing fluid are needed to reduce friction, remove bacteria, dissolve some minerals and
enhance the fluid’s ability to transport a proppant.

The emphasis in this article is on the fracturing fluids and hydraulic fracturing of natu-
rally fractured conventional hydrocarbon reservoirs. However, for the sake of completeness,
the article provides a brief overview of high-volume hydraulic fracturing, although it has
not been implemented in Croatia so far and will not be allowed by transposing the recom-
mendations of the European Commission on minimum principles for the exploration and
production of hydrocarbons (such as shale gas) using high-volume hydraulic fracturing in
Croatian legislation.
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Four wells have been selected for HF studies in order to cover different lithology
(limestone, quartzite, siltstone), permeability, well completion (case/open hole), well status
(production/exploration) and well trajectory (vertical/directional).

Data determination for HF jobs in selected wells identified values of parameters
specific to the formation and the well that were critical to the optimal fracture treatment
design. The pre-frac tests were executed before the main treatment, in order to collect more
information about formation properties. The main job design was adjusted and confirmed
based on tests and further recommendations were made as a result of the analysis. The job
was re-designed for a certain quantity of proppant based on the reservoir characteristics
and fracture modeling. The aim is to generate as much reservoir coverage without excessive
growth of fracture length due to the proximity to the water zone. The fracture geometry
was evaluated after the treatment. A suitable FCD parameter is achieved for all selected
wells in order to design a well and formation properties which indicated a successful
fracture and job design. The maximum HF pressure and slurry rate were expected and
depended on well depth, reservoir pressure and permeability.

The W-1 well achieved a lower drawdown and higher gas production with stable for-
mation water production. Significant gas production and wellhead pressure was achieved
by HF in the W-2 well and the W-3 well. Unfortunately, despite the gas production and
wellhead pressure increasing by HF in the W-4 well, formation water production is too
high to put the well in production.

Limitations in this paper mainly relate to the small number of wells analyzed due to
the limited amount of available data on case studies and focusing only on the technical-
technological aspects of hydraulic fracturing. Further research should focus on the eco-
nomic and environmental aspects of hydraulic fracturing and, in particular, water con-
sumption, produced water disposal and induced seismicity.

9. Conclusions

Based on an extensive review of the literature and analysis of the selected field case
studies, it is possible to conclude the following:

e  Water-based fracturing fluids are the most commonly used fracturing fluids, can be
designed for different types of reservoir rocks and applied in a wide range of tempera-
tures.

e The application of acid-based fracturing fluid fracturing is confined to carbonate
reservoirs and is never used to stimulate sandstone, shale, or coal seam reservoirs.

e Oil-based, alcohol-based, emulsion-based and energized fracturing fluids are used
for low permeability reservoirs, low pressure formations, water-sensitive formations
(shale reservoirs, reservoirs with high clay content).

o  Newly developed synthetic fracturing fluids demonstrate stability up to 230 °C, better
suspension ability than guar-based fluids, extremely efficient crosslinking, good shear
stability, acceptable fluid loss, good cleanup and low formation damage.

e  Proppant crosslinked water-based fluids and acid fracturing are the most commonly
used fracturing fluids in the HF of naturally fractured reservoirs.

e The proppant fracturing treatment applied in the considered wells resulted in an
increase in total gas production by 43%, and condensate production by 106% without
a significant increase in water production except in the W-4 well, which cannot be
predicted since it was an exploration well.

e  The achieved increase in the wellhead pressure (from 4.1% to 100%) will allow a longer
well life production and more profitable reserves.

e  All fractured formations achieved acceptable FCD. Especially the open hole well
design resulted in significant FCD, therefore a new HF well candidate should be
considered as an open hole including the appropriate formation parameters.



Appl. Sci. 2021, 11, 2807

29 of 33

References

Author Contributions: N.G.-M.: conceptualization, creation of the idea for the paper, writing,
reviewing, and editing of the whole manuscript, visualization; V.B.: preparation of the data presented
in case studies and writing the discussion and conclusion section; M.T.: provision of company data,
writing the text related to materials and methods, prepared tables and figures; P.M.: preparation of
the comprehensive literature overview, writing the text related to fracturing fluids, prepared tables
and figures. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the institutional project Drilling technology through fractured
reservoirs, 311980013 IZP - FRED, Faculty of Mining, Geology and Petroleum Engineering, University
of Zagreb, Croatia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository and data obtained
with the permission of INA—Industrija nafte d.d.

Acknowledgments: The authors thank INA-Industrija nafte d.d on the provided case study data of

hydraulic fracturing in Croatia.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
Breakdown pressure
Fluid efficiency
Flowback

Fracture conductivity
dimensionless (FCD)

Leakoff test (LOT)

Pad stage
Productivity index (PI)
Proppant stage
Screenout

Skin

Step rate test (SRT)

Wellhead pressure (Pyp)

The pressure at which the rock matrix of an exposed formation
fractures and allows fluid to be injected.

The percentage of fluid that is still in the fracture at any point in time,
when compared to the total volume injected at the same point in time.
Fluid from the wellbore that returns to the surface during and after
hydraulic fracturing occurs.

The value of fracture flow capacity given divided by the product of
formation permeability (k) and the fracture half-length (Xf). Fracture
flow capacity is a measure of how conductive or how easily fluid
moves through a fracture.

A test to determine the strength or fracture pressure of an open
formation, usually conducted immediately after drilling below a new
casing shoe.

A batch of carrying fluid without proppant that is used to break the
formation and initiate hydraulic fracturing of the target formation.
The behavior of flow rate with flowing pressure.

The stage of injecting a mixture of water and proppant into a wellbore.
A condition that occurs when the solids carried in a treatment fluid,
such as proppant in a fracture fluid, create a bridge across the
perforations or similar restricted flow area.

The zone in the formation around the wellbore that has reduced
permeability.

A test performed in preparation for a hydraulic fracturing treatment
in which an injection fluid is injected for a defined period in a series
of increasing pump rates.

The difference between reservoir pressure and hydrostatic pressure
of the liquid column from the wellhead to the reservoir.
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