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Existing research indicates that to create geothermal reservoirs using CO; injection, additional stimulation
methods are necessary. N, N-bis(carboxymethyl)-L-glutamic acid (GLDA) injection has been predicted to increase
the permeability of CO; injection-induced cloud-fracture networks (CFNs) and could serve as an additional
stimulation method. Nevertheless, the influence of differential stress, flow geometry, and scale on the charac-
teristics of permeability enhancement by GLDA injection is yet to be clarified. Accordingly, this study experi-
mentally elucidated the permeability enhancement characteristics of injecting a chelating agent in fractured
granite under differential stress conditions as an additional method for creating geothermal reservoirs using CO5
injection. GLDA injection experiments were conducted on fractured-granite samples under conventional- and
true-triaxial stress states under varying differential stress and pH conditions. Regardless of the differential stress
and pH conditions, rock deformation and acoustic emission (AE) were negligible during the chelating agent flow-
through experiments on the fractured samples, whereas similar permeability enhancement factors were achieved
within the same duration. Thus, stress did not affect the permeability enhancement by chelating agent injections.
The permeability enhancement factors were inferred to be high near the injection borehole because of the high
viscosity of the solution. Therefore, reservoir stimulation should be conducted using low-concentration chelating
agent solutions at constant injection pressures. The study provides insights into the stimulation strategies for
creating geothermal reservoirs using CO; injection.

Geothermal reservoir

low-viscosity (<100 pPa-s) water near and above its critical tempera-
tures. Thus, Goto et al. (2021) showed that Griffith failure criterion can
be used to predict the pore pressure at which CFN forms (fractur-
e-formation pressure). Compared to simple, bi-winged hydraulic frac-

1. Introduction

Hydraulic stimulation to induce shear dilation of natural fractures
(hydroshearing) or to develop new fractures (i.e., induced fractures) is
the primary method for increasing rock permeability to create enhanced
geothermal system (EGS) reservoirs (Tester et al., 2006). At superhot
geothermal conditions (>~400 °C), formation of complex
cloud-fracture networks (CFNs), a network of permeable microfractures
densely distributed over rock body, has been experimentally demon-
strated in granite (Watanabe et al., 2017b; 2019). Accordingly, CFNs
form through stimulation of pre-existing microfractures by the injected

* Corresponding author.
** Corresponding author.

tures induced by cold water injection, CFNs potentially facilitate a more
effective heat extraction from geothermal reservoirs. This is because
complex fracture network provides a larger total heat-exchange surface
and creates longer, indirect fluid paths between injection and produc-
tion wells, preventing cold injected fluid to flow quickly to the pro-
duction wells (Yu et al., 2021; Cao and Sharma, 2023).

Nevertheless, water utilization is characterized by specific chal-
lenges, such as difficulties in maintaining the permeability in a water-
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Abbreviations

EGS enhanced geothermal system

CFN cloud-fracture network

GLDA N, N-bis(carboxymethyl)-L-glutamic acid

CT computed tomography

AE acoustic emission

PE polyethylene

ICP-OES inductively coupled plasma optical emission
spectrometry

arb unit arbitrary unit

based superhot EGS owing to the competition between free-face disso-
lution and the stress solution of fracture asperities (Watanabe et al.,
2020), and concerns over fracture clogging by amorphous silica formed
during phase changes in granite-reacted water from subcritical to su-
percritical or superheated steam in granite (Watanabe et al., 2021a).

Therefore, CO5 has been proposed as an alternative fracturing fluid
in EGS applications (Ishida et al., 2016; Isaka et al., 2019), because it is
less reactive to the rock-forming minerals (Brown, 2000; Pruess, 2006),
can reduce water footprint (Wilkins et al., 2016), and has low viscosity
(<100 pPa-s) at 150-500 °C and 10-100 MPa (Heidaryan et al., 2011),
allowing for CFN formation in conventional (c.a. 150-300 °C) and su-
perhot geothermal conditions. Additionally, CO, is safer and easier to
handle than the competing alternatives of N, and He, and does not
require special equipment during fracturing operations, such as
low-temperature storage when Nj is used (Gandossi and Estorff, 2015;
Moridis, 2018). CO- is also denser than N5 and He; hence, it is easier to
achieve the intended pressure at greater depths (Gandossi and Estorff,
2015; Moridis, 2018).

Pramudyo et al. (2021) experimentally demonstrated that CO; in-
jection can induce CFNs in granite under conventional and superhot
geothermal conditions. The CFNs were formed through the same
mechanism as those occurring under superhot conditions; thus, the
Griffith failure criterion also applies to both geothermal conditions. CO5
injection was also shown to induce large shear displacements on
pre-existing fractures and CFN in the (unfractured) rock matrix (Pra-
mudyo et al., 2023), both of which would benefit reservoir creation in
naturally fractured geothermal environments (i.e., geothermal envi-
ronments with meter-scale natural fractures, as implied by Tester et al.,
2006). Nonetheless, studies (Pramudyo et al., 2021; 2023) have also
revealed that CO5 injection-induced CFNs formed under conventional
geothermal conditions and small differential stress (o1 —03; where o7 is
the maximum principal stress, MPa, o3 is the minimum principal stress,
MPa), and those in rocks with pre-existing fractures comprised narrow
fractures (implying low-permeability enhancement). Therefore, addi-
tional stimulation methods are necessary to create geothermal reservoirs
using COy injection.

Long-duration pressurization at or higher than fracture formation
pressure enhances fluid flow into pre-existing microfractures and pro-
motes fracturing in the unfractured zone (i.e., flow-induced micro-
fracturing), as well as increases the fracture aperture in CFNs (Goto
et al., 2021). Nonetheless, there is concern regarding the increased risk
of large-magnitude induced seismicity with high-pressure injections in
the presence of faults (Kwiatek et al., 2019; Rutqvist and Rinaldi, 2019),
especially under conventional geothermal conditions, where rocks have
higher elasticities than those under superhot geothermal conditions (e.
g., Gautam et al., 2018). Therefore, hydraulic stimulation under con-
ventional geothermal conditions should be employed in conjunction
with chemical stimulation to achieve adequate permeability enhance-
ment.Watanabe et al. (2021b) and Takahashi et al. (2023) have pro-
posed the use of an eco-friendly chelating agent, N, N-bis
(carboxymethyl)-L-glutamic acid (GLDA), to selectively dissolve
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rock-forming minerals and enhance rock permeability.

