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Abstract: An enhanced geothermal system is a kind of artificial geothermal system, which can
economically exploit geothermal energy from deep thermal rock mass with low permeability by
artificially created geothermal reservoirs. Chemical stimulation refers to a reservoir permeability
enhancement method that injects a chemical stimulant into the fractured geothermal reservoir to
improve the formation permeability by dissolving minerals. In this study, a reactive solute transport
model was established based on TOUGHREACT to find out the effect of chemical stimulation on
the reconstruction of a granite-hosted enhanced geothermal system reservoir. The results show
that chemical stimulation with mud acid as a stimulant can effectively improve the permeability of
fractures near the injection well, the effective penetration distance can reach more than 20 m after
5 days. The improvement of porosity and permeability was mainly caused by the dissolution of
feldspar and chlorite. The permeability enhancement increased with the injection flow rate and HF
concentration in the stimulant, which was weakly affected by the change in injection temperature.
The method of chemical enhancement processes can provide a reference for subsequent enhanced
geothermal system engineering designs.

Keywords: enhanced geothermal system; chemical stimulation; reactive transport modeling;
TOUGHREACT

1. Introduction

Compared with other renewable energy and conventional energy, as an ideal new
clean energy, geothermal energy has many advantages in engineering and environmental
aspects, such as no seasonal dependence, small mining area, etc. [1,2]. The enhanced
geothermal system (EGS) is a kind of artificial geothermal system to economically extract
geothermal energy from low-permeability rock mass by using the method of artificially
forming a geothermal reservoir [3]. The performance of EGS mainly depends on the
development of reservoir fracture networks and the hydraulic connection between in-
jection/production wells [4,5]. The commonly used methods for reservoir stimulation
currently include hydraulic shearing, thermal stimulation [6], and chemical stimulation [7].
Chemical stimulation refers to the injection of chemical stimulants into the reservoir at
a relatively low injection pressure, relying on the dissolution effect of the stimulants on
minerals to improve the permeability of reservoir fractures [8]. Compared to traditional
reservoir reconstruction methods, chemical stimulation has gradually gained attention due
to its good penetration performance and low risk of inducing earthquakes [9,10].

Chemical stimulation has been widely used for oil and gas reservoir stimulation since
1895 and was first applied to improve the permeability of the EGS reservoir in Fenton
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Hill, USA in 1976 [11]. The application result of the Fenton Hill project indicated that a
single alkaline chemical stimulant cannot meet the requirements of actual sites for EGS
reservoir reconstruction [12]. The Soultz EGS project in France used four kinds of chemical
stimulants, including HCI, mud acid (HC1 + HF), NTA, and organic clay acid, to enhance
the permeability of geothermal wells and near-well reservoirs. The results showed that
chemical stimulation can effectively reconstruct EGS reservoirs, but the dissolution effect of
a single NTA was weak [13]. The fjallbacka EGS project in Sweden is the earliest practical
site to use mud acid as a chemical stimulant. In 1988, the Fjb3 well was acidified to dissolve
the blocked minerals in the reservoir fractures with significant results, indicating that soil
acid can be used as an effective chemical stimulant for EGS reservoir reconstruction [14].

In recent years, scholars in related fields have conducted many indoor experiments and
numerical simulations to analyze and predict the practical application effects of chemical
stimulation and to explore the mechanism. Fei et al. [15] explored the effect of HF and
organic acid on sandstone reservoir acidification through indoor experiments, as well
as the effects of different factors. Na et al. [16] carried out a dynamic experiment under
high temperature and high pressure and used a numerical simulator to fit and verify the
experimental results. The results showed that the low-concentration mud acid with added
particle stabilizer had a good reconstruction effect on the tuff reservoir. Luo et al. [17]
conducted a long-term acid-rock reaction experiment and permeability test on samples
after the reaction. The result showed that the permeability of granite cores modified
with 12% HCl + 5% HF can be increased by four orders of magnitude. Yue et al. [18]
established a reaction kinetics model with multiple minerals based on the results of a static
corrosion experiment and calibrated relevant parameters, providing important reference
for subsequent experimental designs and numerical simulations.

