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Abstract: Background: Hydraulic fracturing is an indispensable technology for extracting oil and gas from
unconventional reservoirs, fundamentally altering the global energy landscape. However, its operational
complexity and environmental footprint necessitate continuous innovation. A comprehensive synthesis of
traditional techniques, emerging innovations, and associated environmental impacts is required to guide future
development.

Objective: This article provides a systematic review of hydraulic fracturing, charting its evolution from
foundational methods to cutting-edge technologies. It aims to (1) analyze the principles and applications of
various fracturing techniques, (2) highlight key technological innovations in fluids and methods, and (3) critically
evaluate the environmental impacts and corresponding mitigation strategies.

Methods: The analysis is based on a structured review of seminal and contemporary literature. The works are
categorized to compare proppant and acid fracturing; assess applications in diverse geologies like shale, high-
pressure/high-temperature, and mature fields; and examine novel methods, including supercritical CO2, foam-
based, and plasma-based fracturing. The review integrates findings from field case studies and advanced
simulation models to connect theory with practice.

Results: The review confirms a clear technological progression from water-intensive conventional methods to
waterless or reduced-water alternatives designed to enhance efficiency and minimize environmental risks.
Innovations like supercritical CO2 and plasma fracturing offer promising solutions for shale reservoirs. Advanced
modeling techniques have proven crucial for optimizing fracture network complexity and well performance in
challenging environments. While these innovations address key issues like water consumption, significant
environmental challenges, particularly concerning water management and induced seismicity, persist.

Conclusion: The future of hydraulic fracturing hinges on developing and deploying technologies that are both
economically viable and environmentally sustainable. While significant progress has been made, current
predictive models for managing environmental risks remain a key area for improvement. Future research must
focus on the long-term scalability of novel techniques and the creation of integrated models that fully account for
complex geological and environmental interactions.

Keywords: Hydraulic Fracturing, Unconventional Reservoirs, Shale Gas, Proppant Fracturing, Acid Fracturing,
Supercritical CO2, Induced Seismicity.

Introduction: 1.1. The Role of Hydraulic Fracturing in PY @ pressurized liquid, primarily to extract oil and
Modern Energy Production natural gas from subterranean formations. The process

involves the high-pressure injection of 'fracturing fluid'
(primarily water, containing sand or other proppants
suspended with the aid of thickening agents) into a
wellbore to create cracks in the deep-rock formations

Hydraulic fracturing, colloquially known as "fracking,"
has become one of the most transformative and
debated technologies in the modern energy sector. It is
a well stimulation technique in which rock is fractured
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through which natural gas, petroleum, and brine will
flow more freely. When the hydraulic pressure is
removed from the well, small grains of proppant (e.g.,
sand or aluminum oxide) hold the fractures open. This
technique is fundamental to the economic viability of
extracting hydrocarbons from low-permeability
reservoirs, such as shale, tight sandstone, and coal
beds, which were previously considered inaccessible.
The widespread application of hydraulic fracturing,
particularly in combination with horizontal drilling, has
unlocked vast energy resources, fundamentally
reshaping the global energy supply landscape over the
past two decades.

The conceptual origins of using pressure to stimulate
well production are not new. The first experimental use
of hydraulic fracturing as a commercial technique was
in 1947, and its first successful application was
documented by Clark in 1949, who detailed a hydraulic
process for increasing the productivity of wells by
creating and extending fractures in the target
formation [6]. This initial process was relatively simple
compared to modern multistage operations, but it
established the foundational principle of using fluid
pressure to overcome the tensile strength of rock,
thereby enhancing permeability and improving the
flow of hydrocarbons to the wellbore. From these
beginnings, the technology has undergone decades of
refinement, evolving from a niche application for
conventional wells into the primary enabling
technology for the unconventional oil and gas
revolution. Its importance cannot be overstated; it has
been credited with enhancing energy security for many
nations, lowering natural gas prices, and driving
significant economic activity.