Permeability enhancement in fractured granite samples by injecting
GLDA-containing aqueous (aq.) solution with varying pH was demon-
strated at 200 °C and confining stress conditions (o7 = 02 = 03; where o3
is the intermediate principal stress, MPa) (Watanabe et al., 2021b;
Takahashi et al., 2023). Accordingly, permeability enhancement under
acidic conditions occurs by creating voids induced by the selective
dissolution of biotite and the formation of preferential flow paths (i.e.,
fracture widening) connecting the voids. The permeability enhancement
under alkaline conditions was caused by an increase in the fracture
aperture induced by the enhanced dissolution of quartz (comprising
approximately 30% of the granite samples). The largest permeability
enhancement factor (i.e., the resulting permeability divided by the
initial permeability) was achieved by GLDA injection at pH 4, when a
single-pH solution was used. Moreover, the optimum permeability
enhancement factor was achieved by successive injections of GLDA at
pH 4 and 8 (Watanabe et al., 2021b; Takahashi et al., 2023).

Therefore, GLDA injection was predicted to increase the perme-
ability of CO; injection-induced CFNs and could serve as an additional
stimulation method. Nevertheless, the influence of differential stress, at
which the CFNs form and have the potential to deform, on the charac-
teristics of permeability enhancement by GLDA injection is yet to be
elucidated. Mineral dissolution may or may not promote fracture
deformation. Moreover, permeability enhancement in a fracture
network under large-scale and radial flow conditions must be
elucidated.

Thus, this study aimed to elucidate the characteristics of perme-
ability enhancement by GLDA solution injection in CO2 injection-
induced CFNs, considering the influence of stress states, scale, and
flow geometry. Accordingly, GLDA injection experiments were con-
ducted on fractured-granite samples at 200 °C under conventional- and
true-triaxial stress states under varying differential stress and pH con-
ditions. The findings will provide insights into the preferable stimulation
strategies for creating geothermal reservoirs using CO, injection and
additional stimulation methods.

2. Methods
2.1. Experiments under conventional-triaxial stress states

Experiments under conventional-triaxial stress (61 > 03 = 03) were
performed on cylindrical Inada granite samples (diameter, 30 mm;
length, 25 mm) with a single borehole (diameter, 1.5 mm; length, 10
mm) (Fig. 1a). The sample small size allowed the identification of the
effect of stress state and pH variation on permeability enhancement by
CO», fracturing and chelating agent injection, without strong influence of
scale (e.g., permeability enhancement variation due to distance from
injection point). The tensile and compressive strengths, Young’s
modulus, porosity, and intrinsic permeability of the granite near atmo-
spheric temperature and pressure are 4-9 MPa, 160-180 MPa, 55-80
GPa, 0.5—-0.8%, and 2-8 x 10718 m2, respectively (Watanabe et al.,
2017a; Goto et al., 2021; Yamaguchi, 1970; Lin et al., 2003). Inada
granite, by volume, comprises 33.7% quartz (ideal chemical formula:
SiO2), 32.1% K-feldspar (ideal chemical formula: KAlSi3Og), 30.3%
plagioclase-feldspars (chemical formula for each end-member: NaAl-
Si30g and CaAlySizOg), 3.8% biotite (ideal chemical formula: K(Mg,
Fe)3AlSiz019(OH,F)5), and 0.1% other minerals (Ishihara, 1991; Sasada,
1991; Takahashi et al., 2011; Takaya, 2011).

The experiments comprised CO; fracturing and chelating-agent flow-
through experiments on the fractured samples (Fig. 2a). X-ray computed
tomography (CT) was performed on the samples before and after CO2
fracturing, as well as after the chelating-agent flow-through experi-
ments. X-ray CT was conducted at c.a. 23 °C and atmospheric pressure
conditions, at an X-ray tube voltage of 120 kV, tube current of 150 pA,
and voxel size of 16.6 pm to verify CFN formation and the subsequent
mineral dissolutions. Additionally, the porosity of the samples post-
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Fig. 1. (a) Example of a cylindrical granite sample, diagram of the configured sample, and the loading condition. (b) Design for the CO, fracturing and chelating

agent flow-through experiments under conventional triaxial stress conditions.

experimentation was estimated from the X-ray CT data using Molcer
Plus 3D image visualization and processing software (White Rabbit
Corporation, Tokyo, Japan) to provide insights into the degree of void
formation in the experiments. Porosity was defined as the sum volume of
voids larger than 27 voxels (i.e., distinguishable voids) divided by the
bulk volume of the rock.

Chelating agent solutions were prepared from a 40 wt% aqueous
GLDA-Na4 (C9HgNa4Og) solution purchased from Tokyo Chemical In-
dustry Co. Ltd. The molar concentration of GLDA-Nay4 in the initial so-
lution has been calculated as approximately 1.3 mol-L™! (Wang et al.,

2022). Dilutions were performed to make 20 wt% GLDA-Nay solutions,
and the pH was adjusted to 4 or 8 by adding nitric acid. At 5 MPa and
200 °C, the GLDA solution viscosities at pH 4 and 8 were 304.2 and
286.6 pPa-s, respectively. The high viscosities implied that GLDA solu-
tion penetration and mineral dissolution would occur effectively only in
certain wider fractures within the CFNs. Thus, under differential stress
conditions, significant rock deformation may not be promoted, even at
considerable pore pressures. Significant deformations are likely to occur
during the injection of low-viscosity CO».

The experiments were performed using a conventional triaxial stress
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Fig. 2. Workflow for (a) experiments under conventional-triaxial stress states
(61 > 02 = 03), and (b) experiment under true-triaxial stress state (61 > 05 > 63).

experimental and acoustic emission (AE) measurement system (Fig. 1b),
as described by Watanabe et al. (2017a, 2017b) and Goto et al. (2021).
Primarily, the system comprised a triaxial cell that employed molten
plastic (e.g., polyethylene — PE, for experimentation at 120-300 °C) as
confining pressure fluid, two cylindrical axial stress pistons equipped
with a centered fluid flow-path and pipe, a linear variable differential
transformer to measure axial deformation of the sample, syringe pumps
for fluid injection, and AE measurement system to monitor AE energy
during the experiment. For the AE measurement system, Physical
Acoustics Corporation’s two-channel data acquisition and digital signal
processing PCI-2 with an R15a 150-kHz resonant frequency sensor were
used. Here, the AE energy was calculated as the time integral of the
amplitude (voltage) and presented in arbitrary units (arb units) after the
background noise was eliminated. The injected fluid was heated to the
experimental temperature before it reached the sample, as confirmed
using a thermocouple inside the injection pipe (Fig. 1b).

