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Abstract

As a sustainable alternative to fossil fuels, geothermal energy plays a critical role in the
global shift toward carbon neutrality. However, the economic extraction of heat is frequently
hindered by poor-reservoir permeability, often exacerbated by mineral scaling and particu-
late clogging during long-term operation. This review provides a comprehensive synthesis
of acidization technologies, emphasizing their mechanisms for enhancing injectivity and
productivity in diverse geothermal settings. This study scrutinizes the chemical interaction
between varied acid systems ranging from conventional mineral acids to solid organic acid
blends and the complex geological conditions of volcanic and sedimentary reservoirs. Fur-
thermore, the paper delineates the evolution of geothermal energy development methods,
such as matrix acidizing and hydraulic fracturing synergy (multi-stage acid fracturing),
alongside metal corrosion inhibition and effluent scale treatment. By integrating empirical
field data with theoretical geochemical modeling, this review provides an in-depth analysis
of the acid fracturing mechanisms within coupled thermal-hydraulic-mechanical-chemical
(THMC) fields. It further identifies the persistent challenges of high-temperature stability
and deep-seated flow path diversion. Ultimately, this paper proposes a roadmap for next-
generation “smart” acidizing fluids, aiming to provide a robust framework for optimizing
geothermal heat mining and ensuring the longevity of enhanced geothermal systems.

Keywords: acid fracturing; geothermal energy; reservoir stimulation; Enhanced Geothermal
Systems (EGS); review

1. Introduction

As a clean and reliable renewable resource, geothermal energy is increasingly regarded
as a strategic focus within global low-carbon energy transitions [1,2]. Compared with solar
and wind power, geothermal energy offers higher stability (unaffected by seasons), higher
utilization rate (up to 73%, 5.2x that of solar PV and 3.5x that of wind power), safety,
low operating costs, and comprehensive utilization [3-5]. The global sustainable technical
potential of geothermal energy is 10-30 EJ/year, approximately 2-5% of primary energy
consumption and 10-30 times current utilization levels [6].

Geothermal energy originates from primordial heat and radiogenic decay, with global
terrestrial heat flow estimated at approximately 42 TW per year [7,8]. The primary reser-
voirs for geothermal energy are deep, high-temperature dry hot rock (HDR) bodies and
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natural hydrothermal systems. Hydrothermal systems comprise permeable rocks, frac-
ture networks, and circulating hot water or steam, forming an integrated geothermal
extraction system [9]. Heat transfer occurs via conduction and convection mechanisms.
Consequently, the distribution of geothermal resources is highly uneven, being significantly
influenced by geological tectonic movements. Mantle heat flow can elevate the temperature
of crustal fluids to over 370 °C. Based on temperature, geothermal resources are classified as
high-temperature (>150 °C) or medium- to low-temperature (<150 °C). High-temperature
resources are predominantly located at plate boundaries, including divergent zones (e.g.,
oceanic spreading ridges), convergent zones (e.g., subduction and collision zones), and
intraplate hotspots. In contrast, medium- to low-temperature resources are more widely
distributed within intraplate regions, such as fold-thrust belt basins and subsiding Cenozoic
sedimentary basins. The detailed classification and key characteristics of these geothermal
resources are presented in Table 1.

Table 1. Classification and key characteristics of geothermal resources.

Resource Type

Temperature Typical Depth Main Usage Development Challenges

High-temperature
hydrothermal

>150 °C <3000 m Electricity generation Scaling, corrosion

Medium-low temperature

Direct use (heating,

hydrothermal <150 °C <3000 m agriculture) Permeability loss
Hot Dry Rock o . - . Low natural permeability,
(HDR)/EGS >150 °C 3000-5000 m Electricity generation induced seismicity
Shallow geothermal 10-20 °C <200 m Heating/cooling via Installation cost

heat pump

According to plate tectonics and geographic distribution, global high-temperature
resources are concentrated within four major geothermal belts: the Circum-Pacific, the
Mediterranean-Himalayan, the Red Sea-Aden Gulf-East African Rift, and the Mid-Atlantic
Ridge belts. Collectively, these belts constitute the strategic focal areas for global geothermal
energy development [10]. Furthermore, assessments by the International Geothermal
Association (IGA) suggest that the geothermal resources contained within the upper 10 km
of the Earth’s crust alone have the potential to far exceed current global energy demand,
highlighting their suitability for large-scale utilization. This continuous and secure supply
capacity positions geothermal energy as a substitute for traditional fossil fuels (e.g., coal
and oil). Moreover, geothermal power offers greater stability and reliability compared to
some other renewables, such as wind energy, avoiding the insecurity similar to nuclear
energy [11].

The efficient development and long-term utilization of geothermal reservoir resources
fundamentally depend on the enhancement of reservoir permeability and the establishment
of an effective subsurface heat exchange system. Consequently, the creation of fracture
networks and the maintenance of fluid conduits within the reservoir are essential for per-
meability enhancement. The core objective of transforming the reservoir is to establish
and sustain effective, three-dimensionally interconnected fluid flow pathways within low-
permeability formations. Current stimulation technologies are broadly categorized into
physical and chemical methods. Among these, physical stimulation techniques, which
serve as a fundamental approach, primarily encompass hydraulic fracturing, thermal stim-
ulation, and gas fracturing. Hydraulic fracturing, distinguished as the most cost-effective,
widely applied, and technologically mature fracturing method, involves injecting a special-
ized fluid at pressures significantly exceeding the formation’s fracture pressure. Following
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the creation of primary fractures, temporary plugging agents are employed to interconnect
natural microfractures, thereby forming a complex, multi-branching fracture network. The
near-wellbore geomechanical stress regimes and resulting fracture modes are illustrated
in Figure 1. This technology has been extensively adopted and optimized within the oil
and gas industry [12,13]. Additionally, to contribute to global carbon peaking objectives,
the utilization of supercritical CO, as a fracturing fluid has garnered significant research
attention in recent years. Owing to its low viscosity and high diffusivity, supercritical CO,
can penetrate narrower fractures. This characteristic reduces freshwater consumption, miti-
gates water-sensitive formation damage, enhances heat extraction efficiency, and facilitates
geological CO; sequestration, thereby contributing to carbon neutrality efforts [14].
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Figure 1. Near-Wellbore Geomechanical Stress Regimes and Fracture Modes.

However, both hydraulic fracturing and gas fracturing, as standalone physical stimu-
lation methods, present several limitations. For instance, the large-volume fluid injection
characteristic of hydraulic fracturing can induce localized microseismicity and potentially
lead to unintended fracture propagation in geological structures [15-17]. Similarly, the
broader application of gas fracturing is constrained by high equipment costs, issues of
secondary precipitation, and alterations in formation wettability, indicating that the tech-
nology requires further development [18,19]. In contrast, the physico-chemical synergistic
stimulation technology that integrates acid treatment with hydraulic fracturing, commonly
termed acid fracturing, significantly reduces the formation breakdown pressure compared
to purely physical methods and mitigates the risk of fracture conductivity impairment due
to mineral scaling. These advantages position it as a particularly practical technology for
geothermal resource development [20].

This technology induces matrix dissolution and fracture propagation via chemical
reactions between the acid fluid and reservoir minerals. Notably, it can sustain high fracture
conductivity without relying on proppants. It primarily leverages thermal stress induced
by acid fluid in high-temperature reservoirs to assist in fracture initiation [21]. Furthermore,
the preferential dissolution of specific minerals, notably calcite and dolomite, can generate
conductive flow channels with high surface area [22]. The employment of high-temperature
resistant slow-release acid systems enables the fluid to effectively interconnect fractures
within deep high-temperature zones, thereby establishing a stable fracture network for heat
exchange [23]. The reactive nature of acid fluid with rock minerals enables it to prevent
fracture blockage caused by the migration of fine particles (e.g., clay minerals) during
stimulation. This integration provides three key functions: fracturing, scale inhibition,
and scale removal. Consequently, it can significantly extend the operational lifespan of
geothermal systems and offers a more controllable and sustainable technical approach for
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developing highly heterogeneous geothermal reservoirs and constructing fracture networks
within them.

Acidizing technology plays a crucial role in the later production stage by continuously
maintaining fluid channel conductivity and ensuring long-term reservoir productivity [24].
Compared to traditional physical methods such as changing scaling solubility through
temperature manipulation or directly removing scaling through physical scraping or high-
pressure water injection to maintain flow rate [25], acid treatment, as a core chemical
stimulation and maintenance method, offers distinct advantages over physical approaches.
It efficiently dissolves blockages through chemical reactions between slow-release acid
systems and reservoir minerals. This approach overcomes the high energy consumption,
operational complexity, and limited removal efficacy characteristic of physical methods,
while simultaneously reducing operational costs and streamlining well intervention pro-
cesses. Consequently, it proves highly effective in mitigating mineral-based blockages
within geothermal reservoirs and sustaining efficient convective heat transfer. Specifically,
some engineered ultra-high-temperature resistant slow-release acid systems can main-
tain their reactivity in deep high-temperature environments exceeding 300 °C, thereby
overcoming the temperature constraints inherent to physical methods [26].

This review covers two key applications of acid fracturing: creating initial high-
conductivity fracture networks and maintaining long-term fluid channels. It synthesizes
current technologies for deep, ultra-high-temperature geothermal reservoirs, including re-
action mechanisms, acid formulations, operational procedures, and investigation methods.
(see Figure 2 for the overall research process and progress on crack network construction
and long-term diversion channel). This review aims to enhance geothermal energy uti-
lization efficiency, establish systematic development methodologies, and thereby provide
technical reference for the development and utilization of renewable energy worldwide.
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Figure 2. Research process and progress on crack network construction and long-term diversion
channel maintenance.

2. Methodology and Literature Search Strategy

To ensure a systematic, reproducible, and transparent comprehensive literature synthe-
sis, a rigorous search strategy was executed adhering to the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) 2020 guidelines. Standard academic
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databases—including Web of Science, Scopus, Google Scholar, and ScienceDirect—were
systematically queried for peer-reviewed journal articles and conference proceedings pub-
lished between 2000 and 2026. The search matrices incorporated specific Boolean logic
interrogative strings: (‘geothermal stimulation” OR ‘EGS’) AND (‘acid fracturing” OR
‘matrix acidizing” OR “chelating acids” OR ‘solid acids”) AND (’silica scaling’” OR “fluid
channel maintenance’). Initial screening identified 412 records; after removing duplicates
and applying strict inclusion criteria (focusing heavily on deep reservoir geomechanics,
high-temperature fluid—mineral reaction kinetics, and field-scale implementation), a final
core cohort of articles was selected and synthesized in this work (PRISMA diagram as

shown in Figure 3).

PRISMA 2020 Flow Diagram for the Systematic Review
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Figure 3. PRISMA diagram.

3. Mechanisms and Technical Methodologies for Fracturing and
Acidizing Stimulation in Geothermal Reservoirs

The development and utilization of geothermal resources have given rise to a compre-
hensive and hierarchical technical system. Based on geological characteristics, geothermal
resources are broadly classified into hydrothermal systems and HDR geothermal sys-
tems [27,28]. Hydrothermal reservoirs are generally located at shallower depths, typically
less than 3000 m. Their thermal energy is conveyed by naturally occurring subsurface
fluids, primarily hot water or steam [29]. Medium- to high-temperature hydrothermal
resources (exceeding 150 °C) are primarily utilized for electricity generation. In contrast,
medium- to low-temperature resources (below 150 °C) find widespread application in
direct-use sectors, including district heating, agricultural greenhouses, and industrial pro-
cessing [30]. Shallow geothermal energy, with temperatures ranging from 10 to 20 °C, can
be harnessed for building heating and cooling through ground-source heat pump (GSHP)
technology [30,31]. HDR geothermal resources refer to deep-seated, high-temperature rock
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formations (typically >150 °C) that exhibit low permeability and lack natural fluid circula-
tion. Hot Dry Rock (HDR) geothermal resources refer to deep-seated high-temperature rock
masses with temperatures generally above 150 °C, characterized by low permeability and
the absence of natural fluid circulation. Their development relies on engineered hydraulic
fracturing to create artificial fracture networks for heat extraction. This approach represents
a key pathway for unlocking the potential of deep geothermal energy. Figure 4 summarizes
the characteristic temperature and depth regimes associated with major geothermal uti-
lization categories. Figure 4 summarizes the characteristic temperature and depth regimes
associated with major geothermal utilization categories.
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Figure 4. Temperature and depth regimes of major geothermal utilization categories. Redrawn from
Ref. [32].