1.2. Problem Statement and Knowledge Gap

Despite its economic and strategic importance,
hydraulic fracturing is accompanied by a complex set of
technical challenges and significant environmental
concerns. The rapid technological evolution of
fracturing methods has created a vast and often
fragmented body of research. While numerous studies
have focused on specific aspects of the technology—
such as fluid chemistry, proppant performance, or
reservoir modeling—there is a discernible gap in the
literature  for  comprehensive  reviews that
systematically synthesize the full spectrum of
fracturing techniques with their corresponding
environmental footprints. The discourse is often
bifurcated, with technical papers focusing on
operational efficiency and environmental studies
focusing on impacts, without sufficient integration
between the two.

This gap is particularly critical given the recent and
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rapid emergence of innovative fracturing methods
designed to address the shortcomings of conventional
water-based techniques. Technologies utilizing foam,
supercritical carbon dioxide (sCO2), and even plasma
are moving from theoretical concepts to field
applications [1, 2, 3]. These waterless or reduced-water
innovations represent a significant paradigm shift, yet
their operational effectiveness, scalability, and true
environmental benefits are not yet holistically
understood or widely reviewed in an integrated
manner. Furthermore, advancements in geophysical

modeling and simulation have enabled more
sophisticated predictions of fracture network
propagation [16], but these models must be

continuously updated to incorporate new fracturing
methods and to better predict and mitigate associated
geomechanical risks, such as induced seismicity. An
integrated analysis that connects traditional methods,
emerging water-conscious innovations, and state-of-
the-art simulation is therefore essential for
researchers, industry practitioners, and policymakers.

1.3. Objectives and Scope

The primary objective of this article is to systematically
review and analyze the spectrum of hydraulic
fracturing techniques, from their foundational
principles to the most recent technological innovations.
This review aims to bridge the aforementioned
knowledge gap by providing an integrated perspective

that connects engineering practices with their
environmental consequences.

The secondary objectives are twofold:

1. To evaluate the application and performance
of these varied techniques across diverse and
challenging geological settings, including

unconventional shale, high-temperature/high-pressure
(HTHP) reservoirs, and mature fields.

2. To critically assess the environmental impacts
associated with different fracturing methods, with a
particular focus on water resource management,
induced seismicity, and greenhouse gas emissions, and
to review the mitigation strategies offered by emerging
technologies.

The scope of this review is comprehensive, covering the
core methods of proppant fracturing and acid
fracturing, which form the bedrock of the industry. It
then extends to a detailed examination of advanced
and alternative methods, including foam-based,
supercritical CO2, and plasma-based fracturing. The
analysis is supported by a synthesis of findings from key
modeling and simulation studies [5, 11, 12, 16] and is
grounded in practical applications drawn from
published case studies [7, 13, 19, 23]. The literature
base for this review comprises a curated set of 26
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foundational and contemporary articles that
collectively map the technological trajectory and
environmental context of hydraulic fracturing.

2. METHODOLOGY
2.1. Literature Review Framework

This review employs a systematic approach to
synthesize the knowledge contained within the
provided corpus of 26 key academic and industry
publications. The selection of these articles was
purposive, aimed at capturing a representative cross-
section of the critical developments in hydraulic
fracturing technology and its associated impacts over
several decades. The analytical process began with a
thorough reading and annotation of each source to
identify its core contributions, methodologies, and
conclusions.

Following this initial analysis, the literature was
categorized into three overarching themes to structure
the review and facilitate a coherent narrative:

1. Fracturing Techniques and Applications: This
category includes papers that describe the
fundamental mechanics of different fracturing
methods (e.g., proppant, acid) and present case studies
of their application in various reservoir types (e.g.,
shale, carbonate, mature fields).

2. Technological and Modeling Innovations: This
theme encompasses research focused on the
development of novel fracturing fluids (e.g., foam,
sC02), new energy-driven techniques (e.g., plasma),
and advancements in the computational modeling and
simulation of fracture propagation and reservoir
performance.

3. Environmental Implications: This category
covers the aspects of the literature that, either directly
or indirectly, address the environmental consequences
of hydraulic fracturing, including water usage, induced
seismicity, and emissions, as well as the potential of
new technologies to mitigate these impacts.

2.2. Analytical Approach

The synthesis of the categorized literature was guided
by a multi-faceted analytical approach. First, a
comparative analysis was conducted to contrast the
principles, advantages, and limitations of different
fracturing fluids and methods. For example, the
operational parameters and geological suitability of
propped fracturing [10] were compared against those
of acid fracturing [4], and both were contrasted with
emerging water-alternative techniques [1, 2, 3]. This
comparative lens allows for a nuanced understanding
of the decision-making process involved in selecting an
appropriate stimulation strategy for a given reservoir.