The sample and experimental system for CO, fracturing were
configured to be the same as those in Pramudyo et al. (2021). The
sample was sleeved by a 50-pm thick polyimide film, where copper
gaskets were placed at the end faces of the sample. The gasket on the
sample injection side had a central hole to allow fluid injection into the
sample borehole. For the chelating-agent flow-through experiment, the
fractured sample was sleeved using stainless-steel foil (10-pm thick) and
polyimide film. Copper gaskets with centered holes were placed on the
sample end faces, and the gasket on the production side contained
concentric and radial grooves to channel the produced fluid to the
production pipe. In both CO; fracturing and chelating agent
flow-through experiments, the sleeved sample was placed in a PE cyl-
inder inside the triaxial cell and subsequently heated to the experimental
temperature. The axial stress (corresponding to 1) and confining pres-
sure (corresponding to o3 and o3) were increased to the intended stress
state once the sample reached the experimental temperature.

To elucidate the permeability enhancement process by CO frac-
turing and the injection of a weakly acidic (pH 4) chelating agent under
varying differential stress, two experimental runs (Runs 1 and 2) were
performed at 200 °C (Table 1). In Run 1, CO; fracturing was first per-
formed at axial stress and confining pressure of 70 and 30 MPa,
respectively (i.e., differential stress, = 40 MPa). Subsequently, under the
same stress state, a chelating agent flow-through experiment was per-
formed. In Run 2, CO; fracturing and subsequent flow-through experi-
ments were performed at axial stress and confining pressure of 100 and
30 MPa, respectively (i.e., differential stress = 70 MPa). Furthermore, to
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Table 1
Conditions for CO, fracturing and chelating agent flow-through experiments.

Experiment type pH of aq. Temp. Stress state

GLDA [§)
o1 [ o3 01—03
Run CO;, fracturing, 4 200 70 30 30 40
1 followed by GLDA
injection
Run CO, fracturing, 4 200 100 30 30 70
2 followed by GLDA
injection
Run CO, fracturing, 8 200 100 30 30 70
3 followed by GLDA
injection
Run GLDA injectionon 4, 200 45 20 10 35
4 thermally- followed
fractured sample by 8

understand permeability enhancement by CO; fracturing and injection
of a weakly alkaline (pH 8) chelating agent under a differential stress
condition, another experimental run (Run 3) was performed at 200 °C
and axial stress and differential pressure of 100 and 30 MPa, respectively
(i.e., differential stress = 70 MPa).

During the experiments, CO2 was injected at a rate of 1 mL-min~
from room temperature (c.a. 10-20 °C) and an initial borehole pressure
of 10 MPa, using a syringe pump. CO> injection-induced CFNs form at
fracture formation pressures (Pp, frqc, MPa) predictable by Griffith failure
criterion (Pramudyo et al., 2021). Accordingly, Py frq is given as follows
(Griffith, 1924; Jaeger et al., 2007; Secor, 1965; Cox, 2010):

1

3 _ N2
PP,frac = 6[(61 +0—31)60' (61 63) at (61 - 0'3) 2 451; (1)
t

Py e = 03 + 0, at (6, — 03) < 4o, 2)

where o, is the rock tensile strength (MPa). Assuming borehole pressure
equals to pore pressure due to CO; infiltration into pre-existing micro-
fractures, CFNs in the experiments were expected to form at borehole
pressure of 35.7 MPa for Run 1, and 21.25 MPa for Run 2 and 3 [Egs. (1)
and (2)]. To increase the CFN visibility in the post-CO; fracturing X-ray
CT measurement based on the flow-induced microfracturing process
(Goto et al., 2021), the CO3 injection pressure was increased to 45 MPa
in Run 1 and 30 MPa in Runs 2 and 3, which were higher than the ex-
pected values of fracture formation pressure.

In the chelating agent flow-through experiments, the GLDA solution
was first injected from both injection and production sides at a constant
pressure of 26 MPa for approximately 20 min to saturate the sample with
the GLDA solution. This procedure was performed to avoid evaporation
of the solution and deposition of GLDA in the fractures, which would
otherwise have occurred if the solution had been injected from one side.
The injection and production pressures were then set to 28 and 26 MPa,
respectively, and maintained constant for 5 h, during which the GLDA
solution flowed through the sample. The injection and production
pressures were close to the confining pressure to optimize the penetra-
tion of the GLDA solution into the CFN. Nonetheless, these pressures
were lower than the maximum injection pressure values during CO;
fracturing to prevent fracture propagation owing to the increase in pore
pressure.

The permeability values of the sample were not obtained during
these experiments because the flow geometry in the sample would have
been a combination of the first radial flow from the borehole and then
the flow towards the production surface of the sample. The combined
flow geometries made the permeability computations too complex to
meet the objective of the experiments. Nonetheless, the permeability
changes in the sample could be assessed by changes in the injection flow
rates, computed at a 5-min interval, based on Darcy’s law. Accordingly,
injection rate is a reasonable proxy of hydraulic resistance under con-
stant injection and production pressure, assuming injection rate equals
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to flow rate in the small-scale sample. Thus, the permeability enhance-
ment factor can also be defined as the ratio of the injection flow rate at a
time to the initial injection flow rate. All effluents from each experiment
were collected for analyzing the concentrations of elements (Al, Ca, Fe,
K, Mg, and Si) eluted from the minerals, using inductively coupled
plasma optical emission spectrometry (ICP-OES).

2.2. Experimentation under true-triaxial stress state

An experiment under a true-triaxial stress state (Run 4, Table 1) was
performed to elucidate the permeability enhancement process by GLDA
solution injection on a large scale and under radial flow geometry. The
experiment was performed on a 100 x 100 x 100 mm Inada granite cube
(Fig. 3a), which had been thermally treated at 500 °C and atmospheric
pressure for 10 h to induce a dense network of microfractures (Fig. 2b).
The thermally induced network of microfractures is analogous to a CFN
(Goto et al., 2023). The sample had chamfered edges to accommodate
rock deformation during the experiment. The sample also contained a
centered borehole (diameter = 10 mm) connecting two opposite faces of
the sample.