For large-scale power generation using hydrothermal and HDR, a sustainable fluid
circulation system between production and injection wells is fundamental for effective
heat extraction [33,34]. However, the efficient exploitation of deep geothermal resources is
significantly constrained by extreme downhole temperature and pressure conditions. For
instance, deep carbonate reservoirs exhibit temperatures of approximately 124-162 °C and
pressures of 55-119 MPa [35-37]. Deep clastic reservoirs are characterized by temperatures
around 69-235 °C and pressures of 115-212 MPa [38—40], while shale reservoirs typically
present temperatures of 120-171 °C and pressures of 37-73 MPa [41-44]. These ranges
underscore the severe downhole conditions encountered. These demanding geological
conditions further increase the difficulty of geothermal development, thus necessitating
fracture enhancement techniques to ensure fluid circulation. Under these high-temperature
and high-pressure (HTHP) conditions, calcium and silicate ions in geothermal brines tend
to precipitate, forming calcium carbonate and silicate scales. This scaling can obstruct
fracture networks, reduce reservoir permeability, and consequently impair fluid circulation
efficiency. It also threatens the long-term connectivity of deep reservoirs and may lead
to flow channel blockage, thereby significantly compromising the overall heat extraction
capacity of the system [45-48]. Carbonate reservoirs with high geothermal potential are
characterized by pores, fractures, and dissolution cavities, which exhibit pronounced
heterogeneity and present significant challenges for scale management and fluid flow [49].
Acid fracturing technology is the core technology that simultaneously solves production
problems such as crack propagation and scaling. It can solve most of the above problems
and provide crucial technical support for the long-term stable operation of geothermal
fluid circulation systems.
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3.1. Engineered Fracture Network Stimulation and Acid Fracturing for Enhanced
Geothermal Production

The development of deep and ultra-deep geothermal resources, particularly HDR, is
frequently hindered by the challenge of achieving effective reservoir stimulation against
extremely high fracture pressures [50]. These target reservoirs are typically situated within
dense igneous or metamorphic rocks at depths ranging from 3 to 5 km. This complex
geological environment, characterized by a high-stress field (comprising significant ver-
tical and horizontal shear stresses) coupled with rock properties of high brittleness and
heterogeneity, results in a substantial increase in the formation fracture pressure gradient.
This increase critically impedes the establishment of effective fluid circulation loops [51,52].
This effect substantially elevates the pumping pressure required and suppresses far-field
fracture propagation, thereby creating dual technical barriers to efficient resource extraction.
Table 2 provides a summary of the principal factors contributing to high fracture pressures
in deep geothermal reservoirs [53].

Table 2. Causes of high fracture pressure in rock formations [53].

Cause

Specific Cause Impact Mechanism

In situ stress

Vertical stress increases, leading to higher
Increase in overburden pressure  pressure on rocks. Deep rocks undergo intense
and compaction compaction, reducing porosity and increasing
density, thus raising rock mechanical strength.

Intense horizontal tectonic stress increases the
Tectonic compression horizontal principal stress, raising
breakdown pressure.

Rock properties

Tightly packed mineral particles in deep rocks
Tight packing of mineral particles reduce porosity and increase rock strength,
leading to higher breakdown pressure.

Uneven pore structure reduces rock physical
properties, affecting fluid flow and pressure
transmission within the rock, which influences
breakdown pressure.

Lithological heterogeneity

Cementation fills pores, increasing rock
Cementation strength and reducing permeability, thereby
raising breakdown pressure.

Engineering operation
pollution

Drilling fluid invasion increases pore pressure
Drilling fluid contamination or alters rock mechanical properties, leading to
higher breakdown pressure.

Poor perforation design causes inefficient fluid
Improper perforation parameters flow or localized stress concentration,
increasing breakdown pressure.

To overcome the limitations of geological formations, the Enhanced Geothermal
Systems (EGS) concept was first proposed by Potter et al. in 1974 [54]. The core concept
involves artificially creating and sustaining a well-connected, three-dimensional fracture
network within ubiquitous high-temperature rock formations via engineering techniques.
This process forms an engineered geothermal reservoir that enables a closed-loop cycle
of fluid injection, subsurface heat exchange, and production (see Figure 5). It expands
the potential resource base from geographically confined volcanic belts and tectonically
active regions to include stable geological blocks with widespread global distribution (see
Figure 6). With continued technological advancement, the applicability of the EGS concept
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has been extended beyond its initial focus on crystalline basement rocks (e.g., granite) to
encompass deep carbonate rocks, sandstones, and other sedimentary formations. This
expansion significantly broadens the strategic potential of geothermal energy within the
global energy transition.

In EGS development, hydraulic stimulation serves as a core technology for creating
complex fracture networks and enhancing permeability in low-permeability reservoirs [24,55].
However, conventional high-pressure hydraulic fracturing faces dual challenges. First,
the extreme injection pressures impose stringent demands on surface pumping capacity
and wellbore integrity. Second, large-scale operations carry a significant risk of inducing
seismicity [56]. Historical cases demonstrate that public sensitivity to seismicity induced
by EGS projects is considerably higher than that towards natural earthquakes. Notable ex-
amples include projects in Basel, Switzerland (M_L 3.4), Inzheim, Germany (M_L 2.4), and
Landau, Germany (M_L 2.7). Despite involving moderate to low-magnitude events, their
shallow focal depths and resultant impacts on surface structures triggered intense public
concern and opposition, ultimately leading to project suspensions [57-59]. Furthermore, a
single hydraulic stimulation treatment often results in the creation of heterogeneous prefer-
ential flow paths. During long-term operation, working fluids tend to preferentially flow
through these low-resistance paths, leading to thermal short-circuiting and the premature
thermal breakthrough of produced fluids [60]. Under high in situ stress conditions, the
unloading effect induced by hydraulic fracturing can trigger a rapid release of deep-seated
elastic strain energy. This process may cause proppant crushing or embedment, generating
fine rock debris that can plug fractures and block flow channels. Consequently, reservoir
permeability is severely reduced, adversely affecting the overall heat exchange efficiency
and the long-term performance of the EGS [61].

To mitigate these challenges while maintaining the productivity of EGS, acidizing tech-
nology offers a versatile and sustainable approach for deep high-temperature reservoir stimu-
lation [62]. Acid fracturing integrates the advantages of multiple stimulation techniques by
employing a sequential “hydraulic fracturing followed by chemical dissolution” approach.
This method initiates fractures under moderate pressure, after which acid is injected to etch
the fracture faces unevenly. This approach not only substantially reduces the reliance on
high-pressure pumping, thereby mitigating associated seismic risks, but also utilizes chemical
dissolution to overcome geostress constraints on fracture geometry [63,64]. Crucially, the etch-
ing process creates a lasting, rough morphology on the fracture faces. This morphology helps
sustain high permeability pathways even after fracture closure, enabling durable conductive
channels without the need for proppants. This proppant-free mechanism can significantly
reduce both development costs and long-term operational risks.

Electricity
generation __

Crystalline rock with natural
fractures/ preferably oriented
joints/faults

Stimulated reservoir
Power plant 5

Stimulated
reservoir

Stimulated reservoir

Figure 5. Schematic of an enhanced geothermal system (EGS) conceptual model. Redrawn from
Ref. [65].
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3.1.1. Governing Physics of THMC Coupling

Acid fracturing technology is not only a stress-driven fracture propagation process
but also a pivotal method for flexible fracture creation. It overcomes formation breakdown
limits through chemical dissolution. Its core mechanism involves the coupled thermal-
hydraulic-mechanical-chemical (THMC) processes [66-68] (see Figure 7). Typical THMC
constitutive relations include stress—strain equations, seepage continuity equations, heat
transport equations, and geochemical reaction kinetic equations. Widely used numerical
approaches include the finite element method (FEM) and finite difference method (FDM),
while representative simulation tools include TOUGHREACT, FLAC3D, and COMSOL [69].
This multi-physics coupling collaboratively addresses two major bottlenecks in traditional
EGS development: permeability decay over time and the risk of induced seismicity. The
synergistic action of hydraulic and chemical processes initiates fractures under relatively
moderate pressure. Subsequently, uneven acid-rock dissolution creates a robust, etched
support structure on the fracture faces. This acid-etched pillar effect obviates the need
for conventional proppants, which are susceptible to crushing. The synergy between
thermal and hydraulic processes induces thermal stress spalling, driven by the significant
temperature contrast between the injected fluid and the hot rock. This not only alters the
mechanical properties at fracture tips reducing fracture initiation pressure but also promotes
the generation of microfracture networks. This significantly enhances the reservoir’s
structural complexity [70]. The multi-field coupling of these mechanisms facilitates the
transformation of a single dominant flow channel into a complex, three-dimensional heat
exchange network. This transformation fundamentally mitigates issues of uneven heat
conduction. By optimizing the uniformity of chemical dissolution and the distribution of
thermally induced stresses, acid fracturing enables a substantial improvement in thermal
recovery efficiency. This ensures the long-term thermal balance and operational stability of
EGS [71,72].
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Figure 7. Schematic diagram of multi-field coupling for acid fracturing modification of a geothermal
reservoir. Redrawn from Ref. [73].

3.1.2. Mechanism of Acid Fracturing

In EGS development, unlike conventional hydraulic fracturing, which relies on sus-
tained high-pressure injection to maintain fracture aperture, the hydraulic stage in acid
fracturing is primarily designed to initiate fracture propagation, thereby establishing
pathways for subsequent chemical dissolution. Within these fractures, the flow of the
working fluid involves a tightly coupled process between fluid dynamics and transient
heat transfer [74-76]. Studies have demonstrated that the heat transfer rate of the reservoir
is significantly positively correlated with the specific surface area of the fractures, implying
that the geometric complexity of the fracture network directly determines the system’s
thermal extraction potential [77].

The evolution of such complex fracture networks is governed by the intrinsic me-
chanical properties of the reservoir rock. Based on the modes of rock mass failure and the
effects of acidification, four predominant fracture propagation modes can be identified [70]:
(1) Pure Opening Mode (POM)), (2) Pure Shear-Stimulated Production (PSS), (3) Primary
Fractures with Shear Leakage (PFSSL), (4) Mixed Mechanism Stimulation (MMS). In com-
positionally complex geothermal reservoirs, acid creates non-uniform dissolution and
sustainable channels. Typical acid-etching morphologies fall into four patterns [78,79];
channel-type and rough etching are most effective due to enhanced surface roughness that
maintains long-term flow capacity [80].

Specifically, the mechanism of acid action varies significantly with lithology. In car-
bonate reservoirs, the acid-rock reaction is governed by both hydrogen ion mass transfer
and surface chemical kinetics. Due to the high reactivity of hydrochloric acid, non-uniform
dissolution occurs along preferential pathways, leading to the formation of biomorphic
wormbhole structures [81], as illustrated in Figure 8A. This process enables efficient fluid
diversion under low-pressure differentials. In contrast, the stimulation of silicate reservoirs
(e.g., granite and sandstone) relies on a complex acid system centered on hydrofluoric acid
(HF). This process involves the primary dissolution of fast-reacting minerals (e.g., feldspar
and clay) [82] and necessitates precise control of complex secondary and tertiary reactions
to inhibit secondary precipitation, which can block critical pore-throat spaces [83,84], as
shown in Figure 8B.
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Figure 8. Acid-rock reaction mechanism. (A) Acid rock reaction mechanism of carbonate reservoirs.
Redrawn from Ref. [53]. (B) Acid rock reaction mechanism of silicate reservoirs.

Concurrently, the acid reacts with the substrate upon penetration, resulting in not only
the macroscopic etching of fracture walls but also the alteration of the rock’s physical prop-
erties at the micro-scale. The reaction process can induce a localized temperature increase
of 10-20 °C [85], while the weakening of intergranular contacts degrades the rock’s mechan-
ical strength. This chemical softening effect mitigates deep high-stress concentrations and
inhibits sudden fracture closure [86]. Moreover, the resultant permeability changes exhibit
non-linear characteristics, often manifesting as abrupt increases. For instance, Tariq [87]
et al. reported that acid-induced thermo-chemical fracturing of tight sandstone in Kentucky
increased its permeability from 0.12 mD to 280 mD. Similarly, Gou [88] et al. observed
that prolonged hydrochloric acid action led to pronounced plastic failure characteristics,
alongside significant reductions in both elastic modulus and Poisson’s ratio (see Figure 9).
Following a 90 min acid-rock reaction at 100 °C, Li [89] et al. documented a significant
deterioration in the rock’s mechanical properties. The elastic modulus decreased sharply
from 39.84 GPa to 18.32 GPa (a 54% reduction), tensile strength declined from 13.73 MPa to
8.31 MPa (approximately 40%), and Poisson’s ratio dropped from 0.1329 to 0.0664 (a 50%
decrease). Collectively, the alterations in these three parameters constitute primary factors
influencing rock fracture pressure. These findings indicate that permeability enhance-
ment resulting from mineral dissolution is not a linear superposition but rather depends
on a qualitative transformation in pore-throat connectivity. When mineral constituents
within the primary fracture network soften and subsequently collapse, the corresponding
permeability increase can span several orders of magnitude [90-92].

However, the efficacy of this chemical stimulation technology is constrained by its
dependence on the deep penetration of acid solutions within the fracture network. The
characteristic high-temperature conditions (>150 °C) of EGS present a significant challenge,
as conventional hydrochloric acid systems suffer from severe near-wellbore fluid consump-
tion [93]. Owing to its high reactivity, the acid is rapidly consumed upon entering the
wellbore. This instantaneous reaction promotes excessive near-wellbore rock dissolution,
which can lead to the formation of large, non-conductive cavities and compromise wellbore
integrity. Consequently, the reaction severely limits the depth of acid penetration into the
fracture system [94].

Since the acid cannot propagate to the distal regions of the fracture network, the
fracture tips remain either closed or in a low-flow state. This uneven etching pattern,
characterized by excessive dissolution near the wellbore and insufficient etching in the
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far-field regions, can induce significant stress concentration. Consequently, it not only
fails to establish an effective, interconnected heat exchange network in the reservoir’s
distant zones but may also trigger wellbore instability due to a substantial reduction in the
compressive strength of the periwall rock. Therefore, overcoming the kinetic limitations of
the acid-rock reaction is a critical prerequisite for advancing EGS stimulation technologies
targeting deeper, less permeable geological formations [95-98].

