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Abstract: CO,-based enhanced geothermal systems (CO,-EGS) are greatly attractive in geothermal
energy production due to their high flow rates and the additional benefit of CO, geological storage.
In this work, a CO,-EGS model is built based on the available geological data in the Gonghe Basin,
Northwest China. In our model, the wellbore flow is considered and coupled with a geothermal
reservoir to better simulate the complex CO, flow and heat production behavior. Based on the
fractured geothermal reservoir at depths between 2900 m and 3300 m, the long-term (30-year) heat
production performance is predicted using CO, as the working fluid with fixed wellhead pressure.
The results indicate that the proposed CO,-EGS will obtain an ascending heat extraction rate in
the first 9 years, followed by a slight decrease in the following 21 years. Due to the significant
natural convection of CO; (e.g., low viscosity and density) in the geothermal reservoir, the mass
production rate of the CO,-EGS will reach 150 kg/s. The heat extraction rates will be greater than
32 MW throughout the 30-year production period, showing a significant production performance.
However, the Joule-Thomson effect in the wellbore will result in a drastic decrease in production
temperature (e.g., a 62.6 °C decrease in the production well). This means that the pre-optimization
analyses and physical material treatments are required during geothermal production using CO, as
the working fluid.

Keywords: geothermal production; enhanced geothermal system; CO;; heat production performance;
Gonghe Basin

1. Introduction

Geothermal energy is considered the most promising form of renewable energy be-
cause it is clean, stable and sustainable [1-3]. It is gradually believed that geothermal
energy can contribute to the realization of a carbon-neutral society [4]. However, most of
the available geothermal resources are stored in deep hot dry rock (HDR) [5]. Generally,
the available HDR geothermal resources are buried 3-10 km underground with high tem-
peratures ranging from 150 to 650 °C [6]. However, there is commonly no water and steam
in HDR reservoirs because of their naturally low permeability and porosity.

Geothermal energy stored in HDR can be efficiently extracted and used for electric-
ity generation based on an enhanced geothermal system (EGS) [7]. So far, more than
60 EGS sites have been tested around the world [8,9]. These EGS projects have basically
indicated the feasibility of exploiting geothermal resources from the HDR. In the past,
water was generally considered as the working fluid used in conventional EGSs. However,
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due to the serious problem of water loss in water-based enhanced geothermal systems
(e.g., water-EGSs) [10], carbon dioxide-based enhanced geothermal systems (e.g., CO;-
EGSs) have become an attractive option [11-13]. Obviously, CO,-EGSs have four advan-
tages compared to water-EGSs: (1) the lower effect of scale precipitation induced by the
water—rock reaction [14]; (2) the thermosiphon effect, which reduces external consump-
tion [15]; (3) the environmental benefits related to CO, geological sequestration [16]; and
(4) the higher mass flow rate and lower flow impedance due to the higher flow mobility
(e.g., low viscosity and density) of CO, [17].

Although a CO,-EGS is theoretically feasible, it has not yet been experimentally tested
in the EGS field. This is mainly because there are many challenges for field demonstration
projects of CO,-EGSs. However, numerical simulation is a very useful and economical
method for investigating the heat production performance of EGSs using CO; as the work-
ing fluid. Based on the five-spot-well configuration, Pruess [16] conducted and compared
numerical simulations on a CO,-EGS and a water-EGS. Their results indicated that the heat
production power increased by about 50% when using the CO,-EGS compared to the water-
EGS, because the mass flow rate of CO, increased about four-fold [16]. Based on the doublet
well configuration, Atren et al. [18,19] analyzed the potential of power generation using
CO; as the working fluid. They found that the heat production efficiency of the CO,-EGS
was significantly dependent on the wellbore properties (e.g., diameter, thermal conductiv-
ity) and geothermal reservoir (e.g., temperature and pressure) conditions. Generally, the
heat production performance of CO,-EGSs is significantly better than that of water-EGSs,
especially for geothermal reservoirs with lower permeability [18,19]. Pan et al. [20,21] used
supercritical CO; as the working fluid to study geothermal production potential using the
T2WELL code (e.g., a wellbore-reservoir coupled model). Their results showed that a good
thermosiphon effect was achieved when using CO, as the working fluid, thus significantly
reducing the external cost for pumping. Hu et al. [22] conducted a wellbore-reservoir
coupled numerical model to investigate the heat production performance in a closed-loop
geothermal system through CO; fluid circulation. Their results also suggested that the heat
production efficiency of CO; is greater than water for a closed-loop geothermal system.