The chemical stimulation application experiment at the site scale is hard to carry
out due to the technical difficulty and high cost of practical operation and monitoring.
However, the results of indoor experiments are limited by scale effects and other issues,
which may differ from the actual application effect of stimulation. Therefore, numerical
simulation is considered an effective means to explore the reaction process between deep
geothermal fluids and rock minerals. Xu et al. [19] simulated the chemical stimulation
process of injection wells in a geothermal site, and the result showed that the high pH
chelating solution can effectively dissolve calcite and plagioclase in the near-well reservoir.
Portier et al. [9] established a thermal-hydraulic-chemical (THC) coupling model based
on the Soultz EGS project, and the results showed that acidification treatment was ben-
eficial for improving the porosity and permeability of the near reservoir at the site. Na
et al. [20] established a one-dimensional reactive solute transport model and simulated
the modification effect of CO; chemical stimulants on the permeability of geothermal
reservoirs under different reaction conditions. Driba et al. [21] conducted a THC coupling
simulation based on Phreeqc and OpenGeosys, simulating the impact of injected fluid
water chemical composition on the permeability of deep geothermal reservoirs during the
process of low-temperature saline reinjection. Regensburg et al. [22] explored the mineral
precipitation process during geothermal fluid injection and production using numerical
simulation methods.

In this study, the Archaean Baimiao Formation granite in the Matouying uplift area,
Tangshan, China, was taken as the target reservoir. TOUGHREACT, a multiphase flow
multi-component coupling simulation program, was taken as the simulation tool. A THC
reactive solute transport model was established to analyze and predict the reconstruction
effect of chemical stimulation with mud acid as the stimulant on the EGS reservoir, as
well as the dissolution and precipitation of minerals in the reservoir fractures during the
stimulation. The results of this study can provide a design reference and theoretical support
for practical ESG reservoir chemical stimulation engineering.
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2. Numerical Method
2.1. Simulation Tool

The simulation tool used in this study is TOUGHREACT developed by Lawrence
Berkeley State Key Laboratory (Berkeley, CA, USA). The program introduces the reactive
solute transport module into the framework of TOUGH2, which is a non-isothermal multi-
component flow coupling simulator. The TOUGHREACT can be used for the coupling
modeling of underground multiphase fluid and heat flow, solute transport, and chemical
reaction in a variety of geological systems and environmental problems, such as geothermal
systems, carbon geological storage, pollutant transport, etc. [23]. The thermal physical—-
chemical process under various conditions such as temperature, pressure, water saturation,
and ionic strength was considered in TOUGHREACT. It can be applied to one-dimensional,
two-dimensional, and three-dimensional porous and fractured media with physical and
chemical heterogeneity, and is applicable to any number of gaseous, liquid, and solid
chemical substances. In summary, TOUGHREACT is an ideal simulator for simulating
chemical stimulation in EGS reservoir.

2.2. Governing Equations

The fundamental mass and energy balance equations solved by TOUGHREACT can
be written in the general form in Equation (1) [24].
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where t [s] is the time; 7 is the grid number; k is the component number; I';, [m?] is the area
of connection between grids; V, [m3] is grid volume; M, F and g are the transport term,
source—sink term, and transfer term of mass or energy, respectively.

In the process of fluid—-rock interaction, changes in mineral content are controlled by
equilibrium (Equations (2) and (3)) and kinetic rates (Equations (4) and (5)) [25].
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where m is the mineral flag; SI is the saturation index; () is saturation; K is the corresponding
equilibrium constant; vy is activity coefficient; ¥ [mol/s] is the reaction rate; A [g/ cm?] is the
reactive specific surface area; k [mol/(L-s)] is the kinetic rate; Q is the reaction quotient; u
and 7 are the experimental parameters; kp5 [mol/(L-s)] the reaction rate constant at 25 °C;
E; [KJ/mol] is the activation energy; R [J/mol/K] is the ideal gas constant; T [K] is the
temperature; & [mol/L] is the activity.

Porosity changes are directly related to the changes in volume content of minerals. In
the TOUGHREACT code, the porosity is given by Equation (7) [26].

(le_Zfrm_fru (6)
m=1
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where ¢ is the porosity; nm is the number of mineral types; fr;; is the volume fraction of
mineral m; fr, volume fraction of non-reactive minerals.

As fry, changes, porosity will be recalculated at each time step. TOUGHREACT
provides various control equations to describe the mathematical relationship between
permeability and porosity changes. Some of them need to call parameters related to
changes in crack aperture and pore throat diameter, while the rest are only related to the
increase and decrease in porosity. The cubic law (Equation (7)) was taken to calculate the
permeability changes caused by an increase or decrease in porosity in this simulation [26].

o(z)

where k [m?] is the permeability; k; [m?] and ¢;, respectively, refer to initial permeability
and porosity.