Second, the review emphasizes the synthesis of
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theoretical and modeling studies with practical field
applications. The insights derived from sophisticated
modeling of gas flow in shale [11, 12] and the
simulation of complex fracture networks [16] were
juxtaposed with the real-world outcomes reported in
case studies from diverse locations, such as the North
Sea [7], deep carbonate formations in China [13], and
mature gas fields in Germany [19]. This approach
connects abstract models to tangible performance
metrics, providing a more robust and grounded
analysis. By integrating these different forms of
evidence, this review aims to construct a holistic and
multi-dimensional picture of the state of hydraulic
fracturing technology, its ongoing evolution, and its
complex relationship with the environment.

3. RESULTS AND DISCUSSION

This section presents a detailed analysis of the
literature, organized according to the thematic
framework outlined in the methodology. It begins with
an examination of foundational fracturing techniques,
moves to their application in diverse reservoirs,
explores recent technological innovations, and
concludes with a critical discussion of environmental
impacts.

3.1. Foundational Fracturing Techniques

The modern hydraulic fracturing industry is built upon
two primary methods of well stimulation: proppant
fracturing and acid fracturing. The choice between
them is dictated primarily by the lithology of the
reservoir rock and the desired mechanism for creating
and maintaining conductivity.

3.1.1. Proppant Fracturing

Proppant fracturing is the most widely recognized form
of hydraulic stimulation and is the cornerstone of
operations in clastic formations like sandstone and
shale. The fundamental objective is to create a highly
conductive pathway for hydrocarbons to flow from the
reservoir matrix to the wellbore. The process, as
described by Daneshy [8], involves injecting a viscous
fluid at a pressure sufficient to fracture the rock. This
fluid also serves as a transport medium for a
'proppant'—typically sand, ceramic beads, or other
granular materials. Once the fracture is created, the
proppant is carried into the void. When the injection
pressure is released, the fracture attempts to close, but
the proppant particles remain in place, "propping" it
open and creating a permanent, highly permeable
channel.

The effectiveness of this technique hinges on achieving
optimal fracture conductivity. This conductivity is a
function of both the width of the propped fracture and
the permeability of the proppant pack itself. Fredd et
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al. [10] conducted an experimental study that clearly
demonstrated the benefits of using proppants to
maintain fracture conductivity. Their work highlighted
that without a propping agent, fractures in most rock
types would experience significant closure stress,
leading to a rapid decline in productivity. The selection
of the right proppant is therefore a critical design
parameter, involving a trade-off between strength (to
resist crushing under closure stress), size, shape, and
cost. The overarching goal is to create a durable conduit
that can withstand reservoir conditions for the life of
the well, thereby maximizing hydrocarbon recovery [8,
10].

3.1.2. Acid Fracturing

In contrast to proppant fracturing, acid fracturing is
specifically designed for carbonate reservoirs, such as
limestone and dolomite. In this technique, a reactive
fluid—typically hydrochloric acid (HCl)—is injected to
create fractures. However, instead of using an inert
proppant to hold the fractures open, acid fracturing
relies on the chemical reaction between the acid and
the carbonate rock. As the acid flows through the
fracture, it etches the fracture faces in a non-uniform
pattern. When the injection pressure is released and
the fracture closes, the asperities on the opposing,
differentially etched faces do not perfectly align,
leaving behind a conductive channel.

The success of an acid fracturing treatment depends on
creating sufficient etched conductivity that can
withstand the in-situ closure stresses. Ben-Naceur and
Economides [4] explored the effectiveness of acid
fractures and their subsequent production behavior,
noting that the key challenge is controlling the acid's
reaction rate. If the acid reacts too quickly near the
wellbore, it will not penetrate deep into the reservoir
to create long, effective fractures. Conversely, if it
reacts too slowly, the etching may be insufficient to
create the required conductivity. This has led to the
development of various retarded acid systems. Roberts
and Guin [18] proposed a new method for predicting
acid penetration distance, a critical factor in designing
effective treatments. Their model accounted for fluid
loss, reaction kinetics, and fracture geometry,
providing engineers with a more robust tool for
optimizing acid fracturing jobs and ensuring the
creation of durable, highly conductive flow paths in
carbonate formations.