(a) Chemical Attack (b) Mechanical Weakening (c¢) Fracture Propagation

T-H-M-C T-H-M-C

2t 2 2

Matrix Dissolution & Mechanical Strength Lowerfed
Mineral Distergriation Degradation Breakdsiwn
(Ey, v Pressure &
Enhanced SRV (Stimulated
(Reservoir Volume)

Figure 9. Schematic of the THMC coupling mechanism and fracture evolution during acid fracturing
in geothermal reservoirs: (a) Chemical Attack; (b) Mechanical Weakening; (c) Fracture Propagation.
E (Young's modulus) and v (Poisson's ratio).

3.1.3. Acid Fluid System

To address the challenge of rapid acid consumption in ultra-high temperature envi-
ronments, such as those typical of EGS, acidizing systems have undergone an evolution
from single-component formulations to temporally controllable mechanisms. Current
methodologies involve the substitution of hydrochloric acid with slow-release acid systems,
which are characterized by high viscosity, self-generating properties, and directional or
in situ reaction mechanisms. For instance, high-molecular-weight thickening agents are
employed to increase fluid viscosity, while physical barriers can be utilized to reduce mass
transfer rates. Furthermore, intermolecular interactions can create rheological contrasts,
thereby directing acid flow towards low-permeability zones to promote uniform fracture
network development. Additionally, self-generating acid systems, such as those based on
ethyl acetate, as well as more recent solid acid systems designed for ultra-high temperature
stability, have been implemented. In these systems, low-activity acidic precursors are
typically introduced into deep reservoirs during fracturing operations. Subsequent in situ
hydrolysis or dissociation then generates H*. This delayed-release mechanism effectively
mitigates the reaction rate bottleneck inherent in conventional acid-rock reactions, thereby
facilitating deep etching within remote regions of ultra-high temperature reservoirs.

The distinct acid solutions differentially influence the mechanical parameters of reser-
voir rocks. Laboratory studies have shown that gel acid reduces the compressive strength
and Poisson’s ratios, whereas diverting acid systems significantly decrease the tensile
strength and Young’s modulus of the treated rock. These alterations thereby promote the
initiation of acid-etched fractures and lower the critical stress threshold required for rock
failure. The development of sustainable fracture conductivity is largely governed by the
heterogeneity of the acid-etched fracture morphology, as established in prior experimental
work. During acidizing treatments, the dissolution of soluble minerals generates flow
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channels, while the insoluble components function as a self-supporting framework that
mitigates closure stress. For instance, in silicate-rich reservoirs, high-strength quartz grains
are capable of bearing effective stress, thus ensuring the long-term conductivity of the
acid-etched fractures [99].

This section reviews the application of three principal retarded acid systems in high-
temperature geothermal well stimulation. Among these, the technically mature gelled acid
system is prominent, typically employing high-temperature-resistant synthetic polymer
thickeners to substantially elevate acid viscosity. These high-viscosity fluids establish a
dynamic boundary layer on fracture walls, thereby increasing ion diffusion resistance
and reducing the frequency of H* contact with the rock matrix. Owing to advantages
such as relatively low industrial cost, straightforward logistics, and stable performance,
this system finds widespread application in the development of both high-temperature
geothermal resources and carbonate oil and gas reservoirs. For instance, Wang [100]
et al. developed a high-temperature-resistant gelled acid that maintained a viscosity
exceeding 150 mPa-s after 50 min of shear at 160 °C and 170 s~ !, and demonstrated effective
production enhancement in field operations within China’s Sichuan Basin. Furthermore,
a limited number of modified natural polymers have been investigated as thickeners for
high-temperature gelled acid formulations. As an example, Sui [101] et al. formulated a
gelled acid system for high-temperature carbonate reservoirs utilizing modified xanthan
gum as the thickening agent. Their formulation maintained a viscosity of 21 mPa:s at
160 °C, indicating satisfactory thermal stability. The elevated viscosity effectively retards
the diffusion and reaction kinetics of H* ions, thereby mitigating rapid acid consumption
near the wellbore. High-temperature diversion experiments revealed that under a closure
pressure of 30 MPa and at 160 °C, the acid-etched fracture conductivity reached 9.39 D-cm
and remained stable with further temperature increase. The acid within the fracture
exhibited a “tip-to-tail” concentration gradient distribution, which is indicative of effective
deep acid penetration.

Another well-established retarded acid system applicable to high-temperature geother-
mal well stimulation is the viscoelastic surfactant (VES) acid, commonly referred to as
a diverting acid. Its mechanism primarily relies on pH-regulated viscosity modulation.
Specifically, the pH increase during the acid—rock reaction triggers VES molecules to as-
semble into wormlike micelles, thereby transitioning the fluid from a low-viscosity to a
high-viscosity gelled state. This transformation enables the autonomous diversion and
temporary blockage of acidized high-permeability zones, subsequently guiding the follow-
up acid into low-permeability fractures. This system can be formulated as an effective
aqueous or foamed acid and is typically employed to enhance conductivity in pre-existing
or extended fractures post-stimulation. Prior research has documented its advantages for
high-temperature reservoir stimulation. For instance, Zhu [102] et al. developed a self-
thickening VES-based foam acid. This system exhibits hydrophobic association-induced
self-thickening behavior during the acid-rock reaction. As the H* concentration declines
and the Ca®* concentration rises, spherical micelles undergo a gradual transition to worm-
like micelles, ultimately forming a three-dimensional network structure. This process
leads to a substantial increase in system viscosity, reaching up to 80 x 10°> mPa-s in 6 wt%
HC], as depicted in Figure 10A. The foam drainage half-life is extended to 45 min, which
effectively enhances the mechanical strength and stability of the foam lamellae. The system
maintains good stability at 110 °C. Furthermore, the foam comprehensive index for the
6 wt% HCI system attains a value of 7425 mL-min, demonstrating its excellent adaptability
to both high-temperature and high-salinity conditions. In terms of retardation performance,
the reaction order for this foam acid is measured at 0.47, with an associated activation
energy of 8568.15 J-mol~!. The dynamic self-thickening process during the acid-rock
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reaction is illustrated in Figure 10B. The experimental results indicate that the VES foam
acid system possesses excellent retarding performance. This effectively extends the ac-
tive acid penetration distance and enhances the overall acid fracturing effectiveness in
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Figure 10. (A) Self-thickening and Foam Stabilization Mechanism of VES-Based Foam Acid; (B) VES
based foam acid system self-thickening dynamic process with reaction kinetics. Redrawn from
Ref. [102].

Beyond self-thickening systems, surfactants combined with a light oil phase can formu-
late low-viscosity microemulsions. This characteristic enables multi-stage acid fracturing
treatments through alternating injection with high-viscosity fracturing fluids to achieve
synergistic effects. Targeting the specific characteristics of Middle Eastern carbonate reser-
voirs, Wang [103] et al. developed a low-viscosity microemulsion acid system. Its viscosity,
approximately 1.8 mPa-s, is comparable to that of hydrochloric acid but significantly lower
than that of gelled or emulsified acids (>500 mPa-s). This low viscosity facilitates on-site
preparation and high-rate pumping, making the system suitable for multi-stage alternating
acid fracturing. The preparation method is illustrated in Figure 11A. Experimental results
demonstrate the structural stability of this system at 70 °C. The negatively charged oil
cores within the microemulsion acid adsorb onto the rock surface, forming an isolation
barrier. The adsorption performance is detailed in Figure 11B. This adsorption process
significantly reduces the H mass transfer coefficient to 0.65 x 107> cm?/s. Although its
retardation effect does not match that of emulsified acids, it surpasses conventional VES
acids. Furthermore, the system’s structure remains unaffected by Ca?* salts generated
during acid-rock reactions, and its retardation performance is adjustable. By combining
low viscosity, high-temperature stability, and moderate retardation, this system can ef-
fectively create a network of etched channels, maintain high conductivity, and promote
both flowback of spent acid and recovery of oil-phase permeability, as demonstrated in
Figure 11C,D.

The final category, which has not yet been extensively implemented, demonstrates con-
siderable research promise: the solid acid fluid system. Represented by low-solubility solid
weak acids—such as diethylenetriaminepentaacetic acid (DTPA), hydroxyethyl ethylenedi-
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amine triacetic acid (HEDTA), and ethylenediaminetetraacetic acid (EDTA)—this system is
characterized by low corrosivity at high temperatures, sustained fracture etching efficacy;,
and uniformly enhanced matrix permeability. Furthermore, it confers ancillary benefits,
including wellbore scale inhibition and fracture conductivity maintenance. It maintains
stable etching performance in reservoirs exceeding 180 °C. In ultra-high-temperature en-
vironments, solid acids (e.g., low-solubility polybasic acids or anhydride precursors) are
dispersed in solid form. Their hydrolysis or dissociation rate is controlled by their own
solubility and chemical stability; they must undergo steps such as moisture absorption,
dissolution, intramolecular dehydration, or ester bond cleavage first, thereby significantly
delaying the generation and release of H* and avoiding the instantaneous reaction of
conventional acid fluids. This system has garnered increasing attention in recent research
concerning high-temperature carbonate and salt reservoir development, positioning it as a
promising candidate for future ultra-high-temperature geothermal well applications. Al-
though existing investigations are predominantly confined to laboratory-scale experiments,
they nonetheless elucidate the unique advantages of this system for ultra-high-temperature
reservoir development. Guo [104] et al. employed a DTPA-based solid acid fluid system to
address challenges associated with ultra-high-temperature reservoir acidizing, including
the rapid reaction rates of conventional retarded acids, inadequate diversion capability,
and significant tubular corrosion. Acid-rock reaction experiments conducted at 453 K
demonstrated that the reaction rate of the DTPA solid acid was 5.26 x 107> mol/(s-cm?),
significantly lower than that of conventional acids. Moreover, at 473 K, its effective penetra-
tion distance was measured at 9.59 m, approximately 2.5 times greater than that of HCI
(3.87 m). The corrosion rate was determined to be 3.07 g/ (m2-h), approximately 46% lower
than that of VES acid (5.66 g/(m?-h)). Additionally, diversion capability was enhanced
by up to 13.76-fold, significantly exceeding that of conventional acid systems. With a
raw material cost of approximately 700 USD per ton, the system demonstrates combined
performance and economic advantages.
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Figure 11. (A) Schematic diagram of microemulsion acid preparation. (B) Barrier established by
microemulsion acid adsorption. (C) Etching difference distributions of different acid systems. (D) Oil
phase relative permeability vs. flowback volume [103].
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A composite solid acid system was developed by Li [105] et al., incorporating sulfamic
acid, citric acid, and diethylenetriaminepentaacetic acid, with a focus on optimizing its tem-
perature resistance and controlled-release performance. Experimental results demonstrated
that at 60 °C, the marble dissolution rate reached 27.65%. Furthermore, a positive corre-
lation was observed between temperature increase and dissolution efficiency, indicating
satisfactory thermal stability of the system. Regarding controlled-release performance, the
composite solid acid exhibited a lower reaction rate compared to conventional hydrochloric
acid. This characteristic facilitates a more sustained interaction with the reservoir matrix,
thereby promoting deeper acid penetration. Scanning electron microscopy (SEM) analysis
revealed that treatment with the solid acid system induced the formation of additional
cracks and pores on the marble surface. This microstructural alteration effectively enhances
permeability. Core flow experiments confirmed a permeability enhancement of over 20%
following the injection of 10 pore volumes (PV) of the system. This laboratory finding
was corroborated by field applications, where the treatment yielded a significant produc-
tion increase, evidenced by an unimpeded flow rate of 10.58 x 10* m3/d. Additionally,
the system demonstrates excellent ferric ion stability, with a reported complexation ca-
pacity of 643.71 mg/L. This high chelating capability significantly mitigates the risk of
secondary precipitation damage, a common challenge in acidizing operations. To provide a
broader perspective on the practical deployment of these technologies, Table 3 outlines the
field applications and engineering limitations of common acid systems currently used for
geothermal well stimulation.

In summary, to address the prevalent challenge of insufficient etching depth due
to rapid acid consumption in ultra-high temperature geothermal development, research
efforts have predominantly shifted toward the development of slow-reacting acid systems
with controllable reactivity. These systems, as evidenced by recent studies, mitigate the
dual constraints of rapid acid-rock reaction kinetics and tubular corrosion under extreme
temperatures via mechanisms including viscosity enhancement through polymer addi-
tion for physical retardation, in situ pH self-regulation, and thermally activated delayed
release of acidic components. A comprehensive comparison of the retardation mecha-
nisms, along with the respective advantages and disadvantages of these common acid
systems, is summarized in Table 4. Notably, solid acid systems present a unique approach.
In addition to selectively modifying near-wellbore rock mechanics, they can form an
in situ, self-supporting framework within fractures. This framework promotes fracture
propagation and non-uniform etching, thereby facilitating the creation of a sustainable,
high-conductivity network in deep geothermal reservoirs. This capability positions solid
acids as a core technology for targeted stimulation in ultra-high-temperature environments.

Table 3. Field applications and engineering limitations of common acid systems for geothermal
well stimulation.

Acid System Type Delay Mechanism Max Temp Resistance Main Advantages Key Limitations

Gelled Acid Viscosity friction <150 °C Low cost, simple prep Thermal degradation of
polymers

e . . o . Complex preparation,

Emulsified Acid Oil-external phase 180 °C Deep penetration unstable at UHT
Chelating Acid Metal ion complexation >200 °C Low Ct();)f?csi{;n’ low High cost, pH sensitive

. Ultra-long distance, . .
Solid Acid (Target) _ Phase transi- 5250 °C scale inhibition, Triggering delay
tion/Encapsulation control

eco-friendly
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Table 4. Mechanisms of retardation and advantages and disadvantages of common acid systems.