3. Model Setup
3.1. Geological and Geothermal Setting

The Matouying Uplift area is located in the eastern part of Hebei Province, China,
which is a positive secondary structural unit on the northern edge of the Huanghua Platform
Depression in the North China Fault Depression, surrounded by the Leting Depression,
Nanbao Depression, and Shijiutuo Depression. It is adjacent to the Bozhong Depression
to the southeast and the Yanshan Fold Belt to the north, as shown in Figure 1. The main
sources of terrestrial heat flow in the study area are mantle-derived heat and heat generated
by radioactive decay in rocks within the crust. The development of deep and major faults
in the area, such as the Cangdong Fault Zone and the Tanlu Fault Zone, provides a good
channel for the upwelling of deep thermal materials [27].

Archean Mesoproterozoic

. . Cambrian
Qingbaikou Ordovician-Cambrian
Carboniferous-Permian

a

A Y
Mesozoic Fault ) I

\

.
Hebei Province
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Figure 1. Tectonic location of the study area.
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The strata in the study area, from old to new, are sequentially composed of the Ceno-
zoic Quaternary, Neogene and Paleogene, Mesozoic, Paleozoic Ordovician and Cambrian,
and Archean. The lithology of the Cenozoic strata is mainly composed of sandstone, fine
sandstone, clay rock, siltstone, etc., with good sealing and poor thermal conductivity, form-
ing a good thermal reservoir cover layer, blocking heat flow from deep underground, and
keeping the underlying rock mass in a high geothermal environment. The survey results
show that the heat flow value in the Matouying uplift area is greater than 75 mW/m?,
which is higher than the global average heat flow value. The ground temperature gradient
is mostly between 3.0~5.0 °C/hm, and can reach up to 7.0 °C/hm in the central high
altitude [28,29].

The granite of the Baimiao Formation in the Archaean Dantazi Group in the study
area is mainly composed of granulite and shallow-grained rocks [30], with a top boundary
buried depth of 1200~1900 m, a bottom boundary buried depth greater than 4000 m, a
thickness of 1500~2500 m, and a temperature of over 150 °C. It has high potential for
geothermal resource development [31].

3.2. Model Geometry and Spatial Discretization

The conceptual model of this study is shown in Figure 2. The top of the model was
located 3900 m below the surface, with a horizontal direction of 102.5 m x 300 m and a
vertical thickness of 102.5 m. The distance between the injection well and production well
was set as 200 m, and the fracture extension direction was consistent with the y direction.
With reference to relevant research results [20,21], the fracture was generalized to grids
with a section size of 2.5 m x 2.5 m. The injection and production wells were located at
the leftmost and rightmost ends of the fracture channel, respectively, 50 m away from the
boundaries on sides in the x, y, and z directions. Virtual well grids were set to connect them
to the fracture grids. For actual chemical stimulation engineering, most of the reaction
residues are recovered and treated through production well, with a small portion leaking to
distant formations. The production well was set to a constant pressure grid to approximate
this process.
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Figure 2. Schematic diagram of conceptual model.

The model was divided into regular three-dimensional Cartesian grids to achieve
spatial discretization. The fracture and matrix grids were dissected simultaneously (in
subsequent work, these two types of grids were distinguished by modifying lithology
parameters), and based on this, the well grids are embedded. Considering that the impact
of stimulant injection on the reservoir weakens with the increase in distance from the
injection point when conducting mesh generation, the part near the injection point was
densified. As the distance from the injection point increases, the generation scale gradually
increases from 0.2 m to 15 m.
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3.3. Initial and Boundary Conditions

As shown in Figure 2, the vertical thickness of the model is 102.5 m, and the changes
in temperature and pressure within this distance are not significant at a depth of about
4000 m. Moreover, chemical stimulants mainly react with minerals inside the fracture
channel and adjacent bedrock during the flow process. Therefore, the initial temperature
and pressure conditions of the model were uniformly set in this study. Referring to relevant
regional surveys and research results [29,31,32], the initial temperature of the model was
set to 160 °C, and the initial pressure was set to 40 MPa.

To simulate the injection of a stimulant in different schemes, the fracture grid at the
injection site was set as a time-varying Dirichlet boundary. Related studies have shown that
the effect of pressure on mineral dissolution and secondary precipitation can be ignored, so
this study did not consider the impact of pressure changes during injection on chemical
stimulation effects [33-35], and the production side was set as a constant pressure boundary.
Due to the short duration of chemical stimulation, the changing regions of temperature
and pressure fields do not extend to the boundary. In this simulation, the outer grids of
the model were set as infinite volume boundaries, which means that the temperature and
pressure at the boundary are constant, to avoid the impact of the model boundary on the
simulation results.