These mentioned numerical studies have suggested the superiority of CO, as a work-
ing fluid used for geothermal exploitation. It is worth noting that hydraulic fracturing is
the main method used in EGSs to create a fracture network in low-permeability HDR [23].
However, most of the previous numerical models have employed homogeneous geother-
mal reservoirs to represent the fractured geothermal reservoir. This leads to an inaccurate
prediction of fluid and heat flow, heat exchange between fractures and the rock matrix,
and heat production efficiency in the fractured geothermal reservoir. In addition, the
complex heat exchanges between the borehole and geothermal reservoir in a CO,-EGS
should be fully considered, because the physical properties of CO, (e.g., viscosity, density,
compressibility, etc.) are very sensitive to the temperature and pressure changes in the
wellbore [15,24].

In this work, a CO,-EGS model is built based on the first EGS demonstration project
in the Gonghe Basin, Northwest China. The “multiple interacting continua (MINC)”
numerical method is employed in our model to study the effects of a heterogeneous EGS
reservoir on heat production. In addition, both the wellbore flow and reservoir flow are
considered in our model by using the T2ZWELL (version 2) software. On this basis, the
heat production efficiency of the CO,-EGS is evaluated using a fixed wellhead pressure.
The main targets are to (1) predict the heat production potential from the heterogeneous
EGS reservoir, and (2) analyze the complex fluid flow and heat exchange processes in the
geothermal reservoir and borehole during heat recovery. In addition, the results presented
in this work give a theoretical guide for CO,-EGS design in the Gonghe Basin and other
geothermal fields with similar reservoir conditions.
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2. Numerical Method
2.1. Geothermal Characteristics of the Gonghe Basin

The Gonghe Basin lies at the conjunction and transformation of several orogenic belts,
including the Qinling, Qilian, and Kunlun orogens in central China [25,26]. It is believed
that the Gonghe Basin is an important region in China for high-temperature geothermal
exploitation due to its intense tectonic activity [27]. The drilling data suggest that the
deep formations are Triassic strata and Indosinian—Yanshanian granite at the Gonghe
Basin [28,29]. This indicates that the deep rock mass has high temperature potential. In
addition, the geothermal exploitation potential of the Gonghe Basin can be significantly
reflected by the following points: (1) the field survey results indicated a great number
(over 84) of geothermal anomaly sites (e.g., hot springs) [26]; (2) the average value of heat
flow reaches 102.2 mW/m? in the Qiabugia geothermal area [30]; (3) the HDR exploration
wells (e.g., DR3, DR4, and GR2) proved that the temperature is around 180 °C at the 3000 m
depth; and (4) the GR1 well drilled to the highest temperature of 236 °C at the depth of
3705 m [26,30]. According to the deep well drilling results (Figure 1), the average value
of the geothermal gradient is about 45 °C/km at the depth of 2500-3705 m. These results
indicated that the HDR geothermal resources in the Gonghe Basin have great potential for
development.
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Figure 1. Temperature-depth profiles of four geothermal wells in the Qiabugqia geothermal area; the
stratigraphic sections are also shown [27].

Recently, the Gonghe Basin was selected as the target area for developing the first EGS
demonstration project in China. On this basis, many numerical models were built to investigate
the heat production potential of the Gonghe Basin. These simulation studies suggested that
water-EGSs show great production performance in the Gonghe Basin [27,31-33]. However,
the Gonghe Basin is a semi-arid area and its water is precious and scarce [34]. This is in
contradiction with the development of HDR geothermal resources, which consume a lot of
water. Thus, using CO; as the working fluid may be an alternative method for geothermal
exploitation at the Gonghe Basin and other EGS sites where water is scarce. Generally, the
CO; can come from large coal-fired power plants because these can produce about tens of
thousands of tons of CO; per day [16].

2.2. Numerical Simulator

In this work, the wellbore-reservoir coupled simulator T2Well was used to investi-
gate the heat production performance at the Gonghe Basin geothermal site. T2Well was
developed by integrating the wellbore model into the existing reservoir code TOUGH2 [35],
and thus can be used to investigate the heat production from both porous and fractured
geothermal systems [36]. To solve the geothermal production using CO; as the working
fluid, the equation of state (e.g., ECO2H module) for the H,O-CO,-NaCl system was con-
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sidered in our numerical model. In a geothermal reservoir, the fluid flow is calculated by
Darcy’s multiphase law, while the wellbore flow is based on the momentum conservation.
The main governing equations for mass and heat transfer in a geothermal system are given
as follows:

The fluid flow in the formation is observed via Darcy’s law; thus, the mass balance
equation in the reservoir can be defined as:

0 [ kow
E(Pw(i’)— _T(VP+P108) + Gm 1)

w

where py, is the circulation fluid density (CO, is considered in this work), kg/m3; ¢ is the
porosity of the geothermal reservoir; ¢ is the time, s; i, is the circulation fluid viscosity,
Pa-s; k is the permeability of the geothermal reservoir, m?; P is the pressure, Pa; and g, is
the mass source.