Acid System Type Typical Applications Engineering Limitations
. High-temperature carbonate reservoirs; Polymer residue may damage fqrmatlon;
Gelled Acid o . . viscosity loss under high shear; limited to
matrix acidizing and acid fracturing i .
<180 °C in practice

o . Deep, high-temperature fractured Complex on-site preparation; high friction

Emulsified Acid . . . . pressure; stability issues under extreme

reservoirs requiring deep acid penetration
temperature and shear
High-temperature (>180 °C) High chemical cost; pH-sensitive
Chelating Acid carbonate/sandstone reservoirs; performance; slower reaction may require
low-corrosion matrix acidizing larger fluid volumes
Ultra-high-temperature (>200 °C) Requires high-viscosity carrier fluid; risk
Solid Acid (Target) reservoirs; combined stimulation and of pipeline blockage; limited dissolution

long-term scale inhibition

rate; high upfront cost

3.1.4. Engineering Strategies for Acid Fracturing

The efficacy of reservoir stimulation is governed by a combination of factors, includ-
ing the chemical reaction kinetics of acidization, as well as fluid dynamics and viscous
instability effects. In the development of fracture networks for EGS, leveraging the physical
contrasts between fluids to promote heterogeneous dissolution is pivotal for attaining high
fracture conductivity. Notably, among various enhanced methodologies, the multi-stage
alternating injection acid fracturing technique is distinguished by its intentional induction
of the viscous fingering phenomenon through cyclical variations in injected fluid viscosity.
A typical operational sequence involves an initial injection of high-viscosity hydraulic
fracturing fluid to initiate and propagate fractures, followed by a lower-viscosity acid stage
to etch the fracture faces. These stages are then alternated cyclically to extend the fractures
further. The principal advantages of this technique encompass the generation of heteroge-
neous dissolution patterns while simultaneously mitigating acid fluid loss into wormholes
and natural fractures [106,107]. Furthermore, the alternating injection of high-viscosity
fluid acts as a thermal sink, lowering the temperature of the acid-rock reaction and thus
increasing the effective acid penetration distance [108]. Concurrently, the pronounced
viscosity contrast between the acid and the pad fluid readily induces viscous fingering.
This instability generates heterogeneous, scalloped dissolution pits and acid-etched worm-
holes along the fracture faces, which collectively enhance the conductivity of the resulting
acidized fractures [109,110]. Consequently, this process exhibits superior etching capacity
and fracture surface complexity compared to conventional single-acid treatments, and
is therefore routinely employed in field operations [111].The mechanism of finger effect
is shown in Figure 12. This illustration details the mechanism of viscous fingering. It
visualizes how a lower-viscosity acid core (in blue) displaces a higher-viscosity pad fluid
(in orange), showing the evolution from initial instability to developed “fingers,” thereby
explaining the formation of highly conductive, localized etching channels.

The efficacy of multistage alternating acid fracturing has been demonstrated through
numerous laboratory-scale physical simulations and field applications. Its core mechanism
leverages viscosity contrasts between injected fluids to promote efficient and uneven acid
etching of fracture faces. The initial implementation of this technology employed alternat-
ing stages of high-viscosity, non-reactive fracturing fluid and low-viscosity, reactive acid.
However, subsequent advancements have led to the use of modified acid systems, such as
low-viscosity gelled acid with controlled reactivity. These systems maintain the beneficial
viscous fingering effect while prolonging the etching duration. For instance, Zhang [112]
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et al. conducted an experimental study using a triaxial acid-fracturing simulation appa-
ratus to investigate acid-etched fracture propagation in carbonate rocks from the Majia
Gou Formation. Their results indicated a significant reduction in breakdown pressure
(from 18.5 MPa to 14.6 MPa) upon switching the injected fluid from fracturing fluid to low-
viscosity gelled acid. Concurrently, acid—rock interaction altered the fracture morphology
from planar to complex and branched, thereby enhancing fracture network complexity.
Furthermore, once alternating injection commenced, the induced viscous fingering effect
significantly intensified the heterogeneity of the etching profile. This process mitigates
acid loss and creates conductive flow channels with greater persistence. Investigating
the influence of viscosity contrast on viscous fingering, Wang [113] et al. analyzed the
propagation dynamics of acid fingers under varying acid viscosities (Figure 13A) and
proposed an advanced composite gelled acid fracturing technique. This technique involves
alternating injections of self-generating cross-linked acid and gelled acid with a viscosity
ratio of 8:1, combined with packer and temporary plugging technologies. It aims to exam-
ine the differential etching resulting from uneven acid distribution within the rock, with
the resultant etching patterns illustrated in Figure 13B. Numerical simulations integrated
with acid-fracturing software confirmed that a three-stage alternating injection protocol
yields optimal stimulation outcomes, achieving fracture lengths of approximately 100 m
(Figure 13C,D).
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Figure 12. Schematic diagram of the mechanism of how the finger effect forms non-uniform etching

in reservoirs.

Experiences and technological insights gained from the development of certain ultra-
high temperature oilfields are directly applicable to the development of ultra-high tem-
perature geothermal wells. For the ultra-deep (7000-9500 m) and ultra-high temperature
(150-180 °C) fracture-cavity reservoirs of the Fuman Oilfield in the Tarim Basin, Liu [93]
et al. developed and implemented a “stereoscopic acid fracturing” technological sys-
tem. This technology achieves the construction of an integrated complex fracture-cavity
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network—comprising artificial fractures, natural fractures, and dissolved cavities—to es-
tablish three-dimensional reservoir connectivity. This is achieved by alternating injections
of high- and low-viscosity fluids, which, in conjunction with a zoned dissolution strategy
employing gelled acid, cross-linked acid, and in situ acid, facilitate the desired connectivity.
Experimental and simulation data indicate that a two-stage alternating injection mode can
achieve a fracture conductivity of 44 um?-cm under a high closure stress of 40 MPa, repre-
senting a fivefold increase over that achieved by single-stage acid injection. Simulations
indicate that at an injection rate of 10 m3/min and with a total fluid volume of 2200 m3, the
fracture vertical height can reach 162 m, with a half-length of 108 m, thereby effectively
addressing the key challenges of stimulation under such extreme conditions.
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Figure 13. (A) Fingering form of the acid solution under different viscosity ratios (red represents
gelling acid and blue represents crosslinked authigenic acid). (a) Viscosity ratio 1:1. (b) Viscosity ratio
3:1. (c) Viscosity ratio 8:1. (d) Viscosity ratio 12:1. (B) Acid corrosion fracture wall after injecting acid
with different viscosities. (a) Viscosity ratio 3:1. (b) Viscosity ratio 8:1. (C) Acid corrosion fracture
parameters under different injection series. (D) Simulation diagram of the acid corrosion fracture
width under the three-stage alternating injection. Red represents fractures with a width of 7-9 mm,
yellow represents fractures with a width of 5-7 mm, and green represents fractures with a width of
3-5mm [113].

Furthermore, the maturation of technologies like carbon dioxide capture, utilization,
and storage (CCUS) has expanded the scope of alternating injection beyond the conven-
tional ‘fracking fluid + acid” system. Research has demonstrated the use of supercritical CO,
as a pre-fracturing fluid to replace traditional fracturing fluids, an approach that mitigates
water blocking and formation damage while concurrently achieving CO, sequestration.
For instance, Gou [114] et al. applied supercritical carbon dioxide for pre-fracturing in tight
carbonate reservoirs before acid injection. This technique capitalizes on the inhibitory effect
of CO, on acid-rock reaction kinetics. Specifically, compared to VES-based acid systems,
the reaction rate was reduced by 55%. Moreover, under high closure stresses (exceeding
34.5 MPa), this method resulted in superior fracture conductivity and longer conductivity
retention compared to VES acid treatments, alongside a reduction in overall acid volume
required [115]. Beyond these engineering advantages, dissolved CO, can form carbonic
acid in formation water, providing mild in situ acidification and promoting mineral disso-
lution. In high-temperature geothermal reservoirs, the injection of relatively cold ScCO,
may also induce thermoelastic stresses that facilitate microcrack generation and fracture
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propagation [116]. Together with its carbon sequestration potential, these coupled THMC
effects make ScCO; a promising stimulation fluid for integrating geothermal reservoir
enhancement with CCUS objectives. However, challenges such as CO; leakage, corro-
sion, and formation damage from unintended precipitation remain, necessitating careful
reservoir characterization and monitoring. Given these unresolved issues, the practical
application of ScCO; is highly site-specific and requires further validation. This issue will
not be pursued further in the present work.

Within the domain of multistage alternating acid fracturing, a recent innovation is
sand-carrying acidization technology, which enhances fracture flow capacity through the
combined application of proppants and acid solutions. For instance, Xiao [117] et al. pio-
neered a sand-carrying acid fracturing system that optimizes the acid system and fracture
conductivity by integrating acid and sand-carrying fluids, controlling induced fracture
geometry, and prolonging the acidizing effect. Additionally, Zhou [118] et al. developed
an innovative sand-carrying acid fracturing technology that significantly enhances the
long-term fracture conductivity in ultradeep carbonate reservoirs.

Through the above case, it is known that multi-stage alternating acid fracturing
technology has significant advantages in the development of HTHP geothermal reservoirs.
Including the efficient creation of high-conductivity acid-etched channels via chemical
dissolution, which significantly enhances reservoir permeability and well productivity.
This technology is regarded as a pivotal method for the development of high-temperature
carbonate reservoirs, and its operational mechanism is illustrated in Figure 14. However,
this technology is subject to several limitations. These include a pronounced dependence
on reservoir heterogeneity, a treatment distance constrained by acid-rock reaction kinetics,
and potential corrosion and environmental safety risks posed by strong acid systems to
well tubulars. Additionally, its economic feasibility and broader applicability are often
limited by complex process designs and substantial chemical costs. Therefore, within
the realm of ultra-high-temperature geothermal development, a critical need persists for
novel acid systems that exhibit lower corrosivity, reduced safety risks, and the ability
to maintain fracture conductivity over extended periods, as potential replacements for
current formulations.

ol

Figure 14. Conceptual model of Multi-stage Alternating Injection (MAI) and Viscous Fingering Effect.
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Beyond the choice of acid system, the overall efficiency of acid fracturing is also
governed by several reservoir and operational factors. Understanding the typical ranges,
optimal conditions, and trade-offs of these factors is essential for successful stimulation
design. Table 5 summarizes the key factors discussed in the literature, including reservoir
temperature, effective stress, acid type, injection mode, rock mineralogy, and natural
fracture density. For each factor, the typical range, optimal condition, effect of fluctuation,
advantages, and limitations are provided based on the field cases and experimental data
cited in this review.

Table 5. Key factors influencing acid fracturing efficiency in geothermal reservoirs: typical ranges,
optimal conditions, and trade-offs.

Optimal .
Factor Typical Range Condition for Effect (.)f Pros of (.)l?hmal Cons
. . Fluctuation Condition
Efficiency
69-235 °C (clastic);  For conventional Higher T: faster . . Near—vxfellbore.
. o . o . Faster dissolution,  over-etching, rapid
Reservoir 124-162 °C acids: <150 °C; for reaction rate, . .
. . . shorter treatment acid consumption,
temperature (carbonate); solid acids: up to  shorter penetration time oor far-field
120-171 °C (shale) 180-250 °C distance poor-a
etching
High closure stress: Lower closure Higher stress High stress
Effective stress >34.5 MPa; deep stress (<30 MPa) reduced fracture Better long-term requires stronger
(closure pressure) reservoirs up to favors fracture conductivity, conductivity etching or
40-55 MPa conductivity proppant crushing proppants
15-28 wt% HCI, For T> 180 °C: Stronger acid Rapid
gelled, emulsified, solid /chelating higher High consurI; tion
Acid type VES, solid acids acids; for near-wellbore near-wellbore corrosio rf) oo,r
(DTPA/EDTA/ heterogeneous conductivity but conductivity far-field e;.c};ﬁn
GLDA) zones: VES acid shorter penetration &
. Alternating
Single-stage; . .
. Multi-stage injection induces .
multi-stage . . . . Complex etching Complex process,
- . alternating viscous fingering, . -
Injection mode alternating s . . patterns, higher more equipment
. . injection (viscosity enhances L€ .
(high-viscosity + A . conductivity and chemicals
. . ratio 8:1) non-uniform
low-viscosity) .
etching
Carbonate (calcite, Ci%iﬁ:tgeﬁpl More carbonate: Rapid acid
dolomite); silicate § faster reaction, High conductivity =~ spending; silicate

Rock mineralogy

Silicate: requires

(quartz, feldspar, HF-based acid easier wor@hole from dissolution requires complex
clay) formation acid systems
systems
Higher density:
high leak-off . .
Natural fracture Sparse to dense Moc.ierat.e to g more leak-off, Can create Acid loss, requires
. - (with diverting reduced complex fracture o
density (qualitative) . diverting agents
agents) penetration networks
distance

While the above methods focus on creating fractures, maintaining those conduits over

the long term poses equally severe challenges, primarily due to mineral scaling.