P-wave velocity measurements were performed on the sample before
and after the experiment at room temperature (c.a. 10-20 °C) and at-
mospheric pressure conditions to determine the distribution of voids and
wide fractures post-experimentation. For the measurement, each sample
face was divided into 3 x 3 pixels, and the travel time between each
opposing pair at a distance of 100 mm was measured to compute the 27
P-wave velocities. The measurements provided the distribution of P-
wave velocities within the sample, and the velocities at each voxel were
estimated to assess the fracture pattern by solving a system of 27
equations in the following form:

1 1 1 1
V1 Vi Vp3
= 7 » 3

where V), is the velocity (m-s™1) for each pixel pair, and Vj1, Vp2, and Vp3
are the respective velocities (m-s~ 1) for voxels between pairs.

The experiments were performed using the true triaxial stress
experimental system described by Watanabe et al. (2019) and Goto et al.
(2021). In the system, the sample was placed inside a triaxial cell so as
the borehole was vertical (parallel to Z axis; Fig. 3b and c). Three
principal stresses were induced in the sample using six cylindrical pis-
tons with square loading faces that corresponded to the sample
square-loading faces (Fig. 3b). Each piston contains cartridge heaters
and a fluid flow path connected to a pressure transducer (Fig. 3c). The
rooms between the chamfered edges of the sample and chamfered faces
of the pistons were filled with pressurized molten PE during the exper-
iment. Two pistons with a centered fluid flow path were positioned at
the top and bottom of the sample and provided the maximum principal
stress (o1) in vertical direction via stainless-steel gaskets containing a
centered hole with a rubber O-ring. The fluid flow path in the bottom
piston was connected to a syringe pump for fluid injection into the
sample borehole, and the flow path in the top piston was connected to a
closed pipe. The thermocouple in the top flow path was extended to
measure the temperature at the center of the sample. Copper gaskets
with radial and concentric grooves were placed on the side faces of the
sample to direct produced fluid into the flow path of the horizontal
pistons. An AE sensor (from the same AE measurement system described
in Section 2.1) was placed into the elastic-wave guide bar located on the
opposite side of the loading side of the piston in the o5-direction (parallel
to X axis).

Fluid was injected at 200 °C, o7 = 45 MPa, o2 = 20 MPa, 63 = 10
MPa, and production pressure (pressure at sample side faces) = 2 MPa.
The stress values represented an approximately 1.8 km deep geothermal
environment in normal-faulting regime, assuming rock density of 2.6
gr-cm . Initially, water was injected into the borehole at 1 mL-min " to
determine AE energy level and deformation rates under negligible
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chemical reaction condition in the sample (i.e., background condition).
At pH 4, GLDA solution was then injected for 2 h, followed by injection
at pH 8 for another 2 h, both at a flow rate of 1 mL-min . This strategy
was employed to demonstrate the optimum permeability enhancement
(Takahashi et al., 2023) on a large-scale rock. The GLDA solution was
assumed to flow in the radial direction from the centered borehole in the
sample. Therefore, the permeability changes in the sample can be esti-
mated using the following equation (adapted from Dake (1983)):

au 7,

Py — Py =2 = 4

b 2hk T, )
qﬂ r qﬂ Iy

P,—P, — i . 5

= kT 2 ®

where Py is the borehole pressure (Pa), Py is the production pressure (Pa),
q is the flow rate (m?’-s’l), u is the dynamic viscosity of fluid (Pa-s), rp is
the borehole radius (m), r is the sample radius (in this case, distance
from the center to the side face of the sample, expressed in meters), h is
the borehole length (m), k is the sample average permeability (m?), ki is
the permeability (m?) of the zone near the borehole within the radius r
(m), and k3 is the permeability (mz) of the zone between r; and rs. Based
on Egs. (4) and (5), the enhancement in the average permeability of the
sample is reflected by a decrease in the differential pressure when a
constant flow rate is used.

The effluent was collected once during the water injection and then
at 10-min interval from the start of the GLDA injection to be later
analyzed using ICP-OES. The analysis provided insights into the evolu-
tion of the Al, Ca, Fe, K, Mg, and Si concentrations in the effluent, thus,
clarifying the mineral dissolution process in the sample. X-ray CT im-
aging was performed on the cores (length: 50 mm, diameter: 25 mm)
obtained from the sample post-experimentation to verify the distribu-
tion of mineral dissolution with respect to the distance from the bore-
hole. Three cores were obtained parallel to the borehole (i.e., o1
direction) from around the borehole and near the sample side faces at
the centered 67 — 02 and 67 — 63 planes. X-ray CT scans were performed
under atmospheric conditions at an X-ray tube voltage of 120 kV, tube
current of 150 pA, and voxel size of 10 pm. Porosity estimation using the
Molcer Plus software was also performed based on the X-ray CT data to
provide additional insights into the degree of mineral dissolution around
the borehole versus near the sample side faces.

3. Results and discussion
3.1. Influence of differential stress on permeability enhancement

Figs. 4-6 show borehole pressure, AE energy, and X-ray CT sections
from CO; fracturing in Runs 1, 2, and 3. The results were consistent with
those reported by Pramudyo et al. (2021). An increase in the AE activity
and cumulative AE energy occurred at a borehole pressure of 29 MPa (i.
e., Pp frac), indicating CFN formation in Run 1. CFN formation occurred at
25 and 27 MPa in Runs 2 and 3, respectively. The P, s values were
close to those predicted by the Griffith failure criterion for 6; = 7 MPa.
The X-ray CT sections revealed CFN with fractures distributed rather
evenly in the samples. Based on the number of visible fractures in the
X-ray CT sections, the fractures formed in Run 1 were narrower than
those in Runs 2 and 3, with larger differential stress. Moreover, the
fractures formed in Run 3 were narrower than those formed in Run 2,
with the same differential stress. This difference was likely due to the
variation in Young’s modulus and tensile strength among the samples, as
implied by previous experimental results (Pramudyo et al., 2021).