The local thermal equilibrium model is used to describe the overall heat transfer in
the formation, and the energy balance equation is:
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where C, is the heat capacity of the geothermal reservoir rocks, k] /kg-°C; p, is the rock
density, kg/m?3; g;, is the heat source; and iy, is the fluid-specific enthalpy in the geothermal
reservoir, J /kg.
Due to the high velocity of fluid flow in the wellbore, the mass balance equation for
single phase flow in a wellbore can be defined as follows based on momentum conservation:
al/l' al/i 1 9P l"wirwi
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where v is the fluid velocity in the wellbore, m/s; 6 is the incline angle of the wellbore, °; A
is the fluid flow area in the wellbore, m2; I',, is the perimeter of the wellbore section, m; z
is the along-wellbore coordinate; and t,; is the wellbore shear stress in the wellbore, Pa,
which is a function of fluid and wellbore properties, and can be calculated as Equation (4):
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where d,; is the diameter for wellbore i, m; and ¢ is the roughness of the wellbore
(dimensionless).
The energy balance in the wellbore can be defined as:

ahw,‘ E)Pl alli Bhwi 82T 2 %

ot ar TPevigy T TPV, Theigm —eU g

— pwvVigcos B+ Q (5)

where hy; is the fluid-specific heat in the wellbore, ] /kg; Ay, is the thermal conductivity
of the wellbore, W/m °C; and Q is the heat exchange between the wellbore and the
surrounding formation.

The detailed governing equations and numerical solution can be found in Pan and
Oldenburg [36]. This code has been demonstrated for geothermal production at several
geothermal fields [15,22,24,37,38].
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2.3. Model Geometry and Numerical Discretization

Figure 2 shows the concept design and numerical model of the CO,-EGS at the Gonghe
Basin geothermal site. In this work, the proposed CO,-EGS has two vertical wells: one cold-
water injection well and one hot-water production well (Figure 2a). Based on the prediction
results published by Chen et al. [39], the potential fractured reservoir volume induced
by hydraulic fracturing reaches 1.4~2.1 x 108 m? for the given total injection volume of
2~3 x 10* m3. In addition, the half-length of the fractured reservoir reaches 300~350 m at
the Gonghe Basin EGS site. In our model, we conservatively estimated that the geometry of
the fractured reservoir in the x, y, and z directions was 800 m, 400 m, and 400 m (Figure 2b),
according to the existing engineering experience [40,41]. Generally, the advantageous
development direction of a fractured reservoir is along the maximum horizontal principal
stress direction [42]. Thus, in our model, the x-axis is along the maximum horizontal
principal stress direction. The numerical model takes the fractured geothermal reservoir as
the center and extends outward, and considers the rock matrix of 500 m in each direction
to accurately simulate the heat transfer between the fractured geothermal reservoir and
surrounding rock. As a result, the entire model geometry in the X, y, and z directions is
1800 m, 1400 m, and 1400 m, respectively, as shown in Figure 2c. Based on the field drilling
and fracturing results, the depth of the target fractured geothermal reservoir is between
2900 m and 3300 m.

(b) (©)

Production well " " Injection well - —2400 m

(1800, 1400, 1400)

Temperature

242 °C
—2900 m H
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400 m 1400 m 5
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Figure 2. Schematic diagram of (a) the conceptual CO,-EGS with one production well and one
injection well [18], (b) the heterogeneous fractured reservoir model, and (c) the 3D model geometry
and simulation grids [3].

The diameter of the wellbore is 200 mm, and the length of perforation interval is
50 m both for the production well and injection well. The horizontal distance between
two vertical wells (e.g., injection well and production well) is 400 m. To improve the
heat production performance using CO, as working fluids, a novel two-well pattern was
designed for the fractured geothermal reservoir. The cold CO; was injected into the
reservoir at the bottom of the target fractured geothermal reservoir and produced from
the top of the target fractured geothermal reservoir (Figure 2b). Our previous numerical
studies have proved that this well layout is beneficial for the cold fluid to extract more
heat from an in situ rock matrix [43]. This is mainly because the longest flow path between
the injection well and production well can significantly enhance the heat exchange time.
For the proposed two-well geothermal production model in this work, the depth of the
production interval is 2950 m, and the depth of injection interval is 3300. Thus, the vertical
distance between the production interval and the injection interval in the fractured reservoir
is 350 m.

