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Abstract: Shale oil and gas wells usually experience a rapid decline in production due to their
extremely low permeability and strong heterogeneity. As a crucial technique to harness potential
and elevate extraction rates in aged wells (formations), refracturing is increasingly employed within
oil and gas reservoirs globally. At present, the selection processes for refracturing, both of wells
and layers, are somewhat subjective and necessitate considerable field data. However, the status of
fracturing technology is difficult to control precisely, and the difference in construction effects is large.
In this paper, well selection, formation selection, and the fracturing technology of shale oil and gas
refracturing are deeply analyzed, and the technological status and main technical direction of refrac-
turing technology at home and abroad are analyzed and summarized. The applicability, application
potential, and main technical challenges of existing technology for different wells are discussed, com-
bined with the field production dynamics. The results show that well and layer selection is the key
to the successful application of refracturing technology, and the geological engineering parameters
closely related to the remaining reservoir reserves and formation energy should be considered as
the screening parameters. General temporary plugging refracturing technology has a low cost and a
simple process, but it is difficult to accurately control the location of temporary plugging, and the
construction effect is very different. Mechanical isolation refracturing technology permits the exact
refurbishment of regions untouched by the initial fracturing. However, it is costly and complex in
terms of construction. Consequently, cutting the costs of mechanical isolation refracturing technology
stands as a pivotal research direction.

Keywords: shale oil and gas wells; refracturing; well selection; layer selection; general temporary
plugging refracturing technology; mechanical packer refracturing technology

1. Introduction

Shale formations have generally experienced multi-stage tectonic movements with
frequent folding, fracture, uplift, and denudation, resulting in a high tectonic deformation
intensity, complex geomorphic conditions, and great differences in preservation condi-
tions [1]. Continental and marine—continental transitional facies with organic-rich shales
demonstrate pronounced vertical and horizontal heterogeneity and exhibit substantial
thermal evolution disparity. Continental shales typically showcase concurrent oil and
gas characteristics. The high content of clay minerals in shale makes effective fracturing
transformations challenging [2]. Shale reservoirs sport nano-sized pores with intense het-
erogeneity. Their flow is subtle at nanodarcy levels. Only through human intervention can
the effective development of underground oil and gas be achieved [3]. Refracturing tech is
key for aging wells to boost oil recovery. It provides a solid route to enhance shale reservoir
exploration. This method is increasingly popular in oil and gas fields worldwide.
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During the dawn of horizontal wells in shale reservoirs, technological constraints
may have led to wells missing the sweet-spot areas. Moreover, initial completion along
with the reservoir characteristics meant that the production wells fell short of reaching
their true potential [3]. The innate heterogeneity of shale reservoirs often leads to uneven
fracture propagation and suboptimal reservoir stimulation. When fractures are placed
too closely, the high stress and strength interference can render some perforation clusters
ineffective. This imbalance means that the full potential of the reservoir is not realized, and
an extensive reconstruction is necessary to rectify the deficits. At the same time, due to
the high-stress environment of shale reservoirs, the effective stress increases during the
extraction, resulting in an increased closure pressure and an accelerated fracture closure,
which reduce the permeability of the reservoir reconstruction area. The monitoring results
after isobaric logging have shown that the local fracturing section did not produce gas,
and about 1/3 of the perforating clusters did not produce gas or contributed little to gas
production. However, the above under-utilized fracturing interval has great potential for
secondary reconstruction [4].

In this paper, a deep dive is taken into the selection of wells and layers, alongside
the fracturing technologies used in the refracturing of shale oil and gas. Furthermore,
a comprehensive analysis and summary are conducted on the current landscape and
primary technical trends of refracturing technology, both domestically and internationally.
Combined with the field application in shale oil and gas areas such as the Fuling shale gas
of Jianghan Oilfield, the applicability, application potential, and main technical challenges
of unified temporary plugging and refracturing technology (temporary plugging ball,
temporary plugging agent, etc.) and mechanical packer and refracturing technology (“solid
casing in casing”, expandable liner, small-hole refracturing technology, etc.) for different
wells are discussed. This conclusion can provide support for the refracturing optimization
of shale gas wells in the future.

2. Basic Conditions of Refracturing
2.1. Well and Layer Selection Conditions

The key to refracturing technology lies in the selection of fracturing intervals. The
selection of effective refracturing intervals and technical methods plays a key role in
improving the production of shale gas wells [5-8]. After a large-scale reconstruction of shale
gas reservoirs, the artificial fracture network and the distribution of remaining reserves in
the fracturing of old wells are non-uniformly distributed, as shown in Figure 1. Laterally,
microseismic monitoring results show that the scope of the reconstruction between wells is
complex, and the distribution of fractures in single wells and single stages varies greatly [9].
According to the implementation effect of refracturing, the efficiency of refracturing (net
present value) varies greatly in different basins and wells [10,11]. The reason is that the
effect of refracturing is highly related to the scientificity of well and layer selection and the
proper choice of fracturing time. Therefore, the basic conditions of refracturing must be
fully evaluated when making refracturing decisions.

Figure 1. Top view of microseismic monitoring event density and sweep characteristics [9].
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Well selection and layer selection by refracturing are relatively complicated processes
because the conditions of each candidate well are different, and the selection basis is
closely related to the reservoir properties, the initial stimulation effect, and the production
conditions of the candidate well [12]. Robust wellbore conditions lay the groundwork for
successful refracturing operations. Wells with a strong material base and a high reservoir
pressure are foundational for such endeavors. Reservoirs suffering from extensive damage,
along with wells plagued by serious fluid buildup, sand, or scale, are prime refracturing
prospects. In the initial fracturing, wells that had suboptimal perforation parameters or
were subjected to lower technological standards—evidenced by an imperfect fracturing
fluid system, a scanty infusion of sand, or overly spaced fracturing stages—are also ideal
candidates. Notably, wells that exhibit an impressive initial production but then experience
a rapid decline are marked for potential refracturing benefits [13-20]. In addition, the
candidate well should have a reasonable distance from the adjacent well and no severe
pressure collusion with the adjacent well, and the horizontal section should not cross the
fault. At present, the industry has not reached a consensus on the choice of refracturing
time. The refracturing time is generally between 1 and 8 years, most of these values being
concentrated between 1 and 4 years, and the production of some wells has decreased to
15% or less of the initial production before refracturing [13]. There are many factors that
affect the effect of refracturing, and there is interaction among these factors. Therefore,
it is necessary to comprehensively evaluate the impact of these factors on the effect of
refracturing [21].