3.4. Parameters Setting
3.4.1. Lithologic Parameters

The lithological parameters used in the model are shown in Table 1.

Table 1. Lithologic parameter.

Parameter Fracture Matrix
Density (kg/m?3) 2700 2700
Porosity 0.50 0.01
Permeability (m?) 403 x 10712 1.43 x 10°1°
Thermal conductivity (W/kg-m) 2.40 240
Specific heat capacity (J/K-kg) 653.20 653.20

Among them, the porosity and permeability of fractures and matrix are set according
to the models of Na and Xu [12,19], as the other parameters are set according to relevant
heat transfer simulation work [36,37]. Initially, the reservoir was set to be homogeneous
and isotropic. During the injection process, the porosity and permeability of fractures and
surrounding grids change with the dissolution and precipitation of minerals.

3.4.2. Kinetic Parameters for Chemical Reactions

A series of static corrosion experiments and dynamic simulation experiments have
been carried out in our previous study [38], to explore the effects of different chemical
stimulant formulations (including 10% HCI + 1.5% HF) on deep granite in the Matouying
area, and the reaction mechanism between the stimulants and the minerals during the
chemical stimulation process was analyzed based on the hydrochemical and microscopic
analysis results of samples before and after the reaction. Based on this, the chemical part of
the model was set up, and more detailed content can be found in published articles.

According to the XRD mineral composition analysis of the rock sample, the main
mineral components of the target reservoir are K-feldspar (30%), plagioclase (33%), quartz
(20%), chlorite (15%), and a small amount of biotite (2%). Among them, the content of
biotite is only 2%, and according to the results of acid-rock reaction experiments under
high temperature and pressure conditions, mud acid with a low concentration had almost
no dissolution effect on biotite. Therefore, this study only considered four initial minerals
including K-feldspar, plagioclase, chlorite, and quartz (adding 2% non-reactive components
in the model to ensure that the content ratio of other initial minerals is the same as the
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measured value). According to the results of the dynamic simulation experiment, it can
be seen that during the continuous injection of a low concentration of mud acid into the
fractures of the granite core, a large amount of amorphous silica was generated in the
fracture channels. Therefore, amorphous silica was set as a secondary precipitation mineral
in the model, with an initial content of 0.

Based on relevant experimental and numerical studies, [12,18,39], the reaction kinetics
parameters of each mineral for different reaction mechanisms are shown in Table 2.

Table 2. Reaction kinetics parameters of minerals.

Reaction Kinetics Parameters

. . Acid HF
Mineral A Neutral Mechanism Mechanism Mechanism
Kas E Kas E Kas E
Quartz 980  1.02x 107" 87.70 230x 108 956
K-feldspar 980  389x10713 3800 871x10"'! 5170 1.70 x 107> 3890
Albite 490  275x1071  69.80 692x 107! 6500 1.90x 107> 3270
Chlorite 151.00 3.02x 10713 8800 7.76x 10712 8800 1.30x 107> 27.89
Amorphous g 65 300 % 108 49.80
silica

4. Simulation Strategy

To explore the effect of acidic chemical stimulants on granite-hosted EGS reservoirs
and the influence of different factors on this process, this study simulated the chemical
stimulation process under different injection flow rates, injection temperatures, and HF
concentrations in this simulation. In the basic scheme, the injection flow rate is 30 kg/s, the
injection temperature is 70 °C, and the formula of the stimulant is 10% HCl + 1.5 HF%. To
further explore the reconstruction effect of chemical stimulation under different injection
times and the evolution of mineral content over time during the injection process, global
monitoring was conducted on the porosity, permeability, and volume fraction of each
mineral in the model at 1 day, 3 days, and 5 days of injection. The specific simulation
scheme is shown in Table 3.

Table 3. Simulation strategy.

Injection Flow Rate Injection
Scheme Number Temperature Stimulant Formula
(kg/s) o
(W)
1 (Basic scheme) 30 70 10%HCI + 1.5%HF
2-A 10 70 10%HCI + 1.5%HF
2-B 20 70 10%HCI + 1.5%HF
2-C 40 70 10%HCI + 1.5%HF
3-A 30 60 10%HCI + 1.5%HF
3-B 30 80 10%HCI + 1.5%HF
4-A 30 70 10%HCI + 2.0%HF
4-C 30 70 10%HCI + 2.5%HF

5. Results and Discussion
5.1. Reservoir Reconstruction Effect of Chemical Stimulation
5.1.1. Changes in Temperature and pH

The distribution of temperature and pH in the fracture channel during chemical
stimulation lasting for 1 day, 3 days, and 5 days, as well as the changes in temperature
and pH over time at different distances from the injection point, are shown in Figure 3.
As shown in Figure 3, at the same distance from the injection point, the decrease in
temperature significantly lagged behind the change in pH, which means that the response
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of the chemical field in the fracture channel to the injection of the stimulant took precedence
over the temperature field.
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Figure 3. Temperature and pH changes in the fracture channel. (a)-Spatial features of temperature;
(b)-Temporal changes in temperature; (c)-Spatial features of pH; (d)-Temporal changes in pH.