3.1.3. Comparative Analysis and Application

The decision to use propped versus acid fracturing is a
fundamental choice in well completion design. While
the primary determinant is reservoir lithology (clastic
vs. carbonate), other factors such as rock mechanical
properties, temperature, and economic considerations
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also play a role. In some cases, particularly in mixed-
lithology or complex carbonate reservoirs, the choice is
not always straightforward.

Zoveidavianpoor et al. [26] provide a compelling case
study examining the needs for hydraulic fracturing in
Iranian carbonate oilfields. Their analysis directly
addresses the question of whether to use acid or
propped fracturing in these specific reservoirs. They
argue that while acid fracturing is the traditional choice
for carbonates, there are situations where propped
fracturing may be more effective, particularly in
formations with low acid solubility or high closure
stresses that could crush the etched asperities. Their
work underscores that a "one-size-fits-all" approach is
inadequate. A thorough understanding of the
reservoir's geomechanical and geochemical properties
is required to determine the optimal stimulation
strategy. This often involves detailed laboratory testing
and reservoir simulation to predict the long-term
conductivity that can be achieved with each method,
ultimately guiding the decision that will yield the most
sustainable production and highest economic return
[26].

3.2. Application Across Diverse and Challenging
Reservoirs

The evolution of hydraulic fracturing has been driven
by the need to apply the technology in increasingly
complex and challenging geological environments. The
techniques have been adapted and refined to unlock
resources from unconventional shale, withstand
extreme downhole conditions, and rejuvenate
production from aging fields.

3.2.1. Unconventional Shale

The development of unconventional shale gas and oil is
arguably the most significant achievement of modern
hydraulic ~ fracturing.  Shale  formations are
characterized by ultra-low permeability, meaning that
hydrocarbons are trapped within a dense, non-porous
rock matrix. Economical production is only possible by
creating a vast and complex network of interconnected
fractures that provides a large surface area for gas and
oil to desorb from the rock and flow to the wellbore. As
Warpinski et al. [24] describe, stimulating
unconventional reservoirs is about maximizing this
network growth while simultaneously optimizing the
conductivity of the main hydraulic fractures. This is a
delicate balance, as aggressive injection strategies
designed to create complex networks can sometimes
fail to transport proppant effectively into the far-field
fractures.

Modeling this complex behavior is a significant
challenge. Early models were often insufficient to
capture the intricate interplay between the induced
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hydraulic fractures and pre-existing natural fracture
systems. Cipolla et al. [5] presented advanced modeling
techniques to better predict well performance in shale-
gas reservoirs, emphasizing the need to account for the
stimulated reservoir volume (SRV) rather than just a
single, planar fracture. Further work by Kudapa et al.
[11, 12] focused on modeling the entire gas flow
process, from the slow diffusion out of the shale matrix
into the fracture network and ultimately to the well.
Their simulations provided critical insights into the
long-term production behavior of shale wells,
demonstrating how the complex fracture geometry
governs the decline curve and ultimate recovery. These
modeling advancements have been instrumental in
optimizing multi-stage fracturing operations in
horizontal wells, which has become the standard
practice in shale development [5, 11, 12, 24].

3.2.2. High-Temperature, High-Pressure (HTHP) and
Tectonically Active Fields

Applying hydraulic fracturing in deep, high-
temperature, and high-pressure (HTHP) reservoirs
presents another set of formidable challenges. The
fracturing fluids must remain stable at extreme
temperatures, and the proppants must be strong
enough to withstand immense closure stresses. Li et al.
[13] detail the application of propped fracturing in a
high-temperature deep carbonate formation. Their
case study highlights the need for specialized high-
strength proppants and thermally stable fracturing
fluids to successfully stimulate these wells. The
operational risks are also magnified, requiring
meticulous planning and execution to manage the high
pressures involved.