Fig. 7 shows the fluid pressures and injection flow rate of the GLDA
solution in Run 1. Relatively small but continuous axial shortening (in
the order of 102 ym-min 1), along with sparse and low-energy (c.a. 10
arb units) AE activity occurred since the beginning of this experiment.
Similar phenomena were observed in the GLDA-flow through experi-
ments of Runs 2 and 3. In contrast, CFN formation generally produces
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Fig. 3. (a) Example of a cubic granite sample, (b) high-temperature true-triaxial cell, and (c) design of the chelating agent flow-through experiment under true-
triaxial stress condition.
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Run 1, CO, Fracturing, 0;-03=40 MPa
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Fig. 4. Results of CO; fracturing in Run 1: (a) borehole pressure, (b) AE energy (brown) and cumulative AE energy (blue), X-ray CT section of the sample (c¢) around
borehole and (d) beyond borehole. Fractures are highlighted in yellow to increase grayscale visibility.

Run 2, CO, Fracturing, 0;-03=70 MPa
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Fig. 5. Results of CO, fracturing in Run 2: (a) borehole pressure, (b) AE energy (brown) and cumulative AE energy (blue), and X-ray CT section of the sample (c)
around borehole and (d) beyond borehole. Fractures are highlighted in yellow to increase grayscale visibility.

axial deformation in the order of 107! — 10° pm-min~, and continuous
AE activity with energy of >30 arb unit. Therefore, the axial deforma-
tion and corresponding AE activity were considered negligible in the
GLDA flow throughout the experiments. Owing to the high viscosities (c.
a. 300 pPa-s), the GLDA solutions might effectively penetrated only
certain number of wider fractures in the CFNs, or penetrated the CFNs in
limited locations. Thus, the pressure, void formation, and fracture

widening, owing to mineral dissolution, did not cause significant
changes in the effective stresses within the rock or significant rock
deformation. Significant rock deformation would potentially occur if
CO-, (viscosity of c.a. 24 pPa-s) was injected at the same pressure values,
via CO, penetration into most fractures in the CFNs. Nevertheless,
mineral dissolution continuously increased the sample permeability
throughout the experiments. In Run 1, a permeability enhancement
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Run 3, CO, Fracturing, 0;-03=70 MPa
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Fig. 6. Results of CO, fracturing in Run 3: (a) borehole pressure, (b) AE energy (brown) and cumulative AE energy (blue), and X-ray CT section of the sample (c)
around borehole and (d) beyond borehole. Fractures are highlighted in yellow to increase grayscale visibility.

Run 1, GLDA Injection, pH 4, 6;-03=40 MPa
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Fig. 7. (a) Injection and production pressures, and (b) calculated injection
flow-rates and the corresponding permeability enhancement factor during
GLDA flow-through in Run 1. Final permeability enhancement factor was ob-
tained based on the two flow rate values pointed by red arrows.

factor of approximately 2.2 was achieved in 5 h based on the comparison
of the two flow-rate values indicated by the red arrows in Fig. 7b.
Permeability enhancement was attributed to fracture widening and
void formation owing to biotite dissolution, as observed in the X-ray CT
sections of the sample post-experimentation (Fig. 8a). Although not
evident, the number of voids appeared to be higher near the boreholes.
The estimated porosity of the samples post-experimentation was
approximately 0.064%, which was lower than the known porosity
values (about 0.5-0.8%) of intact Inada granite. This is because porosity
was estimated using X-ray CT data in this study. The elevated Fe con-
centration in the effluent (Fig. 9) indicated biotite dissolution, and the
Si, Al, and Ca concentrations in the effluent indicated the dissolution of
feldspar minerals, which was in turn responsible for the observed frac-
ture widening. These results were consistent with those of previous
studies on the injection of GLDA solution into Inada granite under the

same temperature and pH conditions (Watanabe et al., 2021b; Taka-
hashi et al., 2023).

In experimental Run 2, continuous permeability enhancement
resulted in an enhancement factor of c.a. 2.4 within 5 h (similar to that
in Run 1) (Fig. 10) with a larger differential stress. X-ray CT images post-
experimental Run 2 (Fig. 8b) also suggested a qualitatively similar de-
gree of void formation and fracture widening (porosity of approximately
0.097%) to those observed in Run 1. Moreover, each element analyzed
in the effluent from Run 2 was at a concentration similar to that in the
effluent from Run 1 (Fig. 9).

The fluid pressures and injection flow rates of GLDA-flow in Run 3
are presented in Fig. 11, which indicated continuous permeability
enhancement; particularly, permeability enhancement factor of c.a. 2.2
was achieved within 5 h, similar to those in Runs 1 and 2. Post-
experimental X-ray CT sections (Fig. 8c) revealed that biotite dissolu-
tion was negligible, and the permeability enhancement was primarily
due to fracture widening. The estimated post-experimentation porosity
was 0.0057%, which was one order of magnitude lower than those in
Runs 1 and 2. The concentrations of elements in the effluent, except for
Si and Ca, were generally lower than those in Runs 1 and 2 (Fig. 9).
Based on Takahashi et al. (2023), the effluent characteristics in Run 3
suggested enhanced quartz dissolution and a lower dissolution rate
(compared to those at pH 4) of biotite and other minerals, which is
consistent with the X-ray CT sections.

These results were consistent with the negligible axial shortening
rates and low-energy AE activities in all experimental runs; the GLDA
solutions might have effectively penetrated a certain number of wide
fractures in the CFNs or penetrated in limited locations within the rock,
such that the pressure and mineral dissolutions did not promote signif-
icant stress changes and deformation in the rock. These results suggested
that the variation in differential stress does not significantly influence
the permeability enhancement process in CFNs via GLDA solution in-
jections under both weakly acidic and alkaline conditions.
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Fig. 8. X-ray CT images of the rock samples after the GLDA flow-through experiment at (a) pH 4 and differential stress = 40 MPa, (b) pH 4 and differential stress =
70 MPa, and (c) pH 8 and differential stress = 70 MPa. Yellow arrows show examples of biotite, voids, and widened fractures.