Combining Figure 3a,b, it can be seen that when the chemical stimulation lasts for 1 day,
the range of temperature reduction had spread to a distance of 105 m from the injection
point, and at 60 h (2.5 days), it had spread to the entire fracture channel. The temperature
at different distances from the injection point decreased with the continuous occurrence of
chemical stimulation and approached equilibrium after a period of time. As the distance
from the injection point increased, the duration of this process gradually increased, and
the temperature at which it reached stability gradually increased. At 5 d, the temperature
at 100 m from the injection point remained stable at around 74 °C, while at 200 m it was
still in the process of decreasing. In this simulation, in order to gain a more intuitive
understanding of the modification effect of chemical stimulation on reservoir porosity and
permeability, we assumed that the continuously injected fluid only migrates through a
single fracture channel (surrounded by bedrock with lower porosity and permeability),
which resulted in a very fast temperature breakthrough.

From Figure 3c,d, it can be seen that the pH in various parts of the fracture exhibited
similar trends. After a period of chemical stimulation, there was a rapid decrease, and after
reaching the lowest value, it started to slowly rise, ultimately reaching a near equilibrium
state. As the distance from the injection point increases, the time of this process is gradually
delayed, and the trend of change gradually eases. This trend of change is caused by
the interaction mechanism between the concentration of stimuli and the severity of their
interactions with minerals. In the early stage of chemical stimulation, as a large amount
of H" was injected into the reservoir with a low pH stimulant, the pH value near the well
rapidly decreased. However, as the concentration of effective components accumulated,
the reaction between the stimulant and the minerals rapidly progressed, and a large
amount of H* was consumed in the form of HF, causing a slow increase in pH [7]. As the
chemical stimulation continued, the reaction between the stimulant and minerals (as the
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concentration of H*) gradually reached a dynamic equilibrium state. Along with the flow
process of the stimulant, the response time to this process in various parts of the fracture
increased with the distance from the injection point.

5.1.2. Changes in Porosity and Permeability of Fracture

The continuous injection of the chemical stimulant dissolved the minerals in the frac-
ture channel, increasing the porosity of the near wellbore reservoir, and thereby improving
permeability. Figure 4 shows the changes in porosity and permeability in the fracture
channel near the injection point when chemical stimulation lasted for 1 day, 3 days, and
5 days. As the duration of chemical stimulation continued to extend, the porosity and
permeability of the near wellbore fracture channel gradually increased, and the range of
significant increases gradually expanded, reflecting that as the minerals in the near wellbore
fracture channel continued to be consumed, more stimulant can act on distant formations,
achieving longer penetration distances.

25
09} Iy 1
S20F ——3d
3 g2 ——5d
0.8 —a—5d -
z a
z =15+
207 —?
£ 2
@
10+
0.6 g
(a) 3 (b)
05F 5t
0 .10 15 20 25 30 0 5 10 15 20 25 30
Distance from injection (m ) Distance from injection (m )
30 - . 35})
25 ——1d Ll e
X ——3d ~25F e Ad
= ——5d o
= Z20F ——5d
215 2
% 215G
—
. 10 <
e 10
5 L
(c) s (d)
0 118
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance from injection (m ) Distance from injection (m )
16 2000
14 —~
° | ——1d
12 L?‘.’1500 e i
210 —=—1d 51000 - ——=
s mae=t -
£ ——5d 2 500
i E
O 4 g 1 1
2 g 15F
(€) | = op ®
0 5F . 4
2 1 1 1 1 1 1 1 0 L 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
Distance from injection (m ) Distance from injection (m )
Figure 4. Spatial features at different times. (a)-Porosity distribution at different times;

(b)-Permeability distribution at different times; (c)-K-feldspar; (d)-Albite; (e)-Chlorite; (f)-Amorphous
silica.