Many EGS fracturing test results indicated that the permeability of the fractured
geothermal reservoir was heterogeneous. Generally, the reservoir permeability around the
wellbore was greatly larger than that in the far well area [44,45]. This phenomenon has also
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been observed during hydraulic fracturing in the Gonghe Basin EGS site [46], as shown in
Figure 3. Therefore, heterogeneous permeability distribution for the artificial geothermal
reservoir should be considered. In our model, three fractured regions were considered
with different initial permeability. As shown in Figure 2b, these fractured regions were
labeled as the outermost (ks1), middle (kp,), and innermost (ks3) regions, respectively. Based
on the field fracturing results [39], the distances from the boundary of these three fractured
regions to the wellbore were 40 m, 160 m, and 200 m, respectively.

X-Z side view Slices of different depth

Distance/m

__
0.4 0.6 0.8 1.0
Normalized fracture permeability

Figure 3. Distribution of EGS reservoir permeability from the inversion of microseismic data at the
Gonghe Basin EGS site [46].

To obtain accurate modeling results, the numerical model considers fine and het-
erogeneous spatial discretization (Figure 2¢). In the horizontal direction, the size of the
simulation grids was 10 m in the well perforation layer. In the fractured reservoir, the size
of the simulation grids ranged from 20 m to 40 m. However, the size of the simulation
grids increased to 100 m in the surrounding rock matrix, because heat conductivity mainly
occurred in this region (i.e., granite with low permeability). In the vertical direction, the
size of the simulation grids was 10 m in the fractured reservoir and 50 m in the surrounding
layer. For the one-dimensional production well and injection well, the discretization of the
wellbore was consistent with the reservoir in the vertical direction. In addition, the MINC
method was used to calculate the fluid flow and heat exchange between the fractures and
rock matrix in the fractured geothermal reservoir [16]. As shown in Figure 2c, the rock
matrix in our model was divided into two sub-grids, and their volume fractions were 28%
and 70%, respectively. Thus, the volume fraction of the fracture was about 2% [31,32,35].
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2.4. Model Parameters

Table 1 displays the main hydraulic and thermal model parameters. Most of these
parameters are based on the sampling and laboratory test results [32]. The rock density
was 2623 kg/m?3. The heat conductivity and specific heat of the rock were 3 W/(m-°C) and
980 ]/ (kg-°C), respectively. For the fractured reservoir, the permeability in the outermost
(kr1), middle (k) and innermost (kg) fractions were assumed to be 50 mD, 75 mD, and
100 mD, respectively [44]. The porosity in the fractured reservoir was assumed to be 0.5.
The rock matrix has significantly low porosity and permeability according to previous
numerical studies [31,33]. The production period of the proposed CO,-EGS was assumed
to be 30 years.

Table 1. Reservoir and wellbore parameters used in the model.

Properties Value
Reservoir
Density (kg/m?) 2623
Specific heat (J/(kg-°C)) 980
Heat conductivity (W/(m-°C)) 3
Volume fraction of fracture 0.02
Fracture spacing (m) 50
Fracture porosity 0.5
Matrix porosity 1x107°
Permeability in fractured reservoir
ker (m?) 50 x 10~15
ke (m?) 75 x 10715
kg3 (m?) 100 x 10~1°
Matrix permeability (m?) 9 x 10717
Wellbore
Heat conductivity (W/(m-°C)) 251
Diameter (m) 0.2
Roughness (mm) 0.046

2.5. Initial and Boundary Conditions

Based on the field measured temperature at the GR1 well in the Qiabugia geothermal
area (Figure 1), the initial temperature distribution of the geothermal reservoir ranged
from 144 °C to 242 °C, corresponding to the 2400 m to 3800 m depth. The initial pressure
distribution followed a hydrostatic gradient, and the initial pressure at the reservoir top
was 24 MPa [47]. Noteworthy, a CO,-dominating geothermal reservoir is assumed in the
subsequent discussion. This suggests that the process of CO, displacement of native brine
has not been simulated. In addition, our model does not consider geochemical processes
because of the smaller time scales. The initial temperature at the wellhead of the two
vertical wells was 18 °C. The injection temperature of CO, remained constant at 30 °C
throughout the simulation. The geothermal production condition of the numerical model
was fixed wellhead pressure; for example, 12 MPa at the injection well and 10 MPa at the
production well. High-pressure injection and production were used to ensure that the CO,
was in a supercritical state.