After years of exploration, the refracturing selection principles for shale oil and gas
wells in North America include the following aspects [13]:

(1) There are sufficient remaining reserves around the candidate well with a high ini-
tial production.

(2) The well structure meets the requirements of refracturing construction, the wellbore
diameter allows the running of fracturing tools, and the quality of production casing
cementing can ensure the isolation between layers. Pumped bridge plug perforation
completion is the best way to complete refracturing candidate wells due to the full
diameter of the horizontal section and annular cement isolation.

(38) The initial productivity of candidate wells is lower than expected due to non-reservoir
factors such as the initial fracturing design and the construction technology, such as
an imperfect fracturing fluid system, a small amount of sand added to fracturing, and
excessive fracturing stage spacing and cluster spacing.

(4) Due to the improper selection of nozzle size in the production process, the production
decline is too fast, resulting in the premature closure of formation cracks.

(5) Due to the sand and scale formation of the wellbore during the production process,
the subsequent production capacity is lower than expected.

(6) The candidate well has a reasonable distance from the adjacent well, there is no serious
pressure collusion with the adjacent well, and the horizontal section does not cross
the fault.

(7) Before the infill well is drilled but not yet fractured, the mother well should be
refractured first to restore the formation pressure around the mother well, and then
the infill well should be fractured to reduce the phenomenon of the asymmetric
expansion of the infill well fracture to the side of the mother well due to the pressure
shortfall of the mother well, which can not only increase the output of the infill well
but also protect the output of the mother well [13].

2.2. Well and Layer Selection Method

At present, several mainstream refracturing well selection methods are recognized
in the industry [22]: The National Gas Research Institute (GTI) Method, The U of T at
Austin Method, the SLB Method, the Weatherford Method, the estimated ultimate recov-
ery (hereinafter referred to as EUR) method, and the simulation method. Based on the
analysis of six mainstream well selection methods, the remaining reservoir reserves and
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formation energy of a single well target correspond to the material base and energy base of
refracturing, respectively, which are the core and key factors affecting the effectiveness of
the reconstruction.

There are many factors affecting the effect of refracturing, including the scale of pre-
fracturing reconstruction, the degree of recovery, and the water cut. At the same time,
there is interaction between these factors. Therefore, it is necessary to comprehensively
evaluate the influence of these factors on the refracturing effect. Therefore, many scholars
have carried out a lot of research on the key link of refracturing well selection based on
a lot of research and practice on refracturing technology. At present, the more mature
refracturing well selection methods recognized by Chinese and foreign scholars include the
field experience method, the fuzzy comprehensive evaluation method, the neural network
method, and the reservoir numerical simulation method.

However, in the actual application process, these methods have, more or less, differ-
ent problems:

(1) The subjectivity of the field experience method is strong, which can easily lead to
deviation in the evaluation results.

(2) The fuzzy comprehensive evaluation method selects refracturing wells mainly through
fuzzy identification, membership degree theory, and the European proximity de-
gree between each well and refracturing ideal wells. The fuzzy comprehensive
evaluation method also relies on the accumulation of expert experience and has a
certain subjectivity.

(3) The neural network method involves complex hyperparameter adjustment and its
training process has high requirements on field data, and a large number of refractur-
ing wells with different effects need to be selected as learning and training samples. It
is difficult to establish a reliable neural network model if there are few pre-fracturing
wells in a target block.

(4) The reservoir numerical simulation rule is based on the static and dynamic data
of the gas reservoir after the initial fracturing, simulates the influence of various
factors on the refracturing effect, and adopts mathematical statistical methods to make
refracturing decisions. The reservoir numerical simulation method has very high
requirements for reservoir geological modeling and involves complex mathematical
calculation, which leads to high time costs and makes it difficult to meet the needs of
rapid on-site evaluation.

To tackle the aforementioned challenges, the Roussel N.P. method for well and layer se-
lection employs an enhanced algorithm that integrates multiple correlated factors [23]. This
algorithm is refined by the inclusion of two additional parameters: drainage volume and
instantaneous recovery degree, which serve as indicators of fracture quality from the initial
fracturing. This approach leads to a more thorough and comprehensive consideration of
various influential factors. In addition, there is a refracturing well selection method based
on Pearson’s correlation coefficient. The evaluation parameters include reservoir parame-
ters (reservoir span, effective reservoir thickness, reservoir porosity, reservoir permeability,
well-controlled reserves, etc.), fracturing parameters (construction rate, sand strength, fluid
strength, etc.), and production dynamic parameters (cumulative oil production and water
cut). Using these parameters, Pearson’s correlation coefficient can be calculated, and the
higher the correlation coefficient, the greater the potential of refracturing [24-28].

3. Refracturing Process

Shale oil and gas refracturing technology is mainly divided into general temporary
plug refracturing technology (temporary plug ball, temporary plug agent, etc.) and me-
chanical packer refracturing technology (“sleeve in sleeve”, expandable liner, small-hole
refracturing technology, etc.), and the fracturing materials are basically the same as the
first fracturing. The general temporary plugging refracturing technology has a low cost
and a simple process [29,30]. However, the challenge of precisely controlling the tempo-
rary plugging positions results in highly variable construction outcomes. On average,
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the intensity of sand addition and liquid usage in refracturing operations is on par with
that seen in the initial fracturing efforts. The mechanical packer refracturing technology
can effectively control the direction of the liquid and accurately transform the area not
modified in the initial fracturing. However, the cost is high, and the construction process
is complex. Compared with the first fracturing, the average sand and liquid strength
of refracturing are generally doubled, and the segment spacing and cluster spacing are
generally reduced by 40~50%. Construction displacement is reduced by about 50% due
to reduction in the bore diameter. The specific process selection of refracturing should be
based on the geological, engineering, and production dynamics characteristics of the target
well, and the appropriate refracturing technology should be selected on the basis of EUR
effective prediction and cost accounting.