As shown in Figure 4a,b, when the chemical stimulation lasted for 1 day, the effec-
tive penetration distance of the stimulant can reach 5 m, and the porosity at 5 m from the
injection point can reach 0.52, which is 3.20% higher than the initial value of 0.5, and the per-
meability can reach 4.43 x 1072 m?, which is 1.10 times the initial value of 4.03 x 10712 m?.
At 3 d, the effective penetration distance can reach 17 m, and the porosity at a distance of
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5 m from the injection point can reach 0.63, which is 25.29% higher than the initial value,
and the permeability can reach 7.93 x 10~'2 m?, which is 1.97 times the initial value; At
5 d, the effective penetration distance can reach 25 m, and the porosity at a distance of
5 m from the injection point can reach 0.69, which is 38.67% higher than the initial value,
and the permeability can reach 1.07 x 107! m?, which is 2.67 times the initial value. The
improvement effect of the stimulant on the permeability of fracture gradually weakened
with the increase in the distance from the injection point and only fluctuated within 1 m
near the injection. Within 0.6 m of the injection point, the average porosity of the fracture
reached 0.81 at 1 d and did not show significant growth at 3 d and 5 d, reflecting the intense
and rapid reaction between minerals and stimulant near the injection point during the
initial stage of chemical stimulation, which not only rapidly improved the permeability
of the reservoir around the injection point, but also led to the premature depletion of the
stimulant and a reduction in penetration.

5.1.3. Changes in Mineral Content

During the process of chemical stimulation, the changes in porosity and permeability
of fracture channels are caused by the dissolution and precipitation of reactive minerals.
Therefore, it is necessary to monitor and analyze the dissolution and precipitation of
various minerals in the fracture channels. In this simulation, four initial minerals (quartz, K-
feldspar, albite, and chlorite) and secondary precipitation (amorphous silica) were set. The
volume fraction distribution of each mineral at different time nodes is shown in Figure 4.
The simulation results show that the volume fraction change in quartz during the entire
chemical stimulation process was very weak, which is consistent with the results obtained
from relevant experimental studies [17]. Due to the negligible change in quartz content
compared to other initial minerals, it is not shown in the figure.

As shown in Figure 4, the content changes in the three main initial minerals are
generally similar, and the volume fractions at each location gradually decreased with
continuous chemical stimulation. Among them, the volume fraction of chlorite changed
the most significantly (Figure 4e), and by 5 days, the reduction range had expanded to
30 m from the injection point, and the chlorite within 10 m near the well had been almost
completely dissolved. This is because chlorite, as an acid-sensitive clay mineral [40,41], has
a large specific surface area and requires lower activation energy when reacting with the
main ingredient HF in the stimulant, making the reaction with the stimulant easier and
faster. Based on the analysis in Figure 4, it can be seen that the improvement in permeability
of distance formation during the same stimulation time was mainly due to the reaction
between chlorite and residual stimulant.

At the same time and at the same distance, the change amplitude in the volume
fraction of K-feldspar and albite was obviously lower than that of chlorite (Figure 4c,d). At
the same time, the range of volume fraction of the two was very close (albite was slightly
farther than K-feldspar), and the reduced area expanded to about 5 m at 1 d and about
15 m at 5 d. Among them, the volume fraction of K-feldspar changed steadily with the
distance from the injection point, but the volume fraction of albite fluctuated significantly
within 1.5 m near the injection point, which was in negative correlation with the change in
porosity and permeability near the well in Figure 4a,b. It can be seen from Figure 4 that the
obvious fluctuation of the permeability of the fracture channel near the well was caused by
the drastic change in albite content.

In order to further explore the reason for the sharp fluctuation of albite content near
the well, the dissolution and precipitation characteristics of albite were set to “dissolution
only” [26], and other parameters were consistent with the original scheme. The simulation
results are shown in Figure 5. It can be seen from Figure 5 that when there is no secondary
albite precipitation in the system, the albite content in the fracture channel monotonously
increases with the increase in the distance from the injection point at different time points,
so it is believed that the drastic change in albite content and fracture permeability near the
well in the original scheme were caused by the secondary albite precipitation.
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Figure 5. Change in albite content under different constraints.

As shown in Figure 4e, the precipitation of amorphous silica was mainly concentrated
within a range of 1 m from the injection point, with a maximum volume fraction of
1.98 x 1073, rapidly decreasing to 2 x 10~® m within a range of 1-5 m, there was a slight
increase with the increase in distance from the injection point outside this range, but the
precipitation amount near the well can be ignored compared to the precipitation amount
near the well. Compared with 1 day, there was no significant change in the amount of
amorphous silica precipitation in the fracture channel near the wellbore after stimulation
for 3 and 5 days. Therefore, it is believed that the precipitation of amorphous silica mainly
occurred within a range of about 1 m near the injection point during the initial stage of
chemical stimulation.