3. Results and Discussion
3.1. Production Temperature, Flow Rate, and Heat Extraction Rate

Generally, changes in production temperature, flow rate, and heat extraction rate are
very important criteria for defining the heat production performance. For the two-well
geothermal production system, the heat extraction rate G can be calculated as:

G= Fprohpro - Finjhinj (6)
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where Fpm and Finj are the mass flow rates in the production well and injection well,
respectively, and hr, and h;;; are the specific enthalpy at the production well and injection
well, respectively. In this work, the specific enthalpy was dynamically calculated based
on the temperature and pressure at the wellhead. This means the heat extraction rate
is dependent on key operational variables, such as injection/production pressures and
temperatures during geothermal production.

Figure 4 shows the evolutions in production temperature, mass flow rate, and heat
extraction rate at the production wellhead over 30 years. According to the changes in
production temperature (Figure 4a), the heat production process can be divided into
two stages: the ascending stage (0-9 years) and the declining stage (9-30 years). In the
ascending stage, the production temperature gradually increases from 114.5 °C to 120.3 °C;
an increase of about 5%. The slight increase in production temperature is mainly because
of the gradual displacement of deep geothermal fluids into the production wells via the
injected CO;. This phenomenon further proves the superiority of the well layout method
presented in this work, because this well layout can significantly prolong the flow path of
the injected CO;. More details on the comparison of well layout designs can be found in
our previous published paper [43]. Due to the process of CO, displacement of native brine
not being simulated in our model, water evaporation and salt precipitation did not occur
as reported by Borgia et al. (2012) [48]. In the declining stage, the production temperature
decreased from 120.3 °C to 96.4 °C; a decrease of about 20%. The significant decrease
in production temperature was mainly due to the cold CO, gradually flowing into the
production well.

(a) (b) (©)
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E
1
Heat extraction rate (MW)

g

T T T T T T T T T T T T T T r
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (years) Time (years) Time (years)

Figure 4. Evolutions of (a) production temperature, (b) mass flow rate in the production well, and
(c) heat extraction rate during the production over 30 years.

Since the geothermal production was maintained as the constant pressure gradient
(e.g., Pinj = 12 MPa, Ppro = 10 MPa), the production rate was basically unchanged with a
high value of about 150 kg/s (Figure 4b). The modeling results indicate that the injection
mass rate was basically consistent with the production mass rate throughout the production
period of 30 years. Furthermore, CO,-EGSs can achieve higher production rates even under
smaller production pressure gradients (e.g., 2 MPa). This is because of the better mobility
of CO, compared to water. According to Equation (1), the changes in heat extraction rate
can be obtained as shown in Figure 4c. The heat extraction rate was mainly controlled by
the production temperature, because the mass flow rate was basically constant at 150 kg/s.
The heat extraction rate in the ascending stage gradually increased from 37.12 MW to
38.09 MW; an increase of 2.6%. The heat extraction rate in the declining stage decreased
from 38.09 MW to 32.63 MW; a decrease of 14.3%.

Because few studies have focused on the performance criteria of CO,-EGSs, the per-
formance criteria of water-EGSs were used for reference. Generally, a maximum decrement
in production temperature of less than 10% is required for sustainable operation during
geothermal production [49]. In this work, the maximum decrease in production temper-
ature was about 20% for the proposed CO,-EGS. Though the temperature index of the
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proposed CO,-EGS is below the commercialization target, the mass flow rate of 150 kg/s is
far greater than the suggestion of 40-60 kg/s in a water-EGS [50]. This suggests a promis-
ing production potential in the CO,-EGS due to the high mass flow rate. The maximum
decrement of heat extraction rate was predicted to have the value of 14.3%, which indicates
that the proposed CO,-EGS has a promising heat extraction performance. In addition, the
heat extraction rate was always greater than 32 MW, indicating that the proposed CO,-EGS
has a great geothermal power generation and heating potential.