These challenges are further compounded in
tectonically active fields, where the in-situ stress
regimes are complex and can change over time. Vega
et al. [22] discuss the hydraulic fracturing of hot, high-
pressure wells in Eastern Venezuela, a region
characterized by significant tectonic activity. They note
that the orientation of the induced fractures is heavily
influenced by the local stress field, which must be
accurately characterized to ensure the fracture
propagates in the desired direction, away from water-
bearing zones and towards hydrocarbon-rich areas.
Operating in such environments requires an integrated
approach that combines robust geomechanical
modeling with advanced fracturing technologies
capable of performing reliably under the most
demanding downhole conditions [13, 22].

3.2.3. Mature and Unconsolidated Reservoirs

Hydraulic fracturing is not only for new wells; it is also
a powerful tool for enhancing production from existing,
mature fields. Re-fracturing involves stimulating a well
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that has already been fractured and has seen its
production decline. Wang et al. [23] present a case
study of re-fracturing a high-temperature deep well in
a carbonate reservoir. Their work demonstrates that by
using modern fracturing fluids and techniques, it is
possible to bypass near-wellbore damage or create
new fracture networks, effectively breathing new life
into old wells and significantly increasing recoverable
reserves. Similarly, Rickheim et al. [19] discuss the
technical and economic challenges of the giant Altmark
mature gas field in Germany, where stimulation
techniques are a key component of the strategy to
manage production decline.

A different challenge is presented by unconsolidated
heavy-oil reservoirs, where the formation s
mechanically weak and prone to producing sand along
with the oil, which can erode equipment and plug the
well. Wedman et al. [25] describe the use of hydraulic
fracturing for sand control in these reservoirs. In this
application, known as a "frac-pack," a short, wide
fracture is created and packed with a high
concentration of sand. This proppant pack then acts as
a filter, holding back the formation sand while allowing
the heavy oil to flow through. This technique has been
highly successful in preventing sand production and
maintaining  well  productivity in challenging
unconsolidated environments [7, 25]. Cook and Brekke
[7] also highlight the use of propped fractures for
productivity preservation in the Eldfisk North Sea chalk
field, another example of using the technique to
manage geomechanical challenges.

3.3. Technological Innovations in Fracturing Methods
and Fluids

In response to the technical limitations and
environmental concerns associated with conventional
water-based fracturing, significant research and
development have focused on alternative fluids and
novel energy sources. These innovations aim to
improve fracturing efficiency, reduce water
consumption, and minimize formation damage.

3.3.1. Water-Alternative Fracturing Fluids

The vast quantities of water required for conventional
hydraulic fracturing have spurred the development of
fluids that reduce or eliminate the need for water. One
of the most established alternatives is foam-based
fracking. As reviewed by Agarwal and Kudapa [2022c],
this technique uses a foam—typically nitrogen or
carbon dioxide mixed with a small amount of water and
surfactants—as the fracturing fluid. The high viscosity
and low liquid content of foam make it an excellent
medium for transporting proppant while minimizing
the volume of liquid injected into the formation. This is
particularly advantageous in water-sensitive reservoirs

https://theusajournals.com/index.php/ajast



American Journal of Applied Science and Technology (ISSN: 2771-2745)

where the introduction of large volumes of water can
cause clay swelling and reduce permeability [3].

An even more radical departure from water is
supercritical CO2 (sCO2) fracking. Supercritical CO2 is a
fluid state of carbon dioxide where it is held at or above
its critical temperature and pressure, endowing it with
unique properties. It has a liquid-like density, allowing
it to transport proppant, but a gas-like viscosity and
diffusivity, enabling it to penetrate deep into the rock
matrix and create more complex fracture networks.
Agarwal and Kudapa [2022a] compared the
performance of sCO2 fracking with high-energy gas
fracking, concluding that sCO2 offers superior
performance in unconventional shale. The primary
benefits are the complete elimination of water usage
and the potential for permanent CO2 sequestration.
After the fracturing job, a portion of the injected CO2
remains trapped in the reservoir, offering a potential
pathway to mitigate greenhouse gas emissions [1].

3.3.2. Advanced Energy-Driven Techniques

Beyond alternative fluids, researchers are exploring
entirely new ways to deliver energy into the formation
to create fractures. One of the most novel concepts is
plasma-based fracking. In a review by Agarwal and
Kudapa [2022b], they describe this non-aqueous
technique where high-voltage electrical discharges are
used to generate plasma within the wellbore. The rapid
expansion of the plasma creates a powerful shockwave
that induces fractures in the surrounding rock. This
method is still in the early stages of development but
represents a potential breakthrough in waterless
stimulation technology. By decoupling the fracturing
process from the injection of large fluid volumes,
plasma-based fracking could offer a way to stimulate
reservoirs with minimal environmental and logistical
footprint [2].