5.2. Sensitivity Analysis
5.2.1. Influences of Flow Rate

When the injection temperature was 70 °C and the chemical stimulation reached 5 days
under different injection flow rates, the changes in porosity and permeability in the fracture
channel, and the variables of the volume fractions of each mineral are shown in Figure 6.
From Figure 6a,b, it can be seen that with the increase in injection flow rate, the effective
penetration distance of chemical stimulation, as well as the porosity and permeability at
the same distance from the injection point, had significantly improved. When the injection
flow rate increased from 10 kg/s to 40 kg/s, the effective penetration distance increased
from 8 m to 30 m after 5 d. The porosity at a distance of 5 m from the injection point has
increased from 0.55 to 0.70, an increase of 27.87%, and the permeability has increased from
541 x 10712 m2 to 1.13 x 10711 m2. This is because as the injection flow rate increased,
the concentration of the stimulant in the fracture channel near the well became higher,
further promoting the forward progress of the dissolution reaction, and facilitating the
effective components in the irritant to migrate to the distance at a faster rate. As shown
in Figure 6a,b, as the injection flow rate gradually increased, the increase in porosity and
permeability near the injection point gradually weakened, while the increase in porosity
and permeability further away from the injection point gradually increased. Based on
the analysis of the volume fraction changes in minerals, it can be concluded that this is
because as chemical stimulation continued, reactive minerals near the injection point were
gradually consumed, and more H* and HF could be transported to a greater distance.

As shown in Figure 6, within the effective penetration distance, the volume fractions of
the three main reactive minerals at the same distance from the injection point decreased with
the increase in injection flow rate. Only when the injection flow is increased from 30 kg/s to
40 kg/s, the content change in albite within 2 m near the well did not conform to this trend
(Figure 6d). From Figure 6f, it can be seen that the precipitation amount of amorphous
silica varies under different injection flow conditions, and the more obvious difference was
mainly reflected in the range of 1.5 m near the well. Within the range of 0.4 m from the
injection point, the amount of amorphous silica precipitation decreased with the increase in
injection flow rate. However, within the range of 0.4-1.5 m from the injection point, when
the injection flow rate increased from 10 kg/s to 20 kg/s, the amount of amorphous silica
precipitation increased significantly. When the injection flow rate continued to increase
to 30 kg/s and 40 kg/s, it decreased again. This was due to the increase in injection flow
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rate leading to the intensification of the migration of water chemical components in the
fracture channel, which had a certain inhibitory effect on the precipitation of amorphous
silica, causing the main location of precipitation to move forward.
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Figure 6. Simulation results at different flow rates. (a)-Porosity distribution at 5 d; (b)-Permeability
distribution at 5 d; (c)-K-feldspar; (d)-Albite; (e)-Chlorite; (f)-Amorphous silica.

In summary, increasing the injection flow rate can effectively improve the effectiveness
of chemical stimulation for near-wellbore reservoir reconstruction. However, in practical
applications, excessive injection flow rate can lead to a rapid increase in injection pressure
and an increase in the demand for stimulant dosage, leading to an increase in construction
difficulty and cost. Therefore, reasonable adjustments should be made to the injection flow
rate of chemical stimulation based on the actual site conditions.

5.2.2. Influences of Injection Temperature

The injection temperature of chemical stimulants may change due to factors such as
site conditions and temperature. This study simulates the chemical stimulation process
under different injection temperature conditions with an injection flow rate of 30 kg/s. The
simulation results for a stimulation time of 5 days are shown in Figure 7. As shown in
Figure 7a,b, during the same stimulation time, when the injection temperature was high,
the porosity and permeability near the wellbore (within about 13 m) were significantly
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improved. This is because the injection fluid with higher temperature had a higher specific
enthalpy, which promotes the dissolution reaction of minerals near the wellbore (Figure 7).
However, outside the range of 13 m from the injection point, a lower injection temperature
achieved better transformation results. This is because high-temperature injection not only
promoted the dissolution of near-wellbore minerals but also intensified the consumption of
effective components of the stimulants, weakening the corrosion ability of the stimulant to
a farther reservoir. As shown in Figure 7c,d, the near-well albite and K-feldspar content
decreased with the increase in injection temperature after 5 d, but chlorite was different
(Figure 7e). Beyond 7.5 m near the well, its residual content increased with the increase in
injection. It can be seen that the increase in injection temperature mainly aggravated the
dissolution of feldspar, while the decrease in penetrability was mainly due to the premature
consumption of stimulant, which led to the reduction of its dissolution range of chlorite.
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Figure 7. Simulation results at different injection temperatures. (a)-Porosity distribution at 5 d;
(b)-Permeability distribution at 5 d; (c)-K-feldspar; (d)-Albite; (e)-Chlorite; (f)-Amorphous silica.