3.2. Spatial Distribution of Reservoir Temperature

As mentioned above, the production temperature showed a strange phenomenon
when using CO, as the working fluid, such as a significant increase (e.g., about 5%) in
the first 9 years. This can be clearly explained by the spatial distribution of reservoir
temperature. Figure 5 shows the spatial distribution of the rock matrix temperature in
the geothermal reservoir at three different times (e.g., 1, 10, and 30 years). In the first
year, the low-temperature region induced by the cold CO, injection is mainly concentrated
near the injection well (Figure 5a). With the increase in geothermal development time, the
low-temperature area gradually expands to the production well. When the geothermal
system has been in operation for 10 years, the low-temperature area has migrated to the
producing well (Figure 5b). This means that there is insufficient contact with the hottest
rock matrix for the recharged CO, to be fully heated. Therefore, the geothermal production
temperatures began to drop (Figure 4a). However, in the ascending stage, the slow increase
in production temperature is mainly due to the recharged CO, displacing the deep hot
fluids gradually upward into the producing well. Therefore, there is a slight increase in
reservoir temperature under the production well, as shown in Figure 5a,b. It is interesting
that the trapezoid cold area occurs in the fractured geothermal reservoir. This is because
the natural convection of CO; fluid is significantly stronger than that of water [3,51]. As
shown in Figure 5c, the dual-vertical well pattern with vertical difference proposed in this
work is very beneficial for geothermal production using CO, as working fluids. This well
pattern provides a long flow path for the injected cold CO, with enough time for heat
exchange and to avoid early thermal breakthroughs. This has also been demonstrated in
our previous comparative study [43].

T (°C): 70 2 110 130 150 170 190 210 230
(b)
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-1000

-1200
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Figure 5. Spatial distribution of the rock matrix temperature in the fractured geothermal reservoir at
(a) 1 year, (b) 10 years, and (c) 30 years [3].

3.3. Changes in CO, Velocity, Density, and Specific Enthalpy along the Wellbore

The proposed CO,-EGS obtained a promising production performance during the
30-year production. This is mainly owing to the better mobility of CO, resulting in high
mass flow rate and heat production rate. However, the distribution of fluid velocity, density,
and specific enthalpy along the wellbore should be further considered. These parameters
and their changes are very important for sustainable geothermal development using CO,
as the working fluid. Figure 6 shows the vertical distribution of CO; velocity along the
production and injection wellbores after 15 years of geothermal production. There is a
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significant difference in the fluid velocity distribution between the injection well and the
production well when using CO; as the working fluid. The CO, velocity at the injection
well is basically constant. However, the CO, velocity at the production well significantly
increases from 12.29 m/s to 22.97 m/s. This is mainly due to the significant changes in CO,
density during geothermal production in the production well, as shown in Figure 7.
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Figure 6. Distribution of the CO, velocity along injection and production wellbores after 15 years of
geothermal production [3].
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Figure 7. Changes in (a) density and (b) specific enthalpy of CO, along the wellbore after 15 years of
production. The background shows the contour lines of density and specific enthalpy at different
temperatures and pressures.

Generally, the CO, velocity in the wellbore is inversely proportional to the CO; density
for the specified mass flow rate. Figure 7 shows the transient changes in density and
specific enthalpy along the injection and production wellbores after 15 years of geothermal
production. Contour lines of density and specific enthalpy at different temperatures and
pressures are also shown in the background. Compared to water, the CO, density is affected
by both temperature and pressure (Figure 7a). The modeling results indicated that the CO,
density significantly changes in the wellbores during geothermal production, especially
in the production well. The difference of the CO, density between the well bottom and
the wellhead in the injection well is 66.61 kg/m?, while it increases to 426.92 kg/m? in the
production well. This is mainly because the temperature of CO, in the production well
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is significantly higher than that in the injection well. In addition, the significant density
difference in the production well is the main reason that causes the CO, velocity variation
in the wellbore (Figure 6).

As shown in Figure 7b, the CO;-specific enthalpy is significantly affected by both the
pressure and temperature. At the injection well, the CO, temperature slightly increases
from 30 °C to 55.22 °C at the well bottom, which is mainly controlled by the heat exchange
between the wellbore and surrounding rocks. Due to the slight changes in pressure and
temperature at the injection well, the specific enthalpy of CO, changes slightly along the
injection well. However, the production temperature is drastically reduced by 62.61 °C
when the CO, flows from the bottom to the wellhead in the production well. This is mainly
controlled by the significant Joule-Thomson effect [52]. Generally, the Joule-Thomson
effect results in a significant decrease in temperature, especially for the high-temperature
CO;, fluid in the production wellbore [53].