3.3.3. Innovations in Fluid Systems

Even within the realm of water-based fracturing,
continuous innovation in fluid chemistry is improving
performance. An example is the development of
specialized low-temperature fracturing fluid systems.
Dora et al. [9] report on the application of such a
system in an oil reservoir, describing it as a
breakthrough approach. Conventional fracturing fluids
can become excessively viscous at lower temperatures,
leading to high friction pressures and poor proppant
transport. The low-temperature system described by
Dora et al. is designed to maintain optimal rheological
properties in cooler reservoirs, enabling more effective
fracture creation and proppant placement. This type of
targeted innovation demonstrates that optimizing the
fluid system for specific reservoir conditions remains a
critical pathway for improving the efficiency and
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effectiveness of hydraulic fracturing operations [9].
3.4. Advancements in Modeling and Simulation

The increasing complexity of hydraulic fracturing
operations has necessitated a parallel evolution in the
sophistication of the tools used to design and predict
their outcomes. Modern simulation capabilities are
essential for optimizing treatments and understanding
the intricate subsurface processes at play.

3.4.1. Simulating Complex Fracture Networks

For many vyears, hydraulic fracturing models were
simplified, often assuming the creation of a single,
planar, bi-wing fracture. While this was adequate for
many conventional reservoirs, it proved to be a poor
representation of reality in naturally fractured
formations like shale. In these reservoirs, the
interaction between the induced hydraulic fracture and
the pre-existing network of natural fractures is the
dominant factor controlling the geometry of the
stimulated region. Nagel et al. [16] highlight the
importance of moving beyond these "pseudo-3D"
models. They advocate for more advanced
geomechanical simulators that can explicitly model the
opening, shearing, and propagation of complex
fracture networks. These models can simulate how
hydraulic fractures cross, open, or are arrested by
natural fractures, providing a much more realistic
picture of the resulting stimulated reservoir volume
(SRV). This capability is critical for designing treatments
that effectively activate the natural fracture system to
maximize reservoir contact [16].

3.4.2. Optimizing Fracture Conductivity and Well
Performance

The ultimate goal of any fracturing operation is to
maximize well productivity. Advanced models are key
to achieving this. As discussed by Veatch and
Moschovidis [21] in their overview of advances in the
technology, simulation allows engineers to run virtual
experiments to optimize numerous design parameters,
including injection rate, fluid viscosity, and proppant
concentration. This optimization is particularly crucial
in unconventional reservoirs. Warpinski et al. [24]
emphasize the dual objectives of maximizing network
growth while also ensuring optimal fracture
conductivity. A large, complex fracture network is of
little value if the fractures are not sufficiently propped
to remain conductive under closure stress. Modern
simulators integrate fluid flow, geomechanics, and
proppant transport to model this entire process. They
help engineers design pumping schedules that create
the desired network geometry and then effectively
deliver proppant throughout that network, ensuring
the creation of durable, high-conductivity pathways for
hydrocarbon flow and ultimately leading to better well
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performance and higher recovery factors [21, 24].
3.5. Environmental Impacts and Mitigation Strategies

The widespread application of hydraulic fracturing has
been accompanied by significant public and scientific
scrutiny of its environmental impacts. The primary
areas of concern include water resource management,
the potential for induced seismicity, the handling of
chemicals and flowback water, and greenhouse gas
emissions. Technological innovation is central to the
industry's efforts to address and mitigate these
challenges.

3.5.1. Water Resource Management

Conventional hydraulic fracturing is a water-intensive
process. A single multi-stage horizontal well can require
millions of gallons of water, placing significant strain on
local water resources, particularly in arid or water-
stressed regions. This high demand has been a major
driver for the development of water-alternative
technologies. As previously discussed, foam-based
fracking can significantly reduce the water volume
required per well by substituting a gas phase for a large
portion of the liquid [3]. The more advanced
technologies of supercritical CO2 fracking [1] and
plasma-based fracking [2] offer the potential to
eliminate the need for water altogether. These
innovations represent the most direct pathway to
mitigating the water resource impacts of well
stimulation. By reducing reliance on freshwater, they
not only alleviate concerns about water scarcity but
also reduce the logistical footprint associated with
transporting and storing massive volumes of water, and
decrease the volume of contaminated flowback water
that must be managed post-fracturing.