3.1. Refracturing Technique
3.1.1. General Temporary Plug Refracturing Technique

When performing generalized refracturing using the original wellbore, to effectively
modify both the initially fractured cluster of fractures or the newly induced clusters between
existing fractures, it is typically necessary to force the fracturing fluid and propping agents
into different clusters by adding temporary plugging balls or agents. This method of
modification is referred to as generalized temporary plugging refracturing.

The effective sealing treatment of the initially fractured cracks poses a major challenge
for generalized temporary plugging refracturing. The mechanism of crack redirection
after temporary plugging is shown in Figure 2. Its mechanism of action mainly includes
the following:

(1) In-crack redirection. First, small-particle-size temporary plugging agents are injected,
and, after entering a certain depth of the crack, they form a protective layer with the
propping agent that can withstand a certain pressure, forcing the crack to redirect and
communicate with previously unmodified areas.

(2) Inter-crack redirection. Adding larger-particle-size temporary plugging agents allows
them to block the crack mouths, redirecting the fluid towards different cracks for
refracturing modification [31,32].

/\\~/>< #\ \4/ \ /
/{“ \/ [ = VN Pk k\/ﬁﬁ
—-

F\
/AV/\

Fracturing fluid flow direction

7‘/\ /X//X// =
\ /\ ) xy ! //‘(ﬁ\ -1 /\/ /.

Figure 2. Function mechanism of the temporary block agent (Revised from [32,33]).
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3.1.2. “Nested Casing” Refracturing Technology

The “nested casing” mechanical isolation refracturing technology involves inserting
a smaller casing into the original wellbore to cement the well, mechanically isolating the
perforation holes from the initial fracturing, and then performing segmented perforation
and fracturing steps identical to the initial modification after creating a new channel within



Processes 2024, 12, 965

6 of 22

the wellbore, as shown in Figure 3. Based on the study of remaining reserve distribution,
refracturing perforation can also be divided into two types: re-perforation between clusters
or the re-perforation of old holes.

A Original perforation group

Casing suspender A New perforation group

Figure 3. Schematic diagram of the “nested casing” wellbore (Revised from [34]).

“Nested casing” refracturing is a type of fracturing method that involves inserting
a smaller casing into the original casing. This technology has the following technical
characteristics [32]:

(1) The casing size is small, resulting in significant wellbore pressure loss and a limited
construction scale.

(2) The near-wellbore fracture network system causes severe fluid loss, leading to diffi-
culties in sand addition.

(3) The initial fracturing cracks can interfere with the propagation and expansion of new
fracturing cracks, affecting the refracturing process.

(4) The implementation cost of the process is high, and the process is complex, but it
can completely seal the existing perforation holes and precisely control the initiation
location and the direction of the fracturing fluid.

3.1.3. Expandable Liner Refracturing of Wellbore Technology

Addressing the issue of uncontrollable fracturing fluid flow direction caused by chem-
ical temporary plugging agents in refracturing operations, Enventure GT has developed an
expandable liner wellbore-reconditioning tool for refracturing [35]. After inserting the ex-
pandable liner into the desired location for sealing, high-pressure fluid is pumped through
the wellhead to move the expansion cone and inflate the liner. The outer sealing device of
the liner is set on the casing to form mechanical isolation and sealing. The old production
zone and the original perforation cluster are isolated by the outer sealing mechanism,
ensuring internal pressure integrity of the wellbore [36]. This is shown in Figure 4.

Original perforation group Ne?' perforation group

s

. ¥
Elastic sealing structure

Figure 4. Schematic diagram of expansion liner technology (Revised from [37]).

Expandable liner refracturing has the following characteristics [37]:
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The original perforated section is isolated by the outer sealing mechanism of the liner,
ensuring the internal pressure integrity of the wellbore.

For production zones which have been isolated by the expanded liner, refracturing
operations can be conducted following the same procedures as the initial fracturing.
It reduces the complex operation of mechanical sealing with packers and liners, thus
lowering costs.

It increases the available space in the wellbore after isolation, facilitating the insertion
of larger fracturing equipment during the subsequent construction. The use of tradi-
tional packers and liners can significantly reduce the effective internal diameter of the
wellbore for subsequent fracturing operations.

3.1.4. Slimhole Refracturing Technology

“Packers Plus Energy Services” has developed the Slimhole refracturing technol-

ogy [38]. This technology involves inserting a liner into the existing wellbore and combin-
ing it with packers and sliding sleeves for refracturing operations. It is suitable for both
open-hole and cased-hole completions, as shown in Figures 5 and 6.

New perforation

Slimhole system Former perforation

Open hole

Figure 5. Pipe string diagram under open-hole completion conditions (Revised from [38]).

s New perforations
Casing and cement P

Former perforation

Figure 6. Pipe string diagram under casing completion conditions (Revised from [38]).

To sum up, the general temporary plugging and refracturing technique reinvigorates

existing wells via strategic substance insertion, conquering the challenge of initial fracture
sealing. The “nested casing” refracturing technology relies on internal structural reinforce-
ment to bypass pre-existing perforations, thus crafting an avenue for intensive resuscitation
of well production. The expandable liner refracturing of wellbore technology arises as a
formidable contender to chemical agents, offering a directional dominion of fracturing
fluids and stout mechanical isolation. On another front, the slimhole refracturing tech-
nique, developed by Packers Plus, introduces versatile configurations apt for varied well
architectures, standing out in maintaining and optimizing wellbore real estate without com-
promising the refracturing’s repeatable nature. Each refracturing innovation narrates the
saga of pushing operational boundaries and probing for methods that harmonize with the
geological narrative, remaining reserves, and the practical tapestry of oilfield operations.
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3.2. Refracturing Process Design
3.2.1. Generalized Temporary Plugging and Refracturing Process

Based on the principle of particle size grading, temporary plugging agents are typically
composed of different combinations of particle sizes. Firstly, large-particle-size temporary
plugging agents are used to form a bridging structure, followed by the injection of smaller-
particle-size temporary plugging agents into the gaps between the larger ones, creating
a dense sealing layer which enhances the plugging effect. Experimental measurements
have shown a permeability range of 0.03 to 2.70 um?. These temporary plugging agents are
usually made of biodegradable materials such as polylactic acid (PLA), with particle sizes
ranging from 8 to 200 mesh. After refracturing, they naturally degrade, restoring the gas
production contribution of the sealed fractures, and the temporary plugging layer formed
by the agents can withstand pressures up to 25.5 MPa [39].