The Joule-Thomson coefficient can be used to quantitatively characterize the Joule-
Thomson effect, which can be defined as

oT
HI-T= <3P>h @

According to Equation (7), the Joule-Thomson coefficient is numerically equal to the
partial derivative of temperature to pressure under constant specific enthalpy conditions.
Figure 8 shows the vertical distribution of the Joule-Thomson coefficient along the produc-
tion and injection wellbores after 15 years of geothermal production. The Joule-Thomson
coefficient in the production well is significantly greater than that in the injection well.
This is the main reason that fluid temperatures in the production well change more than
that in the injection well (see Figure 7). In addition, the Joule-Thomson coefficient at the
production well significantly increases from 1.7 °C/MPa to 4.6 °C/MPa. This indicates that
the Joule-Thomson effect increases gradually during the upward flow of CO, along the
production well. As a result, the rapid drop in fluid temperature occurs in the production
well due to the significant Joule-Thomson effect. For the geothermal production well, the
wellbore flow of the proposed CO,-EGS can be regarded as an isenthalpic process due to
the relative change in specific enthalpy of CO; is very small. However, the rapid decrease
in production temperature makes it difficult for the proposed geothermal system to meet
the requirements of commercial geothermal production (e.g., stable production tempera-
ture). Therefore, methods of reducing the Joule-Thomson impact are very important for
the development of CO,-EGSs. Pre-optimization of the potential parameters of wellbore
diameter, production pressure, injection pressure, fluid flow rate, injection, and production
temperatures are required to reduce the negative effects based on the field geothermal
utilization patterns. For the proposed geothermal system, the only variable we can control
is pressure, and so reducing pressure loss in the production well is an important way in
which we can minimize this effect. In addition, this negative impact can also be mitigated
by the use of physical materials, such as by using casing and cement materials with low
heat conductivity to resist heat transfer between the wellbore and the surrounding rocks,
especially in the production well [54].

3.4. Evaluation of Heat Production Performance

Based on the above discussion, the simulation results indicate that the proposed CO,-
EGS has a promising mass production rate and heat production performance during the
30-year production period. On the one hand, the proposed CO,-EGS is very beneficial
for additional CO, geological storage in the deep formation. In this work, we do not
intend to estimate the sequestration capacity because there are no available data on the
fractions of CO, mass flow that would be lost in the geothermal reservoir. In addition,
the process is extremely complex and the loss rate likely depends on the site-specific
porosity, permeability, water chemistry, and mineralogy of the geothermal reservoir [16].
Therefore, coupled modeling of multiphase fluid and heat flow, solute transport, and
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chemical reactions should be considered to estimate additional CO; geological storage
in the future. On the other hand, the high heat extraction rate suggests a great power
generation potential for CO,-EGSs in the Gonghe Basin geothermal site. The novel dual-
vertical-well CO,-EGS proposed by this study is one of the preferred production schemes. It
is believed that the development of CO,-EGSs for power generation is a beneficial method
of realizing carbon neutrality by 2060 in China. According to the spatial distribution of
the reservoir temperature, the placement of the perforation interval at the production well
should be prioritized at the top of the target geothermal reservoir. This is conducive to
increasing the flow path of the CO, and significantly improving the heat transfer efficiency
of the CO,-EGS. In fact, this advantage also exists in water-based geothermal systems [4,43].
In addition, the operation of a CO,-EGS requires very little external pump consumption
due to the significant effect of the produced thermosiphon using CO; as the working
fluid [19]. This can be proven by the relationship of the CO, density and velocity between
the production well and the injection well. As a result, the CO,-EGS suggests a better
production performance because of the high flow rate using CO, instead of water as
the working fluid [15]. As shown in Figure 9, the mass production rate of a CO,-EGS
is significantly higher than that of a water-EGS under the same production conditions
(e.g., reservoir properties, production pressure gradient, etc.).

500 4
1000 -
1500 -

2000

Depth (m)

2500 -

Injection well

3000 3
] Production well

3500 - y r T T
0 1 2 3 4 5

Joule-Thomson coefficient (°C/MPa)

Figure 8. Distribution of the Joule-Thompson coefficient along injection and production wellbores
after 15 years of geothermal production.

Previous studies have shown that CO,-based geothermal systems are more suitable
for development in low-temperature geothermal reservoirs [24] because the CO, temper-
ature in the injection well is relatively high (e.g., 55.22 °C at the well bottom, Figure 7).
However, geothermal production using CO; as the working fluid is also favorable for the
high-temperature reservoir in the Gonghe Basin by considering the heat production perfor-
mance of this work. It is noted that the modeling results indicate that the heat production
performance of the CO,-EGS is greatly affected by the borehole and geothermal reservoir
conditions. This means that different geothermal site conditions require different studies
and analyses to determine the best production scheme for the CO,-based geothermal sys-
tems. In particular, the Joule-Thomson effect is a huge barrier to achieving the commercial
production standard for the CO,-EGS.
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Figure 9. Comparison of mass flow rate for use of two working fluids [3].