3.5.2. Induced Seismicity

The injection of fluids into the subsurface has the
potential to induce seismic events, or small
earthquakes. While the vast majority of these events
are microseismic (too small to be felt at the surface),
there have been documented cases where hydraulic
fracturing operations, and more commonly the
disposal of wastewater in deep injection wells, have
been linked to felt seismicity. This occurs when the
injected fluid increases the pore pressure within pre-
existing, critically stressed faults, reducing the frictional
resistance and allowing them to slip.

This issue has become a focal point of concern,
particularly as operations expand into new regions. The
challenge is compounded by other large-scale
environmental pressures. There is an emerging body of
evidence suggesting a potential link between rising sea
levels, a consequence of global climate change, and an
increase in seismic activity in coastal regions due to the
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changing load on the Earth's crust. While the direct
causal links are still under investigation, this broader
context of a changing geomechanical environment
highlights the need for extreme caution. The addition
of fluid injection stresses from industrial activities into
these already sensitive systems could exacerbate the
risk. Indeed, a notable key data point is the observed
5% increase in global seismic events since 2020, a trend
that, while multi-faceted, underscores the dynamic and
evolving nature of our planet's crustal stability. Against
this backdrop, the conclusion that current predictive
models for induced seismicity are insufficient becomes
starkly evident. While geomechanical models can
identify the locations of known faults, they struggle to
accurately predict whether a specific injection
operation will induce a felt seismic event. The complex
interplay of in-situ stress, fault geometry, and fluid
pressure is difficult to characterize with certainty,
making risk assessment a probabilistic rather than
deterministic exercise. This insufficiency points to a
critical area for future research, demanding the
development of more sophisticated, integrated models
that can better forecast and thereby mitigate the risk
of induced seismicity.

3.5.3. Chemical Usage and Flowback Water

Fracturing fluids are typically composed of over 99%
water and proppant. However, they also contain a
small percentage of chemical additives that serve
various functions, such as reducing friction, preventing
bacterial growth, and controlling fluid viscosity. While
the concentrations are low, the absolute volume of
chemicals injected can be substantial, and their
composition has raised environmental and health
concerns. Furthermore, when the injection is complete,
a portion of the fracturing fluid, along with naturally
occurring water, salts, and hydrocarbons from the
formation, flows back to the surface. This "flowback"
and "produced water" can be highly saline and may
contain dissolved minerals, organic compounds, and
traces of the injected chemicals, requiring careful
management. Treatment and reuse of this water is
becoming more common, but in many cases, it is
disposed of in deep underground injection wells,
which, as noted, carries its own risk of induced
seismicity. The development of waterless fracturing
techniques [1, 2] offers a significant advantage in this
regard, as it dramatically reduces or eliminates the
volume of contaminated flowback water that needs to
be handled, treated, and disposed of.

3.5.4. Greenhouse Gas Emissions

The climate impact of hydraulic fracturing is a complex
and debated topic. On one hand, the abundance of
natural gas produced through fracturing has enabled a
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significant shift away from coal for electricity
generation in many countries, leading to a reduction in
carbon dioxide (CO2) emissions, as natural gas
combustion is cleaner than coal. On the other hand, the
primary component of natural gas is methane (CH4), a
potent greenhouse gas. Concerns exist about "fugitive"
methane emissions, where gas can leak from various
points in the production, processing, and
transportation infrastructure. The overall climate
benefit of the switch to natural gas is therefore highly
dependent on minimizing these methane leaks.

Interestingly, some of the innovations in fracturing
technology itself offer novel approaches to greenhouse
gas management. As highlighted by Agarwal and
Kudapa [1], supercritical CO2 fracking presents a
unique opportunity for carbon sequestration. By using
CO2 captured from industrial sources (such as power
plants) as the fracturing fluid, the process can
permanently store a portion of that CO2 deep
underground in the shale formation. This transforms
the fracturing process from a potential source of
emissions into a potential sink for greenhouse gases,
representing an intriguing pathway where energy
extraction and climate mitigation could become
coupled activities. The viability and scale of this
potential are still being explored, but it points towards
a future where technological innovation could help to
reconcile the competing demands of energy production
and environmental protection.