The temporary plugging and refracturing process is commonly used in foreign shale
gas wells. Generally speaking, the process is performed in stages on-site. Temporary plug-
ging balls or agents are added to distinguish between different stages, allowing different
stages to target different cluster locations. A typical generalized temporary plugging and
refracturing operation consists of the following stages: pre-pad fluid pressurization stage,
temporary plugging agent injection stage, refracturing stage, and re-injection of temporary
plugging agent stage. The injection of pre-pad fluid can supplement the formation energy,
increase the formation pressure in low-pressure areas, and avoid the extension of fractures
entirely in low-pressure regions. Due to the low density of temporary plugging agents,
pump discharge rates need to be controlled during the injection stage to prevent the agents
from being pumped into the deep parts of the fractures. On the one hand, this can avoid
temporary plugging agents from being pumped into the deep parts of the fractures; on
the other hand, the reduced discharge rate can decrease the fracture width, facilitating the
bridging and sealing of different particle sizes of temporary plugging agents within the
fractures [40].

Generally speaking, as the construction progresses, the construction pressure and
instantaneous pump shutdown pressure gradually increase, indicating that the fracture
is constantly diverting and that new modification areas are being added. However, some
scholars believe that, even if the construction pressure gradually increases, it does not
necessarily indicate that the refracturing has diverted into new areas. For example, in a
shale gas well in the Woodford block, the construction pressure gradually increased, but
there was basically no increase in the post-fracturing production [30]. Agharazi et al. [41]
argue that, in the presence of many perforated clusters, it is difficult for refracturing to
generate new fractures. As gas continues to be produced after the initial fracturing, Mohr’s
circle of formation rocks shifts to the right, increasing the effective stress acting on the weak
planes of the rocks, thus making it more difficult to generate new fractures.

3.2.2. “Nested Casing” Refracturing Technology Process

When using the “nested fracturing” method for refracturing, it is necessary to optimize
the wellbore structure and fracturing fluid properties [42]. For shale gas wells with longer
wellbore lengths, fluid friction resistance largely determines the fracturing efficiency, which
further affects the fracturing effect. Therefore, refracturing wells need to minimize the
length of the inner small casing [43]. Generally speaking, only small casings are inserted
into the horizontal well section for cementing, while the vertical well section still uses
the original casing. Additionally, due to the reduced borehole size, it is recommended
to choose delayed crosslinked gels and high-viscosity slickwater as fracturing fluids to
reduce friction resistance. At the same time, due to the complex fracture network system
after the initial fracturing, the fluid loss during refracturing increases, leading to narrower
fracture widths and difficulties in placing proppants. Therefore, it is necessary to adjust the
pumping rate and viscosity of the fracturing fluid in real time during the pumping process
to reduce the risk of fracturing operations.



Processes 2024, 12, 965

9 of 22

3.2.3. “Nested Casing” Refracturing Technology

There are significant differences in the construction process of the expandable liner
refracturing technology, and the main construction steps include the following [44]:

(1) Design of the External Seal Mechanism

The external seal mechanism refers to the elastomer surrounding the outer wall of the
liner. After the liner is expanded, the elastomer is squeezed by the expanded liner and forms
sufficient contact with the inner wall of the outer casing, serving to anchor the liner and
isolate the old formation. During refracturing, the leakage points of the fracturing fluid in
shale gas wells are mainly concentrated at the heel of the horizontal section and the original
perforated section. Therefore, when performing expandable liner construction, in addition
to installing liners with elastic sealing mechanisms at both ends of the original perforation
positions based on the initial completion construction data to achieve sealing of the old
production zones, multiple elastic sealing mechanisms should also be installed at the heel
of the horizontal well to prevent fluid leakage and avoid affecting the construction effect.

(2) Borehole Cleaning

During the scraping process, water containing calcium carbonate, plugging materials,
and polymers is fully circulated inside the well to reduce the flow of fracturing fluid into
the old perforations. The fluid inside the well needs to be continuously circulated until the
returned material is clean (Figure 7).

short joint

Taper scraper

Figure 7. Scraping tool assembly (Revised from [37]).

(3) Inserting and Expanding the Liner

During the insertion of the liner, an appropriate amount of lubricant can be added
to the fluid inside the well to reduce the probability of sticking and the degree of wear
during the process of inserting the expanded liner into the horizontal section. Once the
liner string reaches the predetermined position in the horizontal section, the expansion
process begins, as shown in Figure 8. During the expansion process, it is important to
maintain a moderate expansion rate, ranging from 4.0 to 9.0 m/min. The inside of the pipe
needs to be evenly coated with a high-temperature-resistant and water erosion-resistant
lubricating grease to reduce friction between the expansion cone and the inner wall of the
liner, lower the pressure required to drive the expansion cone, and increase the success rate
of liner expansion.



Processes 2024, 12, 965

10 of 22

Original perforating group

Expansion pipe
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g
Expansion cone movement £

Figure 8. Schematic diagram of the expansion process (Revised from [37]).

(4) Low-Pressure Testing and Drilling Accessories

The wellhead is closed, and a pressure test is conducted on the upper well section.
The purpose of the test is to verify whether the strength and sealing performance of the
vertical well section and the heel of the horizontal well meet the requirements for fracturing.
After the liner is expanded, the bottom plug remains inside the liner, and, at this point,
it is necessary to use a milling drilling tool combination to remove the bottom plug and
through hole.

(5) Full-well Pressure Testing, Perforation, and Fracturing

The wellhead is closed, and a target pressure test is conducted on the entire well
section. The purpose of the test is to verify whether the pressure system of the entire
wellbore after sealing off the old production zones has sufficient sealing performance and
strength to withstand the high pressure of fracturing. After sealing off the old production
zones, refracturing operations are carried out according to the requirements of perforation
and fracturing design. During fracturing, the expanded liner is used as a fracturing string
and needs to repeatedly withstand extremely high fracturing pressures. After fracturing is
completed, the expanded liner will also be used as a production string during the remaining
production cycle of the shale gas well.