5.2.3. Influences of HF Concentration in Stimulant

Under the condition of injection flow rate of 30 kg/s and injection temperature of
70 °C, the changes in porosity and permeability in the fracture channel after using different
HF concentrations of stimulant for 5 days, and the variables of mineral volume fractions are
shown in Figure 8. From Figure 8a,b, it can be seen that within the same injection time, the
improvement effect of chemical stimulation on the permeability of near wellbore fracture
increased with the increase in HF concentration in the stimulant, but the improvement
amplitude rapidly weakened beyond a distance of 20 m from the injection point, and the
effective penetration distance of the stimulant did not show a significant improvement. As
shown in Figure 8c,d, with the increase in HF concentration in the stimulant, the content of
feldspar and chlorite in the fracture channel gradually decreased after stimulation, but the
effective dissolution distance of the stimulant for the same mineral was almost the same.
This is due to the increase in HF concentration, which intensified the reaction between the
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Figure 8. Simulation results at different HF concentrations. (a)-Porosity distribution at 5 d;
(b)-Permeability distribution at 5 d; (c)-K-feldspar; (d)-Albite; (e)-Chlorite; (f)-Amorphous silica.

As shown in Figure 8f, the content of amorphous silica in the fracture increased
with the increase in HF concentration in the stimulant after stimulation. It can be seen
that although higher HF concentration can increase the improvement effect of chemical
stimulation on the permeability of the near-well reservoir to a certain extent, it did not have
a significant improvement effect on the penetration performance of the stimulant and was
more likely to cause secondary precipitation problems. In addition, the difficulty of storing
and transporting high-concentration mud acid also needs to be carefully considered.

6. Conclusions

The Archaean Baimiao Formation granite in Matouying uplift area, Tangshan, China,
was taken as the target reservoir in this study, and the multiphase flow multi-component
coupling simulation program TOUGHREACT was taken as the simulation tool to analyze
and predict the reconstruction effect of chemical stimulation with mud acid as the stimulant
on EGS reservoir, as well as the dissolution and precipitation of minerals in the reservoir
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fractures during the stimulation, to provide design reference and theoretical support for
practical ESG reservoir chemical stimulation engineering.

The simulation results show that the chemical stimulation using mud acid as the
stimulant can effectively improve the permeability of the near-well reservoir, and the
effective penetration distance of 10%HCI + 1.5%HF can reach over 20 m after stimulation
for 5 days. The increase in porosity and permeability of the near-well reservoir was mainly
attributed to the dissolution of feldspar and chlorite, with the content of chlorite changing
particularly significantly. The improvement in permeability of distant formation within
the same stimulation time was mainly due to the reaction between chlorite and residual
stimulant. The dissolution of quartz was relatively weak and had little effect on the
improvement of porosity and permeability. The dissolution and precipitation of albite led
to obvious differences in its content at different distances from injection wells, thus causing
obvious fluctuations in near-well permeability.

The sensitivity analysis results of operating conditions show that within the same
stimulation time, a higher injection flow rate can achieve more significant reconstruction
effects through chemical stimulation, while the increase in injection temperature only had
an increasing effect on the reservoir porosity and permeability within a certain range near
the well (13 m in this simulation) and had a negative impact on the penetration performance
of the stimulation agent. A higher concentration of HF can enhance the modification effect
of the stimulation agent on the near-well reservoir, but it did not improve its penetration
performance and is more likely to cause secondary sedimentation and other problems.

In summary, chemical stimulation has positive significance for EGS reservoir modifi-
cation, but there are still problems such as rapid stimulant-mineral reaction and limited
reconstruction scope. Improving the formula of traditional chemical stimulants, improving
their retardancy and penetration, and making them more suitable for high-temperature
thermal reservoirs will be an important content of subsequent studies. In addition, this
simulation did not consider the impact of mechanical changes caused by pressure and
temperature changes during injection on reservoir permeability. How to achieve cou-
pling between mechanical processes and reactive solute transport is also a direction worth
exploring and researching.
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