3.2. Permeability enhancement on a large scale and radial flow condition

Continuous sample shrinkage occurred throughout the experiment in
Run 4. Nevertheless, the rock deformation rate (in the order of 107!
pm-min~!) and AE activity (sparse; energy in the order of 10°-102 arb
unit) during GLDA flow-through were mostly insignificant compared to
those (deformation in the order of 10°~10" pm-min~!; AE energy in the
order of 10% arb unit) in COy fracturing (Pramudyo et al., 2021) at
300 °C under true-triaxial stress with 35-MPa differential stress

conditions. Considerable AE activity occurred only during the increase
in the borehole pressure owing to the change from water to GLDA in-
jection. This was likely induced by the deformation of some fractures
due to pore pressure changes around the borehole.

The time evolution of the differential pressure between the borehole
and sample side faces, concentration of the elements in the effluent, and
pH of the effluent are summarized in Fig. 12. The initial average
permeability of the sample, computed during water injection when both
injection and production pressures stabilized (time T1, Fig. 12a), was
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Fig. 10. (a) Injection and production pressures, and (b) calculated injection
flow-rates and the corresponding permeability enhancement factor during
GLDA flow-through in Run 2. Final permeability enhancement factor was ob-
tained based on flow rate values pointed by red arrows.

Run 3, GLDA Injection, pH 8, 0;-03=70 MPa
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Fig. 11. (a) Injection and production pressures, and (b) calculated injection
flow-rates and the corresponding permeability enhancement factor during
GLDA flow-through in Run 3. Final permeability enhancement factor was ob-
tained based on the flow rate values pointed by red arrows.

1.2 x 10717 m2. An increase in the differential pressure to approximately
2 MPa occurred within approximately 20 min of injecting the GLDA
solution at pH 4 (time T2). This was because the GLDA solution had a
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Run 4, GLDA injection, pH 4 and 8, 0;-03=35 MPa
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Fig. 12. Time evolution of (a) differential pressure between borehole and
sample side faces, and (b) elemental concentrations in the effluent, as well as
the pH during the GLDA-solution injections with the successive use of pH 4 and
8 under a true-triaxial stress condition (Run 4).

higher viscosity than water. Computed average permeability at time T2
was 9.2 x 10718 m?2, which was slightly lower than that at time T1. The
lower computed permeability at time T2 was likely due to fracture
closure, as the pore pressure near the borehole decreased during the
switch from water to GLDA solution injection. This also might be
because most fractures did not effectively contribute to the flow of the
GLDA solution. An increase in the concentration of elements in the
effluent was then observed; a remarkable increase in Fe indicated biotite
dissolution, whereas significant increases in Ca and Al indicated the
dissolution of feldspar minerals.

After time T2, the differential pressure did not decrease, as expected
from the permeability enhancement based on Eq. (4). At time T3, the
computed average permeability was 7.2 x 1078 m2. Nonetheless, the
elemental concentrations in the effluent, especially those of Fe and Al,
remained high throughout the injection at pH 4, indicating that the
dissolution of biotite and feldspar minerals continued. This character-
istic was unlikely due to silica precipitation because the Si concentration
in the effluent was generally between the solubility value of quartz (100
mg-L™!) and amorphous silica (400 mg-L 1) in water at 200 °C and 5
MPa (Manning, 1994; Karasek et al., 2013). Additionally, this phe-
nomenon was also unlikely caused by suppressed mineral dissolution
due to lack of GLDA concentration. Based on Al, Ca, Fe, and Mg con-
centrations, the computed concentration of unreacted GLDA-Nay4 in the
effluents was > c.a. 62% of that (c.a. 0.65 mol-L’l) in the initial 20 wt%
GLDA-Nay solutions throughout the experiment.

We hypothesize that the minor rise in differential pressure during
GLDA injection at pH 4 occurred because the high-viscosity GLDA so-
lution penetrated more fractures, especially around the borehole, owing
to the inferred higher pore pressure than that near the sample side faces.
This speculation based on the tendency of higher incidence of void
formation in zones with higher inferred pore pressure, such as near the
injection side, compared to zones with lower inferred pore pressure
during experiments. This tendency is observed in results reported by
Takahashi et al. (2023), as well as in results presented in section 3.1 of
our study. This presumably resulted in a higher permeability enhance-
ment factor near the borehole than near the sample side faces.
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Conversely, GLDA penetration should have occurred in fewer fractures
near the side faces of the sample. Moreover, as suggested by Pramudyo
et al. (2021), wider fractures in the CFN were more common in quartz
than in feldspar minerals (Fig. 13a). Thus, mineral dissolution probably
occurred in even fewer fractures near the sample side faces (Fig. 13b). If
the injection at pH 4 was maintained for a longer time, a differential
pressure drop might eventually be observed owing to the expansion of
the zone with higher permeability enhancement.

At time T4 (immediately after the start of GLDA injection at pH 8),
the average permeability was 7 x 10718 m2, which was similar to that at
time T3. However, a differential pressure drop was observed after T4.
Enhanced quartz dissolution (Takahashi et al., 2023), wherein wider
fractures are more common in granite CFN, likely provided a consider-
able number of enhanced flow-paths. Together with the chemically
stimulated fractures in the feldspar minerals, the chemically stimulated
fractures in quartz presumably created more and enhanced connecting
flow paths between the borehole and the sample-side faces (Fig. 13c). As
the differential pressure decreased, the pore pressure in the sample
likely also decreased; the penetration of GLDA into more fractures
became less likely. Therefore, the permeability enhancement rate
became slower, as reflected by the slower decrease in the differential
pressure (Fig. 12a) towards the end of the experiment. At the end of the
injection at pH 8 (time T5), an average permeability of 1.8 x 107V m?
was obtained, and it was approximately 1.6-times higher than the initial
average permeability.

Assuming that the radius of the intense mineral dissolution (higher
permeability enhancement) zone was 2 cm from the center (i.e., ry,
based on radius of the borehole plus radius of the samples used at
conventional-triaxial stress conditions), and assuming that permeability
enhancement near sample side faces was negligible, the permeability
around the borehole at time T5 should have been approximately 2.9 x
107 m? or 2.5-times the initial value [Eq. (5)]. This implied that the
GLDA solution injection at each pH contributed to an approximately
1.57-permeability enhancement factor (i.e., the square root of the 2.5-
enhancement factor) near the borehole. The c.a. 1.57-permeability

(a) Initial condition

Side face

Side face
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enhancement factor for each pH condition was comparable to that ob-
tained from experiments under conventional triaxial stress conditions,
considering the shorter injection duration (2 h) for the pH condition in
this experiment versus 5 h in the experiment performed under conven-
tional triaxial stress conditions.