3.5. Limitations of Using CO, as the Working Fluid

Although the CO,-EGS has many advantages, there are some challenges associated
with using CO; as the working fluid for geothermal production. CO; is known to be
more corrosive than water, which can pose challenges for maintaining well integrity in
CO,-EGS systems. The corrosive nature of CO, may require additional measures to ensure
the long-term integrity and reliability of wellbores and surface infrastructure. The physical
properties of CO; (e.g., its lower density and viscosity and higher thermal expansion
behavior) compared to water may require modifications in wellbore designs and reservoir
management strategies. As CO; is used as the working fluid, the potential risk of CO,
leakage needs to be carefully considered. If CO; leaks into shallow aquifers, CO, dissolution
in groundwater will significantly change the water chemical balance and affect the quality
of groundwater. In addition, CO; is a greenhouse gas, and its unintended release into the
atmosphere can contribute to climate change. Therefore, implementing proper monitoring
and mitigation strategies to prevent CO; leakage is essential. The effective solution of these
problems is important for the sustainable operation of CO; based geothermal systems. As
mentioned above, implementing CO,-EGS systems may involve higher upfront costs due
to the need for specialized equipment and infrastructure. Additionally, the scalability of
CO,-EGS technology on a larger commercial scale might still be a challenge, and further
research and development are needed to optimize its economic viability. The feasibility
and effectiveness of CO,-EGS can vary depending on the geological characteristics of the
geothermal site. Not all geothermal reservoirs may be suitable for CO, injection, and
careful site selection and characterization are required to ensure successful implementation.

4. Conclusions

A wellbore-reservoir coupled model was constructed to study the heat production
performance of the proposed CO,-EGS in the Gonghe Basin geothermal site. The het-
erogeneous fractured geothermal reservoir was considered in our model according to
the hydraulic fracturing responses. Two vertical wells with novel well perforation were
designed for effective geothermal production. Based on the fractured geothermal reservoir
at depths of 2900 m to 3300 m, the key geothermal production indicators (e.g., production
temperature, mass flow rate, and heat production rate) were forecasted for the long term of
30 years production. In addition, the numerical analyses provide a deep understanding of
the complex mass flow and heat transfer processes in the wellbore and geothermal reservoir
using CO; as the working fluid. Some conclusions are drawn as follows:
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(1) The proposed CO,-EGS shows a promising heat production performance for the
specified operating conditions using two vertical wells. The heat production processes
of the proposed CO,-EGS include the ascending geothermal production stage in the
first 9 years and the declining geothermal production stage in the following 21 years.
The geothermal production temperature and heat extraction rate gradually increase
during the ascending stage, while they drop by 20.0% and 14.3% during the declining
stage. The heat extraction rate meets the commercial requirements throughout the
30-year production. In addition, the flow rate maintains a steady level of 150 kg/s
throughout the entire production period.

(2) The dual-vertical well pattern with height difference is a preferred well layout for the
CO;,-based enhanced geothermal systems. This is mainly because the optimal flow
path can be obtained for the injected cold CO; to extract more heat stored in the rock
matrix, and thus a potential early thermal breakthrough can be avoided effectively.
In addition, the trapezoid cold area occurs in the fractured geothermal reservoir due
to the natural convection of CO; fluid being significantly stronger than water. This
further indicates that there must be a certain height difference in the perforation zone
between the injection well and production well for the CO,-EGS.

(3)  The velocity and density of CO, change significantly in the wellbore. The CO, velocity
increases from 12.29 m/s to 22.97 m/s during the upward process in the production
well. The difference of the CO, density between the well bottom and the wellhead
reaches 426.92 kg/m? in the production well. The significant density difference in
the production well is the main reason for the CO; velocity variation in the wellbore.
In the production well, a significant Joule-Thomson effect coupled with a drastic
temperature drop (e.g., about 62.61 °C) is observed based on the wellbore—reservoir
coupled model. This is a critical defect of the proposed CO,-EGS for stable geothermal
production. Therefore, pre-optimization analyses and physical material treatment
(e.g., thermal insulation materials) are required to reduce this negative impact during
the development of CO;,-EGSs.
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