To reduce the construction difficulty and cost of this technology, and, considering
that most temporary plugging agents and fracturing fluids will leak at the heel of the
horizontal well, Enventure GT has proposed a new mixed concept, which is to only place
the expandable liner at the heel of the horizontal well. This method will reduce the usage
of temporary plugging agents and better transmit the pressure generated by the cracks to
the heel of the horizontal well [36,37].

3.2.4. Slimhole Refracturing Technology Process

There are two technical specifications for small wellbore refracturing. Depending
on the outer diameters of the casing strings, which are $114.0 mm and ¢139.7 mm,
two different liner diameters of $73.0 mm and $88.9 mm are used, respectively. These lin-
ers are paired with sliding sleeve-blocking balls of different diameters to perform different
stages of refracturing operations. Depending on the specifications, the diameter differences
of the sliding sleeve-blocking balls can be divided into two types: $3.18 mm and ¢$1.59 mm.
The maximum construction capability can reach up to 32 stages.

According to the process, applicability, advantages and disadvantages of each tech-
nology, it is sorted into a table for convenient comparison and optimization, as shown in
Table 1.
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Table 1. Various fracturing processes, characteristics, and applicability.
Refracturing Process Applicabilit Advantage Disadvantage
Technique PP y 8 8
It is difficult to
When utilizing the precisely control the
By adding temporary original wellbore to temporary pluggmg
lueeine balls or carry out general repeat location, resulting in
plugging balis o fracturing, the purpose significant differences
temporary plugging "

General temporary plug refracturing

agents, the fracturing
fluid and proppant are
forced to enter different
fracture clusters.

is to effectively
transform the newly
drilled clusters in the
primary fracturing
cluster or between
fractures.

Low technical cost and
simple process.

in the construction
effects. The average
sanding intensity and
fluid intensity of repeat
fracturing are generally
comparable to those of
the first fracturing.

“Nested casing”

A small-sized casing is
inserted into the
original wellbore for
cementing, and the
perforations of the
primary fracturing are

mechanically sealed off.

After a new channel is

For horizontal well
sections, small casings
are inserted for
cementing, while the

The cost is relatively

refracturing formed inside the original casing is still high, and the
wellbore, segmented used in vertical well construction process is
perforation fracturing sections. complex. Compared to
is performed again the initial fracturing,
with the same steps as the average sand
the primary concentration and fluid
transformation. Tt can effectively intensity for repeated
fracturi 11
Mechanical After inserting the control the flow i;acf‘elgzleng gleg(;e‘;f vfflhile
isolation and expandable liner into direction of the fluid the stage g acin ! and
refracturin the position which and accurately target clustergs a}f):in z;:re
& needs to be sealed off, . areas that have not icall P 4 & db
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repeated fracturing
operations.

4. Field Application
4.1. General Temporary Plug Refracturing
4.1.1. Haynesville Case [31]

In the Haynesville block, generalized temporary plugging and refracturing operations
were conducted on 15 wells. Prior to the fracturing design, the parameters for perforation
optimization were adjusted based on the conditions of each well. When the cluster spacing
was between 15.2 and 18.3 m, and the number of clusters per stage was greater than six,
based on a previous process analysis, there were multiple perforation clusters that were not
fully stimulated. Due to the larger cluster spacing, additional perforation operations could
be performed to simultaneously address the clusters that had not been fully stimulated
during the initial fracturing. For wells which had already been fractured with an even larger
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cluster spacing in the early stages and with fewer clusters per stage, the initial fracturing
was relatively sufficient. Therefore, optimization of the perforation location was conducted
based on geological steering logging results, and additional perforation operations were
performed to focus on the new perforations for refracturing.

During the initial stage of fracturing, considering the severe pressure decay in the
fully stimulated perforation clusters, clean water was first pumped to restore the formation
pressure. Subsequently, as the production proceeded, the pressure inside the fractures
decreased in the fully stimulated perforation clusters, and the fluid conductivity decreased
due to proppant embedment. Therefore, crosslinked fracturing fluid carrying proppants
was pumped to further enhance its fluid conductivity. Then, temporary plugging agents
were pumped to seal the already-filled perforation clusters. After that, crosslinked fractur-
ing fluid carrying proppants was injected, and temporary plugging agents were pumped
at each stage to fill both the old and new fractures. Finally, a mixed fracturing operation
mode of “slickwater and gel fluid” was conducted.

A production analysis was conducted on the 15 wells. Wells BD2 and BD11 experi-
enced interference from neighboring wells during production, resulting in errors in the
calculation of the EUR. The improvement in the EUR ranged from (0.08) x 108 m? to
(0.8) x 108 m3. Due to the production duration, the production data of BD14 and BD15 did
not meet the EUR prediction requirements. However, based on the production test results,
compared to the original production data, the initial production increased by 40% and 7%,
respectively. A specific comparison of the production capacities is shown in Figure 9.

Before refracturing AA[ieI‘ refractuging]

— B

Production rate

Time
Figure 9. Stimulation effect after large-scale refracturing (Revised from [31]).

4.1.2. Eagle Ford Case

In December 2016, refracturing operations were conducted on two wells, A1 and A2,
in the Eagle Ford block. Before the refracturing, an additional 59 clusters of perforations
were added to wells Al and A2, increasing the total number of clusters per well from 60 to
119. Prior to the fracturing operation, 4293 m? of clean water was pumped at a pressure of
48.3 MPa to restore the pressure, followed by sand-adding operations using crosslinked
fracturing fluid. Through multi-stage temporary plugging, the old and new fractures were
fully stimulated.

Well A1 received a total of 28,461.0 m? of fracturing fluid, 2724.0 tons of proppants,
and 1113 temporary plugging balls. Stages 1 to 12 used temporary plugging agents, while
stages 13 to 32 used temporary plugging balls. The number of balls per stage increased from
40 to 90. Well A2 received a total of 16,536.0 m? of fracturing fluid, 1135.0 tons of proppants,
and 388 temporary plugging balls. In stage 14, the number of temporary plugging balls
per stage was increased to 95, and, due to a high operating pressure, the flow rate was
adjusted on-site.