The P-wave velocities in the sample increased compared to those
before the experiment (Table 2, Fig. 14), which was due to a decrease in
the apertures of the thermally induced fractures (formed at atmospheric
pressure) when the sample was subjected to compression (Watanabe
et al., 2021b; Salala et al., 2023; Takahashi et al., 2023). If the P-wave
velocity measurements (before and after GLDA solution injection) were
performed while the sample was under stressed conditions, void for-
mation and fracture widening due to mineral dissolution would result in
a certain degree of P-wave velocity reduction. Nonetheless, the
measured average P-wave velocities of the sample post-experimentation
were isotropic (Table 2), which suggested no preferential orientation of
wide fractures (Hsu and Schoenberg, 1993), and was thus, isotropic
permeability. However, the P-wave velocity distribution did not
demonstrate a clear distribution of zones with a higher number of voids
with respect to borehole position.

The X-ray CT sections of the cores obtained from the samples verified
that there were more voids near the borehole than near the sample side

Table 2
Average P-wave velocities in each stress direction before and after Experimental
run 4.

Direction Average P-wave velocities (m-s’l)
Before experiment After experiment
Value % of value at o1 Value % of value at o1
direction direction
01 1819.6  100.0 2402.3  100.0
) 1651.4  90.8 2578.1 107.3
o3 2048.5 112.6 2241.6 93.3

(b) GLDA ag. injection, pH 4

Side face

Feldspar minerals

Quartz
I Biotite
= Initially wider fractures
=== Fractures stimulated at pH 4

=== Fractures stimulated at pH 8

Fig. 13. Illustration (not to scale) of permeability enhancement on the sample due to successive injection of GLDA solutions at pH 4 and 8 under radial flow condition
in Run 4. (a) initial condition, (b) during GLDA aq. injection at pH 4, and (c) during GLDA aq. injection at pH 8.
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Fig. 14. Distribution of estimated P-wave velocities for the sample before and after the chelating agent-injection experiment of Run 4. Left and right cubes show each
other’s invisible faces. Yellow circles in the bottom face of the after-experiment cube show the location of cores obtained for X-ray CT scan; (a) around borehole, (b)

at centered o1—05 plane, and (c) at centered 6,-03 plane.

faces (Fig. 15). There were also approximately 55%-more visible frac-
tures near the borehole than near the sample side faces; these fractures
should have been chemically stimulated by the GLDA solutions. These
observations agree with the computed porosity, which was approxi-
mately 0.11% around the borehole and 0.028% near the sample side
faces. Nevertheless, the X-ray CT images suggested that there was no
relationship between the stress orientation and the distribution of voids
and visible fractures.

3.3. Practical implication for field chelating agent injection

The present experiments suggested that because of the high viscosity
of the GLDA solution, mineral dissolution occurs effectively only in a
certain number of wide fractures or in limited locations in the rock, so as
not to promote significant rock deformation. Therefore, the GLDA so-
lution can be injected into the CFN at pressures close to o3, even if the
pressure is higher than Pp, ., to allow efficient penetration into the
fracture network. Nonetheless, in naturally fractured geothermal envi-
ronments, the GLDA solution may be injected below the pressure
required for hydroshearing to minimize excessive induced seismicity;
however, this requires further investigation. Because the pressure
gradient decreases in the chemically stimulated volume, a constant in-
jection pressure allows for an optimum chemical stimulation radius
based on Eq. (5). The pore-pressure values in the chemically-stimulated
zone will be close to injection pressure value; thus, pressure gradient in
the stimulation front will be sufficiently high to maintain the GLDA flow
into the chemically unstimulated volume and enable the expansion of
the stimulated radius (which can be expressed by r; in Eq. (5)).

Owing to the tendency of higher permeability enhancement near the
injection borehole than far from the borehole in the GLDA solution in-
jection at pH 4, low GLDA concentrations may be injected to reduce the
solution viscosity. This allows penetration into more fractures and
achieves a larger chemically stimulated volume than when the solution
is more concentrated. Lower concentrations would also reduce mineral
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dissolution rates, which are beneficial for achieving a larger chemically
stimulated volume with more even permeability enhancement (Rose
etal., 2010; Watanabe et al., 2021b). Although more fractures would be
penetrated while injecting low-concentration GLDA solution, excessive
deformations and acoustic emissions are still less likely when a fluid that
is more viscous than water is injected. This is based on the relatively
slow slip induced by water injection on a granite sawcut, compared to
those induced by CO; injection (Pramudyo et al., 2023). Subsequent
GLDA solution injection at pH 8 should also be conducted using
low-concentration GLDA to achieve penetration into numerous fractures
and enable a large chemical stimulation radius. Future experiments
involving GLDA injection on large scale samples could be essential to
better understand the expansion of stimulated zones. These studies
should consider the impact of varying GLDA concentrations and
geothermal temperature, which may influence the reaction rate.

3.4. Creating geothermal reservoir using COy injection and additional
methods

Chabora et al. (2012) described a scheme for well stimulation in a
conventional geothermal environment (depth and temperature of c.a. 1
km and 190 °C) predominantly using water injection. In principle, the
scheme consists of phases, such as hydroshearing, chemical stimulation,
and controlled hydraulic fracturing, which generally progress from
phases incorporating low pressure to phases with high pressure. Each
phase also comprises repeats from low to high pressures. The decision to
repeat a stimulation method using high pressures in a phase, or pro-
ceeding to the next phases, was based on whether the economic water
injectivity (which reflects permeability) of >0.75 gpm-psi~! (gallon per
minute per pound per square inch) had been achieved.