3.2. Fluid Channel Maintenance Acid Treatment Technology

Geothermal well systems, serving as the core infrastructure for power generation and
direct-use heating, have operational efficiencies that directly influence the scalability of
clean energy development. During prolonged operation, scaling commonly occurs on key
components, including metal casings. The formation of scale layers on equipment sur-
faces can severely degrade heat transfer efficiency and accelerate equipment deterioration,
thereby curtailing service life [119-121]. This operational challenge is prevalent in medium-
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and high-temperature geothermal plants globally, notably in the United States, Iceland, and
New Zealand. Consequently, scaling incurs substantial annual economic losses for the global
geothermal industry, estimated at approximately 27 billion USD [122-125]. Furthermore,
scaling constitutes a critical issue that impairs reservoir permeability, leading to significant
reductions in the injectivity and productivity of both geothermal and hydrocarbon wells.

The exploitation of geothermal resources commonly leads to the precipitation of
scale deposits, primarily comprising calcium scales (e.g., calcium carbonate and calcium
sulphate), silica scales (predominantly amorphous silicon dioxide), sulphide scales (e.g.,
lead and zinc sulphides), and metal oxide scales (e.g., iron oxides) [119,126-128]. In high-
enthalpy systems, sulfide scales (e.g., stibnite, galena) and sulfate scales (e.g., barite, ce-
lestite) are also documented, though their formation is more localized and often associated
with specific fluid compositions and redox conditions. Therefore, they will not be dis-
cussed here [129]. The formation and distribution of these scales are governed by reservoir
temperature and fluid flow paths (Figure 15). Specifically, calcium scales predominantly
occur in low- to medium-temperature systems and are frequently observed in production
wells, surface pipelines, and heat exchangers. In contrast, silica scaling is a major con-
cern in high-temperature systems (>180 °C), concentrating in surface pipelines, power
generation equipment, and reinjection wells. Sulphide and metal oxide scales typically
precipitate within production wells and associated pipelines [130-136]. From an engineer-
ing perspective, near-wellbore formation damage represents a significant risk within the
reservoir, whereas scaling poses a principal threat to wellbores, surface pipelines, and heat
exchangers. Furthermore, in operational geothermal power plants, the high-temperature
and high-pressure conditions necessitate consideration of silica scale deposition within key
system components.

—————— "| v—————————————————l
SCALE TYPE I | DEPOSTION LOCATION |
| | |
| | |
. | |

Calcium Scale i} ) ) o |
(CaCo,) t Production Well Various Pipelines |
|| |
| |
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(Ammorous SI0,) || Steam-Water
(S10,) | | Ground Separator |
L) facilities |
Metal Oxide Scale | ) |
(e.g.. Magnetite | Turbine |
(Fe;04) | | |
' |
Sulffide Scale | | |
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I
______ i (LI SRR CIRN U S - R .

Figure 15. Schematic map showing scale types and their locations.

3.2.1. Acidizing Stimulation Technology

The initial purpose of acidizing technology was to etch cracks and expand channel
volume [137]. But later it was also used to dissolve near-wellbore formation damage—such
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as drilling fluid solids, filter cake, or mineral scale—or to react with the rock matrix itself,
thereby restoring or enhancing well productivity. This technique is commonly applied to
remove mineral scale deposits that obstruct flow in the wellbore and the adjacent near-
wellbore region [138]. Commonly utilised acid systems include hydrochloric acid (HCI),
conventional mud acid (HCI-HF), organic mud acid (e.g., formulations containing C¢HgO7,
HEF, HBF4, NH4Cl), and various retarded acid systems. Following acidising treatment, the
permeability of both production and injection wells can be improved to varying degrees.
Furthermore, optimisation of the acid system for specific reservoir conditions can signif-
icantly enhance the near-wellbore stimulation effect. For instance, in the United States,
approximately 90% of geothermal wells subjected to acidising treatments have exhibited a
two- to fourfold increase in fluid production [62].

The efficacy of acidizing for blockage removal is contingent upon the selection of
stimulation techniques tailored to specific reservoir damage mechanisms. To dissolve
inorganic scales, such as calcium carbonate, silica, or barite, the acid formulation must
be optimized based on the specific reservoir mineralogy [139]. Furthermore, given the
inherent heterogeneity of geothermal reservoirs, diversion techniques are essential to
promote uniform acid distribution across damaged zones, thereby enhancing overall
stimulation efficiency. Additionally, preventing secondary precipitation damage during
acidizing and ensuring sustained conductivity in the near-wellbore region post-treatment
constitute critical considerations for the long-term success of the stimulation operation.

The specific configurations of drilling fluid filter cakes and their corresponding acidis-
ation and unblocking methods are summarized in Table 6. Drilling fluid filter cakes exhibit
complex compositions. Weighting materials typically constitute over 80% of the filter
cake’s total weight [140]. To remove such filter cake blockages, a composite unclogging
system is commonly utilized. This process entails the use of oxidizers (e.g., ammonium
persulfate or sodium persulfate) to degrade deposited polymers in the outer layer; acid
solutions to dissolve inner-layer weighting materials (e.g., calcium carbonate, ilmenite,
and manganese trioxide); and small-molecule solid weak acid additives with chelating
and scale-inhibiting properties (e.g., EDTA or DTPA) to dissolve materials like barite that
are insoluble in ordinary acids, thereby achieving comprehensive unclogging of complex
blockages [141,142].

Table 6. Common Geothermal Well Drilling Fluid Mud Cake Configurations and Their Acidisation
and Unblocking Methods [140].

Removal Effect of

Weighting Material/Scale Type Recommended Treatment Solutions

Acidification Technology

Calcium Carbonate (CaCO3)

Highly acid-soluble. It reacts readily Organic acids (e.g., acetic, formic,
with acid to be removed efficiently ~ and lactic acids) and acid precursors

Ilmenite (FeTiO3)

Soluble in HC1. The HCl provides
higher solubility compared to Hydrochloric acid (HC)
chelating agents

Manganese Tetroxide (Mn3Oy4)

Soluble. However, high HCI
concentrations release toxic and
corrosive chlorine gas, especially at
high temperatures

Low-concentration HCI (<4 wt%), or
mixtures of HCl with organic acids
(e.g., glycolic or lactic acid)

Barite (BaSOy)

Chelating agents (e.g., EDTA, DTPA)
combined with catalysts/converting
agents (e.g., Potassium Carbonate)

Extremely low acid solubility. It is
not soluble in organic acids or HCI

Hematite (Iron Oxide)

Soluble in sulfuric acid and HCl,

with low solubility in nitric acid HCI, or nitric acid
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For instance, Elkatatny [143] et al. employed a mixed acid system comprising low-
concentration HCl and glycolic acid to dissolve filter cakes formed by high-density (1.5 SG)
manganese oxide (Mn3Oy)-based drilling fluids, where Mn3Oy served as the weighting
material. This approach utilized enzymes to degrade the outer polymer layer, while
the acid solution dissolved the remaining cake components, thereby effectively tackling
the structural complexity of the filter cake. Solubility tests conducted at 250 °F (121 °C)
demonstrated that a formulation of 7 wt% glycolic acid and 1 wt% HCl achieved a filter cake
dissolution rate of 90%. Furthermore, core displacement studies using Indiana limestone
and Berea sandstone revealed high cleaning efficiency, with filter cake removal approaching
90% and return permeability restored to 100%. Moreover, the filtrate invasion into the
limestone and sandstone cores induced no detectable formation damage. Regarding barite,
a common drilling fluid weighting mineral with low solubility in conventional acids,
Mahmoud and Elkatatny [141] proposed a novel conversion system utilizing a “conversion
and catalyst” technique. This method is grounded in the principle that barite reacts with
EDTA, KOH, and K;COj3 under high-pH conditions to convert into BaCO3. The system
formulation incorporates a breaker, an EDTA conversion agent, and a K,COs5 catalyst,
achieving barite removal rates of 87% in water-based mud and 83% in oil-based mud. After
24 h at 300 °F (149 °C), the solubility of barite particles in 0.6 M EDTA was measured at
62%. Upon catalyst addition, barite solubility increased to 90 wt%, which significantly
enhanced the overall efficiency of its dissolution and removal.

Beyond mitigating drilling fluid invasion, acidizing technology provides substantial
benefits in minimizing water injection damage, enhancing permeability, and improving
thermal energy conversion efficiency in sandstone geothermal well development. Yuan [26]
et al. simulated the scaling process in geothermal wells by employing a tailwater rein-
jection procedure on core samples obtained from three geothermal sandstone reservoirs
in the Xianyang area, which are composed of fine-grained feldspathic sandstone. Core
flooding experiments were performed with four acid systems: mud acid, fluoboric acid,
multihydroxy acid (also referred to as polyhydroxy acid), and solid acid. The results
demonstrated that multihydroxy acid increased permeability by a factor of 3.18 to 15.47,
whereas solid acid enhanced permeability by 1.66 to 3.17 times while preserving structural
integrity. These findings substantiate the significant advantages of acidizing technology for
the removal of CaCOj scales in geothermal wells. Additionally, the study reveals that weak
acids, including multihydroxy and solid acids, exhibit superior performance compared to
stronger acids such as mud acid and fluoboric acid in addressing plugging issues. This
enhanced efficacy can be ascribed to the multi-carboxyl structure of weak acids, which
facilitates chelation of metal cations during scale dissolution, consequently increasing
solubility and inhibiting secondary precipitation.

Case studies confirm that acidizing stimulation technology has become a core en-
gineering strategy for enhancing geothermal well productivity and ensuring reinjection
efficiency, as documented in recent field applications. Its technical advantages and future
potential are principally reflected in the following three aspects:

To address the complex plugging mechanisms encountered in contemporary geother-
mal reservoir development, where challenges such as drilling fluid solids invasion, polymer
filter cake deposition, and mineral scaling coexist, a transition from single strong acid sys-
tems to multi-component synergistic systems is being adopted. This approach leverages
the synergistic effects of auxiliary additives—including enzymes, oxidants, and chelating
agents—thereby enabling certain composite formulations to achieve effective dissolution
of these complex damage mechanisms.

Concurrently, significant research attention is directed toward the mechanisms of
retarded acid release and concomitant scale inhibition. In comparison to conventional
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hydrochloric acid systems, weak acid systems, exemplified by polyhydroxy acids and solid
acids, demonstrate enhanced efficacy in high-temperature, heterogeneous geothermal reser-
voirs. These systems facilitate deep matrix acidization through controlled release of acidic
species, while simultaneously suppressing secondary precipitation of metal cations owing
to their distinctive multi-carboxylate chelating functionalities. Consequently, optimizing
acid formulations and integrating diversion technologies to address reservoir heterogeneity
can lead to a significant enhancement in hydraulic permeability. The multi-scale synergistic
application of these techniques underscores the progressive maturation of acid fracturing
as a key technology in geothermal well stimulation.

Given the significant economic impact of scaling in geothermal projects, a brief life-
cycle cost-benefit analysis of preventive and remedial acidizing is added. Preventive
acidizing (e.g., pH control, slow-release solid acid injection) has lower long-term costs
and better economic sustainability. Remedial acidizing, a post-blockage treatment, brings
higher emergency costs and secondary formation damage, with poorer life-cycle benefits.

From a systemic techno-economic perspective, the implementation of advanced fluid
systems requires a delicate balance between initial CAPEX and prolonged OPEX across
the entire project lifecycle. As delineated in Table 7, although standard mineral acids such
as HCl offer a distinct competitive advantage in raw material costs (~150-200 USD/ton),
their aggressive chemical kinetics often introduce severe cascading economic penalties.
The high corrosivity of concentrated inorganic fluids under extreme geothermal tempera-
tures necessitates massive concurrent dosages of high-temperature corrosion inhibitors,
significantly driving up chemical conditioning costs. More critically, near-wellbore over-
etching and subsequent rapid permeability decay under closure stress trigger more frequent
well-workover intervention cycles, substantially elevating cumulative maintenance expen-
ditures. Conversely, adopting chelating organic formulations can substantially reduce
long-term operating expenses (OPEX) through their low corrosivity, retarded reaction
kinetics, and prolonged fracture conductivity maintenance, thereby delivering superior
life-cycle economic performance compared to inorganic acids.

Table 7. Techno-economic comparison between conventional acid systems and advanced solid
organic acids.

. Conventional Acid Advanced Solid Long-term Impact .
Economic & . . Economic &

Technical Indicators Systems Organic Acids on System Technical Indicators

(HCl/Mud Acid) (GLDA/EDTA) Economics
Slightly increases the
initial fluid
Chemical Material Very Low Moderate to High Cg?lftl‘cfgr?:sz?l t(; Ojt’ Chemical Material
Cost (Initial CAPEX)  (~150-200 USD/ton) (~700-900 USD/ton) P Cost (Initial CAPEX)

negligible fraction of
total drilling and
completion costs.

Corrosion Mitigation
& Equipment
Lifespan (OPEX)

Extremely Low Drastically reduces

Extremely High
(Requires expensive
high-temperature
corrosion inhibitors;
risks casing failure)

(Inherent
low-corrosion
property; preserves
downhole metal
integrity)

operational
expenditures (OPEX)
related to asset
maintenance and
chemical inhibitor
purchasing.

Corrosion Mitigation
& Equipment
Lifespan (OPEX)
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Table 7. Cont.