After the refracturing, construction was carried out on the infill well B3. Through the
refracturing operations on wells A1l and A2, a fracturing enhancement under different num-
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bers of temporary plugging balls was obtained as shown in Figure 10. This slowed down
the depletion of formation pressure in the already-stimulated areas, favoring the redirection
and extension of new fractures in the infill well B3 towards the unstimulated regions.

Diversion Pressure Response Data

M Pressure Gain

® Diversion / Stage

Before refracturing After refracturing e

Diversion / Stage
UIBD) 2INSSal

Stage

Figure 10. Fracturing growth rate under different numbers of temporary plugging balls (Revised
from [45]).

The production capacity before and after refracturing is shown in Figure 11. After the
refracturing of well Al, the production recovered to 61% of the initial production, and the
EUR increased by 36%. For well A2, after refracturing, the production recovered to 46% of
the initial production, and there was no significant change in the EUR.

Refracturing Well A1 and A2 Production

— Al --- A2

Before refracturing After refracturing

Production rate

Time
Figure 11. Comparison of gas production before and after refracturing (Revised from [45]).

4.1.3. Fuling Case

The shale gas wells in the Fuling shale gas reservoir have exhibited a significant decline
in production over time, necessitating the need for refracturing to enhance the recovery rate
of the gas field [46]. In terms of temporary plugging and refracturing technology, Sinopec
has conducted on-site trials at several wells in the Fuling shale gas reservoir, demonstrating
the feasibility of this technology. However, close attention needs to be paid to the evaluation
of potential wells before fracturing and the issue of wellbore plugging after fracturing.

For the F19 well, the first six sections of 395.00 m underwent four stages of temporary
plugging and refracturing, with a total fluid volume of 10,970.9 m® and a total sand volume
of 319.2 m3. A total of 668 temporary plugging balls and 430.0 kg of temporary plugging
agent were used. The operating pressure ranged from 58.0 to 97 MPa, and the shutdown
pressure was between 32.8 and 38.8 MPa. Before refracturing, the daily gas production was
(0.5 t0 0.6) x 10* m3, which was similar to the pressure transmission. After refracturing, the
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test pressure was between 8.0 and 9.0 MPa, and the test production was (5.1 to 5.4) x 10* m?,
as shown in Figure 12. The good increase in production after refracturing confirms the
feasibility of the refracturing process.

—— Pressure Sand ratio —— Pump rate —

™ i
ﬁ ALUNED

Figure 12. F19 refracturing construction curve.
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For the F39 well, the first 10 sections underwent six stages of “temporary plugging
balls and temporary plugging agent” refracturing. The total fluid volume was 17,166.7 m?,
the total sand volume was 684.0 m?, 659 temporary plugging balls were used, and 2100.0 kg
of temporary plugging agent was applied. Before the refracturing and shutdown of the
well, the cumulative gas production was 2097.5 x 10* m3, and the daily gas production
was 0.2 x 10* m3, as shown in Figure 13. However, after refracturing, the wellbore was

blocked by pollutants, limiting the effectiveness of the post-fracturing results.
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Figure 13. F39 refracturing construction curve in Fuling shale gas reservoir.

Well F20 completed a five-stage “temporary plugging balls and temporary plugging
agent” refracturing operation across its entire well section, which consisted of 15 sections.
The total fluid volume used during the operation was 15,571.9 m3, and the total sand volume
was 407.4 m3. During construction, a total of 395 temporary plugging balls were added,
309 of which were 13.5 mm, 60 were 11 mm, and 16 were 9.5 mm. Due to the increased
well section length of 1404 m, the operational difficulty was heightened compared to the
previous two wells. The fracturing of the entire well section reduced the impact of single-
stage processing on production, and the subsequent production capacity depended on the
overall potential of the refracturing operation well. After refracturing, the well experienced
a slight increase in production, with a daily gas production of 2.0 x 10* m3, as shown in
Figure 14.

In the early stage of the Fuling shale gas reservoir, a ball-dropping temporary plugging
process was used to carry out refracturing operations on three shale gas wells. During
the construction process, a phenomenon of gradually increasing pressure was observed,
indicating severe near-wellbore fluid loss [47]. After fracturing, the maximum increase in re-
coverable reserves was 0.10 x 10 m3. The production profiles showed that gas production
contributions were concentrated in the heel section, indicating that multi-stage fractur-
ing repeatedly modified the heel fracturing section. However, the use of ball-dropping
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temporary plugging could not effectively mobilize the entire well section. Currently, the
limitations of ball-dropping temporary plugging for refracturing are relatively strong [47].

Pressure Sand ratio Pump rate

f‘ I] | | _‘l 'M

Figure 14. Refracturing construction curve of F20 in Fuling shale gas reservoir.
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4.2. “Nested Casing” Refracturing
4.2.1. Haynesville Case

Since 2016, the technology of rebuilding wellbore and refracturing has been applied
on a large scale in the Haynesville shale gas field in the United States. By inserting a
¢$117.0 mm casing into the original wellbore to rebuild it, large-scale fracturing operations
have been achieved [43].

According to the statistical data shown in Figure 15, there are significant differences
in the construction parameters among the 75 rebuilt wellbore refracturing operations in
the Haynesville shale gas field in the United States. The average sand intensity for the first
fracturing is between 1.8 and 1.9 t/m, while the average sand intensity for refracturing is
between 4.8 and 4.9 t/m, representing an average increase of more than 160%. The average
fluid intensity for the first fracturing is between 16.0 and 17.0 m3/m, while the average
fluid intensity for refracturing is between 32.0 and 33.0 m3/m, showing an increase of over
100%. The average length of the first fracturing stage is between 88.0 and 91.0 m, while
the average length of the refracturing stage is between 46.0 and 49.0 m, representing a
decrease of more than 48%. The average cluster spacing for the first fracturing is between
15.0 and 16.0 m, while the average cluster spacing for refracturing is between 9.0 and 9.5 m,
indicating a decrease of over 40%. The construction differences are mainly reflected in the
construction displacement, which is primarily influenced by the length of the new casing
and the degree of pressure drop in the production reservoir during the early stage. The
displacement for refracturing is mainly concentrated between 5.0 and 8.0 m?/min, showing
a significant decrease compared to the first fracturing [48].