A general scheme similar to that described by Chabora et al. (2012)
may be employed in CO; injection into conventional geothermal envi-
ronment of approximately 150-200 °C; CO, fracturing (i.e., achieving
CFN using CO injection) or hydroshearing using CO2 in case of
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Fig. 15. Representative X-ray CT images of the rock sample at 65-03 planes after injecting GLDA solutions in Run 4: (a) around borehole, (b) near sample side face at
centered o105 plane, and (c) near sample side face at centered ¢;—03 plane. Yellow arrows pointing the example of biotite crystals, voids, and fractures.

naturally fractured environment should be performed to create or
recreate a complex network of permeable fractures (Fig. 16). Hydraulic
stimulation allows deep penetration of aqueous GLDA solutions in the
later phase if the preceding hydraulic stimulation does not achieve
economic injectivity. If economic injectivity is not achieved after GLDA
injection into the hydrosheared natural fracture network, CO; fracturing
may be performed, followed by another GLDA injection, as necessary.
COy fracturing in naturally fractured environments is achieved by
increasing the CO> pressure to Py, frqc, Which is always higher (governed
by the Griffith failure criterion of rock matrix) than the pressure
required for the shearing of natural fractures (controlled by the Coulomb
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failure criterion of natural fractures) for the same stress state and rock
tensile strength (Pramudyo et al., 2023). Finally, to enhance injectivity
or expand the fractured zone through flow-induced microfracturing
(Goto et al., 2021), long-duration pressurization at or above the
fracture-formation pressure (P sqc) can be carefully implemented after
CO4, fracturing and GLDA injection. This approach must be cautiously
managed to avoid inducing excessive seismic activity. Note that the
threshold for economic injectivity in COy-based EGS differs from the
generally accepted value in water-based EGS. This is because CO5 has a
lower specific heat capacity than water, but its low-viscosity allows for a
higher mass flow rate (Brown, 2000; Pruess, 2006). Thus, the threshold
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Fig. 16. General schemes for creating reservoirs in geothermal environments of
approximately 150-200 °C.

for economic injectivity in CO»-based EGS requires further compre-
hensive investigation.

Chelating agents, including GLDA, generally degrade relatively fast
above 200 °C (Martell et al., 1975; Sokhanvarian et al., 2016). This
characteristic makes GLDA solution injection difficult to be imple-
mented in geothermal environment with temperatures >200 °C
(including superhot geothermal environments). Thus, creating
geothermal reservoir at temperatures of >200 °C may be performed in
phases, as depicted by Fig. 17. CO, fracturing, or hydroshearing using
CO; in case of naturally fractured environment, should be performed

Hydroshearing
using CO,

Naturally
fractured

Economic
injectivity is
achieved

CO, fracturing
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above P, ;4

Economic
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P .
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Fig. 17. General schemes for creating reservoirs in geothermal environments
with temperatures of > c.a. 200 °C.
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first. If economic injectivity is not achieved during the initial hydro-
shearing, CO; fracturing should be performed later by increasing the
CO, pressure to Py frq.. Long-duration CO; pressurization at or above P,
frac may also be performed, with care to minimize the risk of large
induced seismicity, if economic injectivity is still not achieved after CO4
fracturing, or if expansion of the fractured zone is intended (Goto et al.,
2021).

Therefore, creating a granitic geothermal reservoir using CO5 injec-
tion along with additional stimulation methods appears to be feasible.
Nevertheless, several aspects must be addressed before their application
on a field scale. First, because CO5 has a lower viscosity than water, the
stimulation processes and growth of the stimulated zone during CO,
injection probably differ from those known for water injections. Second,
the thermal extraction characteristics of CO5 injection-induced stimu-
lated natural fractures and CFN are yet to be elucidated. Third, CO, may
dissolve in the resident brine in the stimulation front, where mineral
dissolution or deposition may occur (Ueda et al., 2005) and affect
reservoir growth. Fourth, the process of permeability enhancement at
the reservoir scale while injecting chelating agent solutions must be
elucidated. Fifth, the significance of geological complexity, such as the
spatial variation in rock types and geological structures, remains un-
clear. Understanding these aspects is essential, for instance, to deter-
mine the volumes required and the details of the injection strategies for
CO;, injection and additional methods. In such cases, newly designed
laboratory experiments and computer simulations may be suitable to
elucidate these points.

4. Conclusion

In this study, we experimentally elucidated that the injection of a
GLDA solution into CO injection-induced CFNs results in a similar
permeability enhancement factor under a conventional geothermal
temperature with varying stress states, under both weakly acidic and
alkaline conditions, within the same injection duration. The high vis-
cosities of the GLDA solutions likely caused GLDA penetration, and
mineral dissolution effectively occurred only in some wide fractures.
Thus, significant deformation in the fracture network was not promoted.
In contrast, fracture deformation was more likely to occur during CO,
injection.

At a large scale and in a radial flow geometry, GLDA solution in-
jection at pH 4 (weakly acidic conditions) resulted in a zone with a high
inferred permeability enhancement factor around the borehole. This
was attributed to the more intense void formation (due to biotite
dissolution) and fracture aperture widening (due to the dissolution of
mainly feldspar minerals) near the borehole, owing to the higher
inferred pore pressure, than those far from the borehole. This suggested
that weakly acidic GLDA solutions should be injected at low concen-
trations to reduce the viscosity and dissolution rate, thus, achieving
GLDA penetration into more fractures and a greater chemically stimu-
lated radius. A constant injection pressure would also achieve an opti-
mum chemical stimulation radius because it would maintain a large
pressure gradient in the stimulation front, enhancing the flow of the
GLDA solution into the chemically unstimulated zone. Subsequent in-
jection at pH 8 should also be performed using a low GLDA concentra-
tion and constant injection pressure, such that the solution at pH 8 can
reach most parts of the zone previously stimulated at pH 4.

Based on the findings of this study, combined with knowledge from
previous studies, two general stimulation schemes can be created. Both
schemes suggest risk reduction of large-magnitude induced seismicity,
where the stimulation should be generally initiated using a method that
requires the lowest pressure. In conventional geothermal environments
with temperatures up to 200 °C, CO, should be initially injected to
achieve the initial permeability enhancement through hydroshearing or
CFN formation. The next phase of chemical stimulation using a chelating
agent and further hydraulic stimulations, including long duration CO»-
pressurization at or above fracture pressure, can be performed based on
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whether commercial injectivity has been achieved. In geothermal en-
vironments with temperatures > c.a. 200 °C, the scheme would
comprise CO5 injection to achieve CFN or hydroshearing and further
stimulation by long CO»-pressurization duration at or above fracture
pressure, if necessary.

Overall, the present study provides insights on the preferable stim-
ulation strategies for creating geothermal reservoirs using CO5 injection
and additional methods. Nevertheless, before their application in field
scale, further comprehensive studies are necessary to address unclear
points, such as the growth of the stimulated zones, interactions with
resident brine, and the significance of geological complexity.
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