. Conventional Acid Advanced Solid Long-term Impact .
Economic & . . Economic &
Technical Indicators Systems Organic Acids on System Technical Indicators
(HC1/Mud Acid) (GLDA/EDTA) Economics
Extends the
Excellent functional lifetime of

Poor (Excessive

(Delayed-release

stimulated pathways,

Stimulation near-wellbore Kinetics: uniform minimizine the Stimulation
Efficiency & Far-field  over-etching; rapid o . gL Efficiency & Far-field
. s far-field etching; frequency and high .
Channel Longevity permeability decay revents secondar cost of Channel Longevity
under closure stress) P . y
scaling) well-workover
interventions.
Lowers the
Low feasibility for High feasibility; Z:ﬁ;ﬁi;i
Overall Project long-t.erm EGS minimizes systemic depreciation rate, Overall Project
o . operation due to risk and extends well . . - o .
Scalability Matrix I 0 . indirectly optimizing  Scalability Matrix
frequent acidification  durability, favoring .
. 4 the economic
maintenance cycles.  better project payoff.

viability of the
geothermal reservoir.

3.2.2. Surface Antiscaling Technology

In addition to the impairment caused by fracture channel clogging from mud invasion
and water-injection damage, scaling in geothermal wells represents a similarly signifi-
cant impediment to geothermal energy production. It constitutes not merely a technical
challenge but a critical bottleneck that directly compromises the economic viability and
operational lifespan of geothermal projects [144]. It is a prevalent issue affecting most of
geothermal wells globally to varying degrees of severity. Scale deposition can manifest
across multiple stages of the geothermal cycle, encompassing reservoir pore throats, well-
bores, electrical submersible pumps (ESPs), heat exchangers, and the reinjection network.
Its direct impacts are multifaceted. For instance, scale accumulation reduces the effective
wellbore diameter, increasing flow resistance and thereby causing a significant decline
in well productivity. On heat exchanger surfaces, the low thermal conductivity of scale
deposits acts as an insulating layer, drastically reducing heat transfer efficiency and leading
to substantial energy wastage. Furthermore, in critical equipment like ESPs, scale can cause
abrasive wear to impellers or even lead to rotor seizure, necessitating costly maintenance
interventions and extended production shutdowns.

As noted in the preceding discussion, prevalent scaling formations in geothermal
systems encompass calcium-based and silica-based deposits. The precipitation of CaCOs
scale is predominantly initiated by the degassing of CO,, which results from the decrease in
pressure as geothermal brine ascends towards the surface. This degassing process elevates
the pH of the fluid, thereby inducing rapid supersaturation with respect to calcium car-
bonate and its subsequent precipitation. In contrast, silica scaling occurs more frequently
in high-temperature geothermal systems. The cooling of the geothermal fluid reduces
the solubility of amorphous silica, leading to the formation of polymeric silicate deposits.
These deposits are characterized by extreme hardness and a glassy morphology, which
renders them highly resistant to conventional acid washing treatments. Furthermore, other
scales, including complex silicates, metal sulfides (e.g., antimony sulfide, lead sulfide), and
barite (BaSO,), typically precipitate under specific geochemical conditions. A represen-
tative scenario involves the mixing of sulfate-rich reinjection water with barium-bearing
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geothermal brine. These scales exhibit high chemical stability, which significantly limits the
efficacy of conventional acid-based removal methods [119].

Within existing scale inhibition technologies, scale inhibitors constitute the core addi-
tives and can be categorized into several primary types, such as natural macromolecular
inhibitors, artificially synthesized scale inhibitors and small molecule phosphorus contain-
ing scale inhibitors; however, their application in ultra-high temperature environments is
limited by poor stability, low efficiency, and susceptibility to decomposition [145-148]. The
inorganic phosphorus inhibitors exhibit limited effectiveness, as they can induce calcium
phosphate scaling and promote microbial proliferation. In contrast, organic phosphorus
inhibitors demonstrate superior inhibition performance and stability, yet their phospho-
rus content raises environmental concerns [149-151]. The polymeric scale inhibitors have
emerged as the predominant choice in modern applications, owing to their high efficiency, low
dosage requirements, and excellent stability. Within this category, carboxylic acid polymers
inhibit CaCOj3 and CaSOy scaling via carboxyl functional groups, while sulfonic acid polymers
effectively control calcium phosphate scale and disperse metal oxides through their sulfonic
acid groups. Furthermore, copolymers incorporating composite functional groups, such as
hydroxyl and amide groups, enable synergistic chelation of multivalent metal ions, they
offering comprehensive solutions for complex scaling environments [152-155].

To address scaling challenges posed by calcium salts and iron oxides in surface equip-
ment and pipelines, extensive research efforts have focused on the design and synthesis
of environmentally friendly, efficient, and stable multifunctional copolymer inhibitors.
These copolymers incorporate multiple inhibition mechanisms, including threshold effects,
lattice distortion, electrostatic dispersion, and steric stabilization. Static scale inhibition
tests have validated the synergistic effects among the components of these copolymers,
confirming their efficacy in suppressing the formation and deposition of scale-forming
substances. This functionality ensures the reliable operation of associated water systems in
applications such as industrial cooling, geothermal well development, and oil and gas field
water treatment [144,156].

Figure 16 magnifies the macroscopic characteristics to the molecular level, explaining
the scale inhibition mechanism of solid chelating acids such as GLDA. It provides a quan-
tum chemical simulation diagram illustrating how carboxyl oxygen and amino nitrogen
atoms form highly stable multi center 5- or 6-membered rings around divalent/trivalent
cations (Ca2*, Fe3*), effectively preventing the formation of secondary oxide scales in
high-temperature environments.

Vertical Stress o Defines (a) Quantum chemistry (b) Detail of a Ca?*-GLDA
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Figure 16. Microscopic mechanism of scale inhibition of chelating agents in reservoirs.
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Extensive research has documented the development of scale inhibitors compatible
with high-temperature and high-salinity (HTHS) conditions. For instance, Nayunigari [157]
et al. reported over 95% inhibition efficiency against CaSOy scale using a dosage of 10 mg/L
of a curcumin-malic acid complex under hypersaline conditions (7500 mg/L Ca?* and
10,200 mg/L SO4%~) at 70 °C. Similarly, the PCCA inhibitor developed by Yuan [158] et al.
demonstrates thermal stability up to 250 °C. At a dosage of 20 mg/L, this inhibitor achieved
nearly 100% inhibition of CaSOy in a high-mineralization environment (16,000 mg/L Ca%")
at 80 °C, and 98.8% inhibition of CaCOj3. Migahed [159] et al. synthesized a copolymer,
GLY-PASP, which exhibited a CaSO, inhibition efficiency of 90.2% at 125 ppm in a mixed so-
lution containing CaCl, (9.11 g/L) and NapSO4 (7.3 g/L) at 90 °C. Additionally, at 250 ppm,
it provided an 83.8% corrosion inhibition rate for carbon steel. Furthermore, Shi [160] et al.
developed a novel SPR-12 retarded acid system for stimulation of a carbonate geothermal
reservoir in Tianjin, China. Laboratory experiments showed that the system reduced the

~L.em~2 and achieved a retardation effi-

acid-rock reaction rate from 0.122 to 0.037 g-min
ciency exceeding 68%, significantly enhancing acid penetration and fracture etching. Acid
erosion generated conductive wormhole and pillar-supported structures (Figure 17A), re-
sulting in an increase in fracture conductivity from 255 to 318 D-cm. Numerical simulations
further indicated that an injection pressure of 20 MPa could create fractures extending ap-
proximately 400 m from the wellbore (Figure 17B), facilitating communication with distant
fracture networks. During field implementation, the treatment pressure gradually declined
from 20 MPa to 1 MPa, confirming successful fracture connectivity (Figure 17C). Conse-
quently, water production increased from 12.33 to 95-100.4 m3/h, while water temperature
rose from 62 °C to approximately 90 °C. Overall, geothermal productivity increased by
275.8% and acid consumption was reduced by more than 50%, demonstrating the effective-
ness of retarded acid fracturing for enhancing permeability and productivity in carbonate
geothermal reservoirs. This chelation, combined with the steric hindrance effect of the
polymer chains, effectively inhibits the formation and growth of CaSOj scale. In related
work, a ternary copolymer developed by Yang [154] et al. achieved 97.6% inhibition of
CaCQOj3 at 22 mg/L in simulated water (pH 9.0, 80 °C). Separately, Bu [161] et al. reported
that the phosphorus-free copolymer PAYS exhibited 89.2% inhibition of CaCOj3 at pH 9.0
and complete (100%) inhibition of CaSOy at pH 7.0. Although contemporary research
predominantly focuses on developing “green, low-toxicity, threshold-effect” inhibitors,
most investigations are confined to neutral or alkaline environments. Consequently, the
performance of such inhibitors under acidic conditions remains generally unsatisfactory
and warrants further investigation.

According to Zhao [121] et al., poly (citric acid) (PCA) was synthesized via the poly-
condensation of citric acid (CA), a naturally occurring and biodegradable monomer. The
molecular structure of PCA is characterized by abundant residual carboxyl groups. These
functional groups enable multiple scale inhibition mechanisms, including calcium ion
chelation, inhibition of crystal deposition, and adsorption onto crystal growth surfaces to
induce lattice distortion. Experimental results indicate that, across a broad concentration
range of Ca?* and SO,?~ (2040-7000 mg/L), PCA achieved over 90% inhibition efficiency
against calcium sulfate scale at a minimal dosage of 2.5 mg/L, with efficiency reaching up to
98.8% at 25 mg/L. Even under medium-to-high temperature conditions (80 °C), PCA main-
tained a scale inhibition rate exceeding 80%. Furthermore, its high biodegradability (>95%)
complies with green chemistry principles, rendering it suitable for scale control in surface
facilities and pipeline networks. However, despite exhibiting superior thermal stability and
acid resistance compared to other bio-based green inhibitors, PCA’s performance remains
insufficient under the extreme conditions (e.g., high temperature and low pH) typical of
acidized geothermal wells. This necessitates further molecular structural modifications.
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Figure 17. (A) Rock acid erosion morphology; (a) wormhole state of rock plate after acid erosion;
(b) point-like support; (c) bridge-pier type support; (B) 20 MPa fracture geometry diagram under acid
fracturing pressure; (C) comprehensive curve of well acidization and fracturing construction [160].

Thus, revisiting the initial proposition, materials that exhibit outstanding scale inhibi-
tion performance coupled with resistance to acidic conditions and elevated temperatures
are likely to exist—specifically, the solid weak acid additives mentioned previously. This
category predominantly encompasses multi-carboxyl solid acids, including EDTA and
DTPA, which demonstrate excellent thermal and pH stability while providing effective
scale inhibition at a competitive cost. Moreover, these additives can facilitate auxiliary
long-term matrix acidizing, thereby achieving multifunctional versatility. Consequently,
multi-carboxyl solid weak acids, exemplified by EDTA and DTPA, are poised to become
the next pivotal agents for geothermal energy stimulation, effectively bridging the gap
between acidizing and scale inhibition. These compounds function as both dissolvents for
weighting agents in acidizing operations and as efficient, heat-resistant, and acid-tolerant
scale inhibitors during long-term production. This multifunctionality not only addresses
the limitations of green scale inhibitors in acidic environments but also offers an integrated
solution for geothermal wells. This provides important ideas for the long-term sustainable
development of geothermal energy.

4. Current Status of Acidizing Stimulation in Geothermal Resources
4.1. Acid Fracturing Applications for Geothermal Well Stimulation

To comprehensively evaluate its adaptability and stimulation potential under complex
geological conditions such as heterogeneity and depth, this section synthesizes and analyzes
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recent engineering case studies from three key perspectives: carbonate geothermal wells,
the repurposing of HTHP hydrocarbon reservoirs for geothermal energy extraction, and the
application of novel, environmentally friendly acid systems. In the context of stimulating
typical carbonate geothermal reservoirs, the efficacy of multistage acid fracturing has been
demonstrated, with studies indicating its role in effectively reducing wellhead injection
pressure and augmenting productivity /injectivity.

4.1.1. Field Applications of Acid Fracturing in Geothermal Reservoirs

For the Ordovician-Cambrian carbonate reservoirs in the Taiyun region, a 20 wt%
HCI gelled acid was developed by Feng [162] et al., which maintained a viscosity of
27 mPa-s under continuous shearing at 80 °C and 170 s~! for 120 min (see Figure 18A
for shear resistance data). By integrating numerical simulations to design the pumping
program, a multistage alternating injection acid fracturing treatment was successfully
implemented (operation curves presented in Figure 18B), which increased the geothermal
water production rate from 15.2 m®/h to 42.26 m3/h. Pressure drop analysis indicated the
creation of acid-etched fractures with a length of 107 m and a maximum width of 8.6 mm
(Figure 18C). Similarly, case studies from the carbonate geothermal reservoirs in Beijing
have further demonstrated the applicability of acid fracturing for enhancing reinjection
capacity. Sun [163] et al. conducted acid fracturing stimulation tests and systematically
analyzed the impact of the treatment on both production (extraction) and reinjection perfor-
mance. The results revealed a 17% increase in hydraulic conductivity and a 16% increase
in permeability. Concurrently, the skin factor decreased from 1.44 to —3.33, indicating
effective removal of near-wellbore damage and an enhancement of the formation’s intrin-
sic permeability. The natural reinjection capacity improved by 106%, accompanied by a
substantial increase in the pressurized reinjection volume. Furthermore, acid fracturing
technology has demonstrated broad applicability in deep dolomite geothermal reservoirs.
Zhang [164] et al. applied multistage acid fracturing to deep dolomite reservoirs in the
Xiongan New Area. Core flooding experiments verified that both 15 wt% and 20 wt%
HCl yielded high acid solubility, exceeding 78%. Through the optimization of supporting
working fluid systems and the employment of a two-stage alternating injection process,
the water production rate of the target well (DRR) by more than ninefold, while its specific
capacity increased approximately thirtyfold. These results systematically validate the broad
applicability and significant engineering value of multistage acid fracturing for stimulating
deep, carbonate-rich geothermal reservoirs.