Production rate

Parameter

Figure 15. Correlation analysis between refracturing construction parameters and post-productivity
in Haynesville shale gas field in the United States (Revised from [48]).
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Overall, there is a relatively poor correlation between the first fracturing construction
parameters and the post-refracturing production capacity. However, there is a more sig-
nificant correlation between the refracturing construction parameters and the production
capacity. Among them, the sand intensity and the fluid intensity have a weaker correlation
with the post-refracturing production capacity, but the overall usage is almost doubled
compared to the first fracturing. The correlation between the stage cluster division and
perforation location and the post-refracturing production capacity is more evident. Effec-
tively reducing the stage cluster spacing has improved the production effectiveness after
refracturing.

4.2.2. Eagle Ford Case

The successful implementation of refracturing technology in the Haynesville shale gas
field in the United States has also been promoted and applied in the Eagle Ford shale gas
field. The Eagle Ford shale field in the United States has refractured 37 rebuilt wells, with
the highest refracturing effect resulting in an increase of nearly 17 times in production. As
shown in Figure 16, the EUR analysis of refracturing for five wells indicated an increase of
nearly 140% compared to the initial fracturing EUR per well.

Before refracturing After refracturing

Productivity ratio before and after refracturing

Prduction time

Figure 16. Comparison of 90-day normalized production before and after refracturing (Revised
from [48]).

4.2.3. Fuling Case

Since 2020, the Fuling shale gas reservoir has successfully conducted “casing-in-
casing” refracturing tests in wells such as F4, F20, and F2. The transformation effect has
been steadily improving, and the construction cost per meter has continued to decrease,
laying a solid foundation for the promotion and application of the technology.

The F4 well carried out a pilot test of “casing-in-casing” refracturing, with 21 stages and
80 clusters of fracturing construction. The post-fracturing test production was 18.38 x 10* m3/d.
The post-fracturing test production of the F20 well was 8.81 x 10* m®/d. The post-fracturing
test production of the F2 well was 17.67 x 10* m?/d, achieving good transformation results.
The current production data require further tracking (Figure 17).

As of 13 February 2023, China’s first “casing-in-casing” refracturing gas well using
fully domestically produced technological processes, tools, and materials, i.e., the F5-1
well, successfully completed all construction tasks. It achieved a high-yield industrial gas
flow rate of 14.2 x 10* m3/d, with a test production which recovered to 75% of the initial
fracturing. The construction cost decreased by 29% compared to the initial stage, marking
a breakthrough in the field of “casing-in-casing” rebuilt wellbore refracturing for shale
gas in China, breaking foreign restrictions. This provides an effective reference for the
development and production increase in old shale gas fields in China.



Processes 2024, 12, 965

17 of 22

40
. Primary fracturing . Re-fracturing

=
& 30
= 24.19 25.39
e 21.60
2 20 6.37 6.26
=4
& 10 6.93

F4 well F20 well F2 well

‘Well number

(@)

~ 40
:? . Primary fracturing . Re-fracturing
B
z 30 26.99
E 208538
= . 7.67
=20 15.76
5
] 8.81
£10
(=9
Z
[
0

Fdwell F20 well F2 well

Well number

(b)

Figure 17. Comparison of test data of refracturing wells in Fuling shale gas reservoir. (a) Test pressure
comparison of refractured wells. (b) Refractured well test production comparison.

4.3. Expandable Liner Refracturing of Wellbore

Refracturing with expandable liners was conducted in one well in the Bone Spring
formation of the Permian Basin. The well was drilled and fractured in 2012 [39]. Before the
fracturing operation, the artificial lift equipment was removed, and a retrievable bridge
plug was installed at the design depth to test the integrity of the $139.7 mm casing. Once
the casing integrity was confirmed to meet the requirements for subsequent operations,
the well was washed, and an expandable liner was run to the design depth. Lubricants
were added to the well fluid during the liner running process to reduce the chances of
the expandable liner getting stuck or worn out in the horizontal section. Once the liner
reached the predetermined position in the horizontal section, it was inflated by applying
pressure. Subsequently, a pressure test was conducted throughout the well section, reaching
a test pressure of 42.8 MPa. The test was successful, and a 22-stage hydraulic fracturing
treatment was carried out on the 1005.84 m horizontal section. The sand addition met
the design objectives, and there were no issues with poor sealing during the fracturing
process. The test production before and after refracturing is shown in Figure 18. The initial
production increased by approximately 100%, and the predicted EUR increased by nearly
200%, demonstrating significant effectiveness.

Before refracturing After refracturing

Declining rapidly

Production rate

Time

Figure 18. Production test of expandable liner before and after refracturing (Revised from [49]).
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4.4. Slimhole Refracturing Technology

This technology has been successfully applied in the Montney shale formation of
the Septimus gas field in Canada. The test well had a measured depth of 3400.04 m, a
vertical depth of 2043.07 m, and a horizontal section length of 1284.12 m. It was completed
with a $114.0 mm wellbore. A total of five stages of fracturing were performed, with the
first two stages using sand-jetting perforation fracturing and the last three stages using
pump-delivered bridge plug perforation combined fracturing. During the initial fracturing
operation, a total of 2648.1 m® of fracturing fluid was injected, with an average proppant
usage of 120.0 tons per stage and a maximum displacement rate of 6.0 m3/min.

A $73.0 mm small wellbore was inserted into the existing wellbore, and, combined
with packers and sliding sleeves, 10 stages of refracturing were performed. Compared to
the initial fracturing, the usage of fracturing fluid increased by 7523.6 m?, and the proppant
usage per stage increased by 70.0 tons. The maximum displacement rate for refracturing
was 9.5 m3/min, which was higher than the initial fracturing rate of 6.0 m3/min. The
maximum pump pressure for slickwater operation was 63.5 MPa. Five months after
refracturing, the average natural gas production was 74.6 x 10* m? (converted based on a
conversion coefficient of 1 ton of oil equivalent to 1255 m? of natural gas equivalent), which
was an increase of three times compared to the pre-fracturing production of 18.7 x 10* m>.