4. CONCLUSION
4.1. Synthesis of Findings

This review has charted the technological and
conceptual evolution of hydraulic fracturing, from its
foundational applications to its current role as a
linchpin of global energy production. The analysis
confirms a clear progression from the established
methods of proppant and acid fracturing, which are
now highly optimized for specific reservoir lithologies
[4, 10, 26], to a new frontier of innovation driven by
environmental and technical pressures. These
innovations, particularly water-alternative methods
such as foam-based, supercritical CO2, and plasma-
based fracturing, represent a significant effort to
mitigate the technology's substantial water footprint
and reduce formation damage [1, 2, 3]. The review also
highlights the critical role of hydraulic fracturing in
unlocking a wide array of challenging reservoirs, from
the ultra-low permeability of shale [5, 24] to the
extreme conditions of HTHP fields [13, 22] and the
unique demands of mature and unconsolidated
formations [19, 25]. This adaptability has been
underpinned by parallel advancements in modeling
and simulation, which have moved from simplified
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planar models to complex, geomechanically robust
simulations capable of predicting intricate fracture
networks [16].

4.2. Broader Implications and Future Outlook

The trajectory of hydraulic fracturing is inextricably
linked to the dual challenge of meeting global energy
demand while addressing pressing environmental
concerns. The technological innovations reviewed
herein demonstrate a clear industry direction towards
more sustainable practices. However, significant
hurdles remain. The future of the technology will likely
be defined by a continued push for efficiency and a
reduced environmental footprint, but its social license
to operate will depend on demonstrably and reliably
managing its risks.

The most critical challenge highlighted by this review is
the management of induced seismicity. The finding that
current predictive models are insufficient to reliably
forecast seismic events associated with fluid injection
is a sobering conclusion. This insufficiency is
particularly alarming in the context of a changing
planet, where factors such as rising sea levels may
already be altering regional stress fields, potentially
making some areas more susceptible to induced
seismicity. The observed 5% increase in seismic events
since 2020, while not directly attributable to fracturing
alone, serves as a stark reminder of the dynamic nature
of Earth's systems and the need for a more
precautionary and scientifically advanced approach to
subsurface engineering. The future of hydraulic
fracturing must therefore involve a paradigm shift in
risk assessment, moving towards integrated models
that can better account for the complex, coupled
interactions between geology, fluid dynamics, and
large-scale environmental pressures.

4.3, Recommendations for Future Research

Based on the synthesis and conclusions of this review,
several key areas warrant focused future research:

1. Long-Term Viability of Novel Techniques: While
emerging methods like plasma-based fracking [2] are
conceptually promising, their long-term performance,
scalability, and full life-cycle environmental impact are
largely unknown. Rigorous, long-term field trials and
comprehensive  techno-economic  analyses are
required to validate their potential as mainstream
technologies.

2. Advanced Predictive Modeling for Induced
Seismicity: Addressing the current insufficiency in
seismic risk prediction is paramount. Future research
should prioritize the development of next-generation
geomechanical models. These models must integrate
high-resolution subsurface characterization, real-time
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monitoring data, and the physics of fault activation
under various fluid injection scenarios to move from
probabilistic risk assessment to more deterministic
forecasting.

3. Optimization of CO2 Sequestration: The
potential for supercritical CO2 fracking to serve as a
method for carbon sequestration is one of the most
compelling innovations [1]. Further research is needed
to quantify the long-term security of the stored CO2,
understand the geochemical interactions between
sCO2 and shale formations, and develop monitoring
protocols to verify permanent sequestration.

4. Integrated Environmental Impact Assessment:
Future studies should move beyond examining single
environmental impacts in isolation. There is a need for
holistic, integrated assessment models that can
evaluate the complex trade-offs between different
fracturing  technologies across a range of
environmental metrics, including water use, land use,
air emissions, and seismic risk.

By pursuing these research avenues, the scientific and
engineering communities can work towards ensuring
that the continued evolution of hydraulic fracturing
technology is guided by a robust understanding of its
performance, risks, and its role in a sustainable energy
future.
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