To investigate the impact of various working fluids on acid fracturing efficacy,
Ren [165] et al. confirmed that in carbonate reservoirs subjected to multistage alternat-
ing injection, the combination of medium-to-low viscosity emulsified acid with chelating
acid resulted in the lowest conductivity and fracture propagation efficiency. Conversely,
the combination of cross-linked acid and surfactant-based acid attained the highest frac-
ture conductivity and propagation efficiency, attributable to their elevated viscosity and
self-diverting properties. Additionally, with the increasing depth of geothermal resource
development, extreme thermal conditions impose more stringent requirements on the
corrosion inhibition and environmental compatibility of acid systems. Consequently, acid
systems with low corrosivity and environmental sustainability are increasingly employed
in geothermal reservoir stimulation. Silin [166] et al. developed an environmentally benign
acid system for the stimulation of high-temperature geothermal carbonate reservoirs. Ex-
perimental results indicated that this system achieved a calcite dissolution rate of 5.85%
within 90 min at 120 °C, with an additional 1.55% dissolved over the subsequent 270 min,
demonstrating slow and sustained reaction kinetics favorable for deep reservoir stimula-
tion. Notably, the incorporation of a unique 1% caffeine additive improves the system’s
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corrosion inhibition, yielding a corrosion rate of merely 6.64 g/(m?-h) for ST3 steel at 120 °C
and 2 MPa, which is significantly lower than the industrial threshold of 20 g/(m?-h). This
clearly illustrates the imperative to balance rock dissolution efficacy with pipeline corrosion
in the development of ultra-high-temperature geothermal reservoirs.
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Figure 18. (A) Rheological performance of the acid fluid. (B) Treatment pressure change curve of
example well. (C) Fracture geometry from acid fracturing by fitting job pressure [162].

The development of deep reservoirs with complex lithologies, such as carbonate-
sandstone mixtures, necessitates the application of acid fracturing; however, the principal
challenge resides in the selection of an optimal composite acid system for stimulation. In
practice, hydrofluoric acid (HF) is commonly employed in combination with hydrochlo-
ric acid (HCI), often within retarded acid systems designed to enhance penetration. For
instance, in the Larderello geothermal field (Italy), stimulation of deep (30004000 m) reser-
voirs comprising phyllites, hornfels, and granites using varying ratios of HCI-HF mixtures
resulted in a well productivity enhancement by a factor of 4 to 10 [167]. Furthermore, in
the Los Azufres geothermal field (Mexico), a blended acid system comprising 10% HCI
and 5% HF was precisely placed into the target zone of well AZ-47D using coiled tubing
technology. This treatment yielded a 174% increase in single-well productivity, accompa-
nied by a fivefold increase in wellhead steam production and an 800% rise in wellhead
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pressure [168]. Similarly, reservoir stimulation in well AWI11-6RD in the Salak geothermal
field (Indonesia) utilizing a 15% HCI + 9% HF blended acid system led to a 2.6-fold increase
in single-well productivity [169].

4.1.2. Limitations of Conventional Acids and the Potential of GLDA-Based Chelating Acid
Systems in Ultra-High-Temperature Geothermal Reservoirs

Extensive field data demonstrate that acid fracturing constitutes a progressively critical
technology in geothermal well development. R Regardless of reservoir temperature (low
or high) or lithology (carbonate or sandstone), optimized acid fracturing treatments con-
sistently achieve significant production enhancement over pre-stimulation levels through
tailored injection processes and fluid systems. Furthermore, laboratory studies and field
applications indicate a convergent industry focus on mitigating fluid corrosivity and
promoting the creation of more extensive and sustainable etched fracture networks. Conse-
quently, it can be proposed that for deep, ultra-high-temperature geothermal reservoirs,
conventional acidizing systems—including hydrochloric acid, mud acid, and retarded acids
such as gelled acids—may be inadequate to simultaneously satisfy the dual demands of low
corrosivity and effective long-range etching far from the wellbore. The small-molecule solid
polycarboxylic acid systems, which inherently combine weak acidity with chelating and
scale-inhibiting functionalities, represent a promising direction for future development.

For instance, EDTA and DTPA are widely recognized for their strong metal-chelating
capabilities, particularly in forming stable complexes with divalent cations such as calcium
(Ca?*) and iron (Fe?"). Barri and Mahmoud [170] investigated the impact of EDTA on
carbonate rock integrity at 120 °C, revealing a significant weakening of the rock’s mechan-
ical properties post-treatment. Specifically, the Young’s modulus of Austin Chalk cores
decreased by approximately 76%, in contrast to a 5% reduction observed in Indiana Lime-
stone. However, EDTA shares limitations with DTPA, including limited solubility and poor
biodegradability, which have restricted its large-scale application [171]. In contrast, GLDA
has emerged as an effective alternative for matrix stimulation in deep, high-temperature
carbonate reservoirs owing to its high solubility, exceptional chelating strength, low corro-
sivity, thermal stability, and superior biodegradability [172,173]. Studies by LePage [174]
et al. and Mahmoud [175] et al. demonstrated that GLDA is highly effective for production
enhancement in high-temperature (180 °C) carbonate reservoirs and remains functional
across a broad pH range (pH 1-13).

Abdelgawad [176] et al. investigated the stimulation potential of the solid chelat-
ing acid GLDA for high-temperature carbonate reservoirs using reaction kinetics and
coreflooding experiments. The results showed that seawater-based GLDA (20 wt%, pH
3.8) exhibited a significantly retarded reaction behavior, with diffusion coefficients of
8.31 x 1077, 3.37 x 107°, and 4.71 x 107% cm?/s at 150, 200, and 250 °F, respectively,
promoting deeper acid penetration and more uniform carbonate dissolution (Figure 19A).
Coreflooding tests at 250 °F and 1000 psi demonstrated efficient pressure-drop reduction
and wormhole propagation during acid injection (Figure 19B). CT-scan characterization fur-
ther confirmed the formation of dominant conductive wormholes at the optimum injection
rate of 0.5-1.0 cm®/min (Figure 19C). Compared with conventional HCI systems, GLDA
provided lower reaction rates, reduced corrosion, and enhanced stimulation efficiency.
A growing body of field evidence confirms that solid weak acid systems are transition-
ing from laboratory research to field applications, demonstrating significant potential for
ultra-high-temperature acid fracturing processes.
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Figure 19. (A) Diffusion coefficient of 20 wt% GLDA /DI and GLDA /SW as a function of temperature
for Indiana limestone. (B) Pressure drop as a function of injected pore volumes during injection of
20 wt% GLDA/SW (pH = 3.8) at 250 °F at different injection rates. (C) Wormhole structure using CT
scan for core samples stimulated using 20 wt% GLDA /SW (pH = 3.8) at 250 °F [176].

4.2. Application of Acidizing for Remediation in Geothermal Wells

During reservoir stimulation and long-term production, formation damage at the
same time also constitutes a primary constraint on the efficient development of geothermal
resources. This damage is most directly manifested as a marked decline in well productivity
or reinjection capacity. For nearly all geothermal wells requiring acid stimulation, research
indicates that the principal damage mechanisms are the infiltration of drilling mud solids
and cuttings into the formation, or mineral scaling triggered by physicochemical disequi-
librium during production and water injection [177,178]. Consequently, the development
of composite remediation systems based on advanced acidizing fluids has emerged as a
key engineering strategy to mitigate such drilling- and injection-induced damage, thereby
restoring wellbore connectivity and flow capacity.

4.2.1. Chemical Removal of Carbonate and Silica Scales via pH Control

Although carbonate precipitation represents the most prevalent form of plugging,
with its remediation strategies and formation mechanisms being well-documented, silica
scaling—a widespread and significantly more intractable issue in geothermal systems—has
emerged as a primary research focus. Consequently, recent research efforts have centered
on source prevention through the regulation of fluid pH. Field experiments conducted
at well TR-9 in the Berlin geothermal field by Guerra [179] et al. demonstrated that
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acidification effectively controls the formation of polymerized silica scale in geothermal
brine, thereby significantly enhancing thermal tolerance and reducing scaling rates. The
formation of polymerized silica scale follows an inverse relationship with temperature:
as temperature rises, dissolved silica increases while SiO, solids decrease, leading to a
decline in the Silica Saturation Index (SSI) (Figure 20A). In contrast, scaling propensity
demonstrates a positive correlation with pH. For instance, at a constant temperature of
120 °C, brine maintained at pH 5.0 remains virtually scale-free. However, when the pH
is increased to 5.5, scaling commences after approximately 120 min, and at pH 6.0, the
induction period is reduced to less than 60 min (Figure 20B), whereas pH reduction to
5.5 yields only 0.01 g/ton. Complementary results from the Ahuachapan geothermal field
indicate that maintaining a pH of 5.5 completely inhibits silica polymerization for at least
75 min at 90 °C (Figure 20C,D). Field applications at the Berlin binary power plant further
revealed that maintaining the pH within a range of 5.5 to 5.6 reduced scale deposition
thickness in heat exchanger tubes from 1.0-2.8 mm to less than 0.4 mm. Furthermore,
the system sustained a low-scaling state throughout 15 months of continuous operation,
demonstrating the long-term efficacy and economic viability of this pH-control strategy.
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Figure 20. (A) SSI of water from TR-17/18. (B) Temperature at which onset of polymerization occurs.
(C©) Silica polymerization without treatment. (D) Silica polymerization with treatment to pH of
5.5[179].

To mitigate the progressive decline in injectivity associated with silica supersaturation
(SSI 1.10-1.18) in the Leyte geothermal field, Philippines, Alcober [180] et al. demonstrated
that acidification constitutes the most direct and effective method for restoring and sub-
stantially enhancing injection performance. Field trials confirmed its efficacy: following
acidification, the injectivity of Well 5R1D increased markedly from 44 kg/s to 137 kg/s,
whereas Well 5R4 recovered fully from 76 kg/s to 201 kg/s, thereby demonstrating the
potent near-wellbore reservoir stimulation effect of this treatment. In contrast, a control case
employing only the antiscalant GSX (at 0.5 ppm) failed to prevent slow silica deposition
entirely, with scaling rates observed between 2.4 and 11.9 mm per year. Therefore, for
reservoirs experiencing severe silica scaling, acidification represents a core engineering
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solution for achieving rapid and multi-fold recovery of injectivity. Similarly, Helbig [181]
et al. reported the use of 15% HCI to remediate calcium carbonate scale in production
wells at the Tauhara field, New Zealand. Subsequent neutralization of residual acid with a
soda ash mixture, coupled with the application of corrosion inhibitors to protect downhole
liners, successfully restored well productivity to its original level without inducing damage
to the well casing or perforated liners.

4.2.2. Composite Acid Systems for Drilling-Induced Damage and Silica
Scaling Remediation

Extensive literature documents additional engineering cases focused on silica scaling
mitigation. Lim [182] et al. investigated the injectivity decline induced by colloidal silica
scaling in the Kawerau geothermal field, New Zealand. Acid treatments were performed on
wells KA44 and PK4A utilizing coiled tubing (CT) to inject a 10% HCl pre-flush followed by
amud acid system (10% HCI + 5% HF). The treatment proved highly effective, as evidenced
by a substantial increase in the injectivity index (II): from 50 t/h-bar to 84 t/h-bar (a 68%
increase) for well PK4A, and from 25 t/h-bar to 50 t/h-bar (a 100% increase) for well KA44.
Effective recovery was also achieved in deep producing zones; for instance, the II of the
2295-2335 mMD interval in well KA44 increased from 1.5 t/h-bar to 16 t/h-bar. Post-
treatment downhole camera surveys confirmed wellbore cleanliness, and high-temperature
casing corrosion logs indicated no measurable corrosion damage. Subsequently, in response
to silica supersaturation (SSI > 1.7) in the geothermal brine of well KA44, Goh [183] et al.
implemented optimized acid formulations and injection methods to enhance injectivity
and reduce operational costs. In 2019, a treatment employing wellhead injection with a 5%
HF + 10% HCOOH (formic acid) system was conducted. Analysis of speed profiles during
hot brine injection (Figure 21A) indicated fluid losses exceeding 40% within a broad loss
zone spanning 2102 to 2186 m MD. In the upper zone, fluid loss was approximately 25% at
1475 m MD. Losses at 1973 m MD and 2070 m MD were about 10-12%, while the remaining
fluid reached deeper loss zones below 2200 m MD. This system increased injectivity index
from 6.2 to 10.2 t/h-bar (+65%) and halved costs vs. coiled tubing. It maintained >25%
capacity gain after 275 days, outperforming the 2010 HCl-only treatment (Figure 21B).
Compared to the acid stimulation treatments conducted in 2010 and 2017, productivity
increased by over 30% and 10%, respectively. Moreover, the fitted production decline rate
was significantly lower than that of the 2017 process, demonstrating improved long-term
geothermal stimulation efficiency (Figure 21C,D).