Currently, refracturing techniques have been broadly applied around the world with
considerable success. The general temporary plugging and refracturing technique has been
successfully deployed in the Haynesville and Eagle Ford regions of the United States as
well as in the Fuling shale gas field in China. By optimizing parameters such as cluster
spacing and hole patching and selecting appropriate pre-fracture water volumes, crosslink-
ing fluids, and temporary blocking agents, engineers have successfully enhanced the flow
capacity of production wells and created new fracture pathways. The “nested casing”
refracturing technology, by installing a new casing within the original wellbore and per-
forming refracturing operations, has significantly improved the fracturing efficiency. In
the Haynesville and Eagle Ford regions of the United States, a substantial increase in the
amount of sand and fracturing fluid, along with reduced cluster spacing, have resulted in a
significant increase in the potential ultimate recovery (EUR). Additionally, the application
of this technology in China’s Fuling shale gas field has demonstrated potential for reduc-
ing costs and increasing the production capacity, as well as fostering the development of
domestic processes, breaking the constraints of foreign technology, and providing practical
cases and strategic experiences for the redevelopment of domestic old oil and gas fields.
The expandable liner refracturing of wellbore technology and the slimhole refracturing
techniques have shown significant effects in enhancing the recovery rates. For instance, in
the Bone Spring formation, the reconstruction of a wellbore with expandable casing and
a subsequent 22-stage hydraulic fracturing operation doubled the initial production rate
and nearly doubled the predicted EUR. Meanwhile, the application in Canada’s Montney
formation has shown that slimhole refracturing not only increased the use of proppant and
discharge rates but also significantly boosted well productivity, tripling the output of the
initial fracturing.

Different cases demonstrate that refracturing can significantly improve production
and the estimated ultimate recovery (EUR). These instances prove the vital role of this
technology in increasing the recovery rate of shale gas wells, extending the life of wellfields,
and maximizing resource utilization. Although some technical challenges such as wellbore
blockage and pressure management exist, they can be effectively overcome with meticulous
engineering design and execution. Overall, temporary plugging refracturing provides a
significantly effective and widely applicable solution for enhancing the productivity of
unconventional oil and gas deposits.

5. Economic Evaluation of Refracturing

There are significant differences in the effectiveness and economics of refracturing
among different blocks in North America, as well as between different wells within the



Processes 2024, 12, 965

19 of 22

same block. In terms of transformation effects, shale blocks such as Eagle Ford, Bakken,
and Marcellus have relatively good results. Eagle Ford is expected to have a five-year oil
increment ranging from (0.08) x 10* m to (3.82) x 10* m3, with an expected EUR of 0.71 to
2.85 times the initially fractured estimated ultimate cumulative production [13].

In terms of fracturing investment, the lumped temporary plugging refracturing process
has an investment of approximately USD 500,000 to USD 1.5 million per well, while the liner
refracturing process has an investment of approximately USD 3 million to USD 4 million
per well. The profit is generally twice that of lumped refracturing, but it also faces higher
operational risks.

In terms of transformation benefits, the net present value range of oil well increments
in the Bakken region is between negative USD 1.5 million and USD 10.5 million, with a
fracturing efficiency of 86%; the net present value range of oil wells in the Eagle Ford region
is between negative USD 2.6 million and USD 9.3 million, with a refracturing efficiency of
56% for oil wells.

The Fuling shale gas reservoir initially adopted the lumped temporary plugging
refracturing process to carry out pilot tests on three shale gas wells. After fracturing,
the maximum recoverable reserves increased by 0.10 x 108 m? [34]. The production
profiles showed that gas production contributions were concentrated in the heel section,
and effective utilization of the entire wellbore could not be achieved through temporary
plugging steering. At this stage, the lumped temporary plugging refracturing process had
strong limitations [34]. Later, four shale gas wells were tested with the “casing-in-casing”
refracturing process. The recoverable reserves of two wells increased from (0.08) x 108 m?
to (0.38) x 10® m3 after fracturing, while the production data of the other two wells
require further tracking. The F5-1 well is the first well in China to adopt domestically
produced technological processes, tools, and materials for the reconstruction of the wellbore
and refracturing. The test production recovered to 75% of the initial fracturing, and the
construction cost decreased by 29% compared to the initial stage. This provides an effective
reference for the development and production increase in old shale gas fields in China.

6. Conclusions

1. Wellbore conditions are fundamental to successful refracturing operations. Wells with
good material foundations, a high reservoir pressure, significant reservoir damage,
severe wellbore fluid accumulation, sanding and scaling issues, unreasonable initial
fracturing perforation parameters, low process parameters, and high initial production
rates that decline rapidly can be considered prime candidates for refracturing.

2. Shale oil and gas refracturing techniques primarily encompass two categories: lumped
temporary plugging refracturing and mechanical isolation refracturing (including
“casing-in-casing”, expandable liners, and slimhole refracturing techniques). The
specific choice of technique should be tailored to the geological, engineering, and
production dynamics characteristics of the target well. The most suitable refracturing
technology should be selected based on effective EUR predictions and cost accounting,.

3. There are significant differences in the effectiveness and economics of refracturing
among different blocks in North America or between different wells within the same
block. The F5-1 well is the first well in China to adopt fully domestically produced
technological processes, tools, and materials for the reconstruction of the wellbore and
refracturing. It holds promise for providing valuable insights for the development
and production increase in aging shale gas fields in China.

Overall, the successful application of refracturing technology hinges on careful well
and layer selection. Geological and engineering parameters closely related to the remaining
reservoir volume and formation energy should be considered as screening criteria. Lumped
temporary plugging refracturing is cost-effective and straightforward but can have variable
results due to difficulties in precise temporary plugging placement. Mechanical isolation
refracturing allows for the precise modification of areas not addressed during the initial
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fracturing, but it is more expensive and complex. Reducing the cost of mechanical isolation
refracturing is a key research focus.
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