To mitigate formation damage resulting from particulate and chemical precipitation
induced by working fluids in the K75 sandstone reservoir, Xin [184] et al. performed
experimental investigations that elucidated the damage mechanisms and confirmed that
the elevated pressures associated with greater depths exacerbate the severity of such im-
pairment. To address these challenges, a multifunctional composite acid system with
low corrosivity was proposed, comprising 10% HCI + 10% HBF, + 0.8% HEF, and tailored
additives. Post-treatment core analysis indicated permeability recovery rates ranging
from 90.26% to 109.59%, accompanied by damage removal rates of 146.47% to 557.95%.
These results signify a substantial restoration and enhancement of reservoir flow capacity.
Furthermore, the system demonstrated a corrosion rate below 10 g/(m?-h), an iron ion
stabilization capacity exceeding 240 mg/mL, and effectively inhibited the formation of
secondary precipitates, including fluoride and silicate scales. While efficiently remedi-
ating working fluid-induced damage, the system also contributes to reservoir skeleton
stability and mitigates the risk of sand production. These findings underscore the effi-
cacy and necessity of employing composite acid systems to mitigate formation damage in
geothermal reservoirs.
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Figure 21. (A) Comparison of velocity profile of KA44 during hot brine injection along the perforated
liner section showing the pre-acid and the post-acid profiles. (B) KA44 injectivity index at pre-acid
and post-acid multi-rate injectivity tests using similar injection rates. (C) Comparison of the decline
in capacity gain over time of KA44 2010 acidising with CTU, KA44 bullhead acidizing and PK4a
acidizing with CTU. (D) Comparison of decline rate in PK4a (2017 acidizing done with CTU) and
KA44 (2019 bullhead acidizing) [183].

4.2.3. Hybrid Physicochemical Remediation for Intractable Scales and
Lifecycle Management

Furthermore, scaling is not confined to the reservoir but also affects surface equipment,
including motors and pipelines. For instance, at the Hatchobaru geothermal power station
in Japan, Kiyota and Uchiyama [185] successfully controlled scale formation by modulating
pH levels. Their results demonstrated that the pH adjustment system was successfully
operated, leading to a significant reduction in the scaling rate and a deceleration in the
decline of reinjection capacity. In recent years, the application of CCUS technology for
suppressing silica scaling in geothermal reservoirs has attracted considerable research
interest. The underlying mechanism of this approach primarily also involves pH regulation.
Hirowatari [186] investigated a method to inhibit silica deposition by lowering the pH of
geothermal fluids through the injection of CO,-rich exhaust gases from geothermal power
plants. Experimental results showed that injecting CO; to adjust the pH of the geothermal
fluid to 5.0-5.5 at 90 °C significantly suppressed both the formation and adhesion of silica
scale. Specifically, the silica deposition rate decreased from 20-80 mg/dm?-d in untreated
systems to 0.85 mg/dm?-d following pH adjustment, representing a reduction of over
95%. Moreover, simulated reinjection experiments demonstrated that adjusting the pH to
5-5.5 resulted in almost no clogging of the permeable layers, confirming the efficacy of
this method in preventing formation blockage. Additionally, long-term trials revealed that
the use of pure CO, avoids side reactions associated with H,S, such as slime formation,
thereby further enhancing the stability and feasibility of the system.

Beyond the mitigation of conventional carbonate and silica scales, acid systems are
also employed to prevent and dissolve insoluble mineral scales, including sulfates. How-
ever, achieving optimal results frequently necessitates a hybrid remediation strategy that
integrates chemical acidizing with physical interventions, such as pulse treatments. Re-
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search pertaining to such hybrid scale remediation has predominantly been conducted
in the United States. A seminal case is the Fenton Hill geothermal field, which is widely
recognized as the world’s first authentic EGS [187]. To address near-wellbore impairments
encountered in the latter stages of the Fenton Hill EGS project, the research team undertook
a comprehensive investigation of a physicochemical synergistic remediation technology.
This technology utilizes bidirectional circulation coupled with a mud acid system, and
its efficacy was successfully demonstrated through field trials. The application of this
technology enhanced the production well’s capacity to 80 L/s and enabled a cumulative
fluid injection volume of 13,000 m® during the project’s second phase [188].

In the second phase of the Long-Term Circulation Test (LTCT) at the Hijiori project,
substantial mineral scaling, predominantly gypsum, was observed within and adjacent to
the wellbores of HDR-1 and HDR-2a. Consequently, the injection rate of HDR-1 declined
from 20 kg/s to 16.7 kg /s, and the production rate of HDR-2a was reduced from 8 kg/s to
6 kg/s. Following the implementation of a hybrid remediation technology—integrating
pulse circulation with a mud acid system—the production rate of HDR-2a was increased
by 20%, and the injection rate of HDR-1 was restored to 13 kg/s. These results indicate that
the hybrid remediation technology holds considerable potential for well stimulation and
blockage mitigation in Enhanced Geothermal Systems (EGS), as supported by analogous
applications in geothermal well maintenance [189].

Formation damage and mineral scaling pose significant impediments to geothermal
development globally, constraining both single-well longevity and overall system recovery
efficiency. Empirical evidence from diverse field applications reveals that acidizing systems
are no longer confined to post-damage remediation. Instead, they have evolved into an
integrated process-control framework applicable throughout the entire geothermal project
lifecycle. This comprehensive framework is visually illustrated in Figure 22, which out-
lines the lifecycle-integrated schematic of acid fracturing and fluid conduit maintenance
for deep geothermal systems. This evolution marks a shift from reactive restoration to
proactive prevention and control. Regarding the persistent challenge of silica scaling, pH
regulation via controlled acidification (e.g., maintaining a pH between 5.0 and 5.6) has been
demonstrated to inhibit silicate polymerization at the kinetic level. Whether applied for
long-term scale mitigation in surface facilities or for downhole synergistic control using
waste gases such as CO,, pH-modulation technology consistently demonstrates superior
economic and environmental performance compared to conventional scale inhibitors. Fur-
thermore, acid formulations are undergoing continuous iteration, transitioning from highly
corrosive single-acid systems to multifunctional composite blends. Field applications,
such as those in New Zealand and the K75 reservoir, demonstrate that replacing strong
inorganic acids with organic acids (e.g., formic acid) and employing mud acid systems
(HCI-HF + HBF,;) combined with targeted additives can achieve multiple objectives. These
include damage removal, inhibition of secondary precipitation, clay stabilization, and
reservoir-matrix preservation. This advancement not only enhances injectivity and pro-
ductivity indices but also reduces operational costs through method optimization, such
as shifting from coiled-tubing to direct wellhead injection. For intractable scales such as
sulfates in EGS, where conventional chemical methods face limitations, a physicochemical
synergistic approach has emerged. This technique integrates physical pulse technology
with chemical acidizing to address these challenging conditions. Its successful deployment
in benchmark international projects, such as Fenton Hill, signifies that stimulation strate-
gies for complex geothermal reservoirs are progressing toward a stage characterized by
multiphysics-integrated synergistic solutions and engineered bidirectional flow. Table 8
summarizes the global practices of geothermal acidizing engineering, highlighting the
evolution of these strategies across major international projects.
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Table 8. Global Practices of Geothermal Acidizing Engineering.

Improvement

Site Name/Region Reservoir Type Acid System Used (Productivity/Injectivity) References
- o Water production increased
Taiyun, China C mg;dﬁv(‘lels;l -n ¢ 20 ‘ﬁ’téo Hl(cjil from 15.2 m3/h to [162]
a an Carbonate gelled ac 4226 m3/h
Xione an New Area Multistage acid The water inflow increased
& China ’ Deep Dolomite fracturing from 4.72 m3/h to [164]
(15-20 wt% HCI) 4410 m3/h
Before the stimulation
treatment, the dry saturated
Geothermal 10% HCl + 5% HF steam output was 22 t/h.
Los Azufres, Mexico Reservoir (Well (coiled tubing After the stimulation [168]
AZ-47D) placement) treatment, the wellhead
steam production increased
by a factor of 5
The steam production of the
Larderello. Ttal Phyllite, Hornfels, HCI-HF mixtures Travale Sud_1 well increased [167]
! y Granite (varying ratios) from 30 t/h to 110 t/h after
stimulation
Geothermal o o The steam production rate
Salak, Indonesia Reservoir (Well bijn/zié_cllcz:c-i’- dgs/ostl_leljn increased from 70 klb/h to [169]
AWI11-6RD) y 160 klb/h
Silica scale effectively
H-controlled controlled, with scaling rate
Berlin Geothermal Geothermal Brine paci dification and heat exchanger deposit [179]
Field (Well TR-9) (pH ~ 5.5) thickness significantly
P ’ reduced from 1.0-2.8 mm to
<0.4 mm.
o . Well productivity restored to
Tauhara Field, New Production Wells 1.5 /0. I_.ICI *+ corrosion original level 100 t/h; no
. inhibitor + soda ash . [181]
Zealand with CaCOj Scale o damage to casing/perforated
neutralization .
liners
Geothermal Brine 5% HF + 10% Injectivity index increased
KA44, Kawerau, (Silica HCOOH (formic from 6.2 to 10.2 t/h-bar (65%); [183]
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Figure 22. Lifecycle-integrated schematic of acid fracturing and fluid conduit maintenance for deep
geothermal systems.

In conclusion, as a cornerstone of geothermal stimulation and remediation, the prospec-
tive significance of acid systems is predicated on their capacity to facilitate the targeted
dissolution of heterogeneous mineral assemblages and the systematic reconfiguration of
reservoir permeability networks through controlled chemical energy release.

5. Challenges and Future Perspectives

Despite the considerable stimulation potential of acid fracturing and remediation
technologies in geothermal development, the prevailing technical framework faces critical
challenges when transitioning to deep, ultra-high-temperature (>200 °C) and supercritical
geothermal resources: kinetic and engineering limitations of conventional acids, engineer-
ing bottlenecks and intrinsic trade-offs of solid polycarboxylic acid systems, and the need
for lifecycle environmental assessment (LCA).

(1) Kinetic and engineering control limitations

Under ultra-high temperatures (>200 °C), conventional strong acids (HCl, mud acid)
exhibit near-instantaneous reaction rates, causing severe near-wellbore over-etching while
leaving far-field fractures unetched. This non-uniform conductivity limits heat-exchange
area in EGS and risks wellbore instability. Additionally, high corrosivity threatens deep
completions and raises flowback management costs. In heterogeneous reservoirs, real-time
diversion and high-resolution monitoring remain underdeveloped, preventing uniform
sweep efficiency across complex 3D fracture networks.

(2) Advantages of solid polycarboxylic acid systems

Solid polycarboxylic acids (EDTA, DTPA, GLDA) enable a paradigm shift from ag-
gressive dissolution to precision control. Their low solubility and high thermal stability
provide a delayed-release mechanism, allowing deep acid penetration and the creation
of large-scale, high-conductivity 3D heat exchange networks. Multifunctionally, they act
as low-corrosivity retarded acids during fracturing, strongly chelate multivalent cations
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(Ca%*, Mg?*, Fe?* /3*) to prevent secondary precipitation, and residual particles serve as
long-term scale inhibitors, preserving flow conductivity over the production lifecycle.

(3) Current limitations and research priorities for solid acids

However, solid acids require high-viscosity carrier fluids due to their low solubility
and poor degradability, raising risks of pipeline blockage and operational costs. Their lim-
ited dissolution capacity and adsorption shielding often produce only superficial etching,
failing to form deep conductive channels.

(4) LCA Environmental Comparison

From an LCA perspective, conventional HCl/HF systems exhibit high carbon footprint
(1.5-2.0 t CO, /t), acute ecotoxicity, and non-biodegradability, while posing groundwater
risks via heavy metal mobilization. In contrast, chelating acids (e.g., GLDA) show 30-50%
lower carbon footprint, high biodegradability (60-80%, OECD 301B), and low ecotoxic-
ity (ECsp > 1000 mg/L). EDTA/DTPA are poorly biodegradable but thermally degrade
>150 °C, mitigating long-term risks. Solid acid systems have lower overall environmental
impact due to reduced dosage and controlled release, though carrier polymers require
case-specific assessment. This LCA framing should guide future acid selection for deep
geothermal stimulation.

6. Conclusions

This review summarizes recent research on the applications of acidization technology
in geothermal reservoir development. Through a systematic examination of theoretical
mechanisms, evolving chemical systems, and global field applications, several key findings
are delineated:

(1) Acid fracturing enables flexible fracturing in EGS via THMC coupling. Chemical
softening reduces rock mechanical properties (e.g., Young’s modulus decreased by
up to 54%, Poisson’s ratio by 40-50%), lowering breakdown pressure and replacing
conventional proppants with acid-etched pillars. This mitigates induced seismicity
risks and enhances long-term reservoir stability.

(2) Solid polycarboxylic acids outperform conventional systems in ultra-high-temperature
reservoirs. At 473 K, their effective penetration distance exceeds that of HCl by more
than 2.5 times, while corrosion rates are markedly lower. Their multifunctional
integration—chelation, scale inhibition, and stimulation—shifts the paradigm from
single-event stimulation to lifecycle productivity maintenance.

(3) pH-controlled acidification transforms scale management from reactive to preventive.
Maintaining pH in the range of 5.0-5.6 reduces silica deposition rates by over 95%,
offering a cost-effective source-control strategy validated in multiple geothermal fields
(e.g., Philippines, Mexico, New Zealand).

(4) Future competitiveness hinges on low-corrosion, multifunctional, and economically
viable acid systems. Integration with CCUS, Al-driven real-time optimization, and
physical pulsation technologies will be essential to unlock ultra-high-temperature and
supercritical geothermal resources, positioning geothermal energy as a cornerstone of
the global low-carbon energy transition.
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