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ABSTRACT

Increasing studies were conducted to compare heat extraction performances of CO2-EGS and water-EGS. However, these research
efforts never considered CO2 expansion effect in wellbore, which could not provide accurate enough comparisons between CO2-EGS
and water-EGS. Hence, based on a reservoir and wellbore coupling model, this paper comprehensively compares heat extraction
performances of a multilateral-well CO2-EGS and water-EGS considering the COz pressure work in wellbore. The temperature,
pressure and output thermal power distributions of multilateral-well CO2-EGS and water-EGS are analyzed. Multiple cases for
multilateral-well CO2-EGS and water-EGS are investigated, including assessment of differences in heat extraction using varying well
depths and reservoir pressures. Results show that when CO2-EGS mass flow rate is three times of water-EGS mass flow rate, the
reservoir outlet thermal power of CO2-EGS and water-EGS is similar. However, the CO2-EGS has much lower wellhead thermal
power than water-EGS, due to the noticeable temperature reduction in CO2-EGS wellbore induced by the CO: expansion.
Additionally, the CO2-EGS can perform better in a geothermal reservoir with a smaller well depth and higher reservoir pressure.

1. INTRODUCTION

CO2 and water are the most common working fluids for the EGS. The CO2-EGS concept using supercritical COz instead of water as
the EGS working fluid was first proposed by Brown (2000). Many studies (Pruss 2006; Pruss 2008; Luo et al. 2014; Pan et al. 2015;
Cao et al. 2016; Borgia et al. 2012) demonstrated that CO2-EGS had several advantages, such as the large buoyancy forces, gas-like
viscosity, liquid-like density, no dissolving rock minerals and partially CO2 sequestration. Additionally, massive studies have been
conducted to compare the heat extraction performances of the EGS with CO2 and water as the working fluids. Pruess (2006, 2008)
conducted a simulation analysis on a five-spot-well EGS to find that when the CO2 mass flow rate was four times of water, CO2 was
superior to water in the ability to extract heat. He also found that the CO2-EGS performance was significantly affected by the reservoir
pressure and the production well perforation interval. Luo et al. (2014) demonstrated that when the CO2 mass flow rate was two times
of water, the reservoir outlet temperature of the water-EGS was slightly higher than that of the CO2-EGS, and the water-EGS and
CO2-EGS had the same lifetime. Cao et al. (2016) found that under a certain pressure drop, the CO2-EGS had the higher mass flow
rate and higher heat extraction rate than the water-EGS, but the lifetime of the CO2-EGS was shorter.

Most of the aforementioned studies indicated that a CO2-EGS could obtain a better heat extraction performance than a water-EGS.
The conclusions in these studies were obtained mainly based on the reservoir outlet temperature from a reservoir model, which did
not consider the fluid flow and heat transfer in the wellbore. However, some previous studies revealed that the CO2 expansion had
significant effects on the CO2 temperature distribution in the wellbore. For example, Pan et al. (2015) used a reservoir and wellbore
coupling model to study the heat extraction performance of a CO2-EGS, and found that the wellhead outlet temperature of the CO2-
EGS was closely related to the pressure distribution in the wellbore. Phuoc et al. (2019) pointed out that the CO2 expansion in the
production well could induce a large heat loss and noticeably affect the CO2 wellhead temperature. Li et al. (2017) found that the
CO: expansion significantly affected the CO2 wellbore temperature distribution in a wide coz flow rate range. Shi et al. (2019a)
analyzed the temperature and pressure distributions of a CO2-EGS using a reservoir and wellbore coupling model, and found that the
COz pressure work could lead to a dramatic temperature reduction in the production well. Therefore, using the reservoir outlet
temperature rather than the wellhead outlet temperature to compare the heat extraction performances of the CO2-EGS and water-EGS
is not accurate enough. It is necessary to accurately estimate the heat extraction performances of the CO2-EGS and water-EGS through
a reservoir and wellbore coupling model considering the CO2 expansion effect in the wellbore.

We previously proposed a multilateral-well EGS using a single main wellbore to achieve injection and production (Song et al. 2018;
Shi et al.2018). The previous study (Song et al. 2018) demonstrated that the multilateral wells could enhance the injectivity and
productivity of the EGS and obtain a remarkable heat extraction performance. Figure 1 illustrates a schematic of this multilateral-
well EGS process (Song et al. 2018). The previous studies (Song et al. 2018; Shi et al. 2018; Shi et al. 2019a; Shi et al. 2019b; Shi et
al. 2019c) analyzed the temperature distributions of the multilateral-well EGS and investigated the effects of complex fracture
networks on the heat extraction performance of the multilateral-well EGS. However, the heat extraction performances of the
multilateral-well EGS with different working fluids have never yet been compared. Therefore, based on a reservoir and wellbore
coupling model, this paper comprehensively compares the heat extraction performances of a multilateral-well EGS with CO2 and
water as the working fluids. The temperature, pressure and output thermal power distributions of the multilateral-well CO2-EGS and
water-EGS are compared. Multiple cases are studied for the multilateral-well CO2-EGS and water-EGS, considering the differences
in their heat extraction using varying wellbore depths, injection temperatures, mass flow rates and reservoir pressures.
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Figure 1: The schematic diagram of heat extraction for a multilateral-well EGS (Song et al. 2018) and the structure of central
tubing (Shi et al. 2019a)

2. MODEL DEVELOPMENT

2.1 Thermophysical properties of the working fluids
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Figure 2: Comparisons of thermophysical properties for CO: and water (the red represents the high value and the blue
indicates the low value)
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In this paper, the CO: density and specific heat capacity are calculated by a CO:z equation of state developed by Span and Wagner (S-
W EOS) (Span and Wagner, 1996), while COz viscosity and thermal conductivity are obtained from equations developed by
Heidaryan et al. (Heidaryan et al. 2011) and Jarrahian et al. (Jarrahian and Heidaryan, 2012). The thermophysical properties of water
are described as a function of temperature and pressure according to the NIST (National Institute of Standards and Technology)
database (Linstrom and Mallard, 2001). Figure 2 illustrates the thermophysical properties of water and CO: vs. the temperature and
pressure. In the figure, the red represents the high value and the blue indicates the low value. Under the typical EGS conditions (423-
473 K, 10-60 MPa), the properties of water including density, specific heat capacity, viscosity and thermal conductivity are much
higher than those of COx. Particularly the specific heat capacity of water is about 2.5 to 3 times higher than that of CO2. The
temperature has more significant effects on the thermophysical properties than the pressure for water, while the CO2 properties
strongly depend on both the pressure and the temperature. Additionally, the COz density varies noticeably with the temperature and
pressure, and the water viscosity is obviously influenced by the temperature. Near the critical point (31.1 °C, 7.38 MPa) of COz, there
is a singularity for the CO2 specific heat capacity.

2.2 Mathematical equations

Our previous study has presented a geothermal reservoir and wellbore coupling model (Song et al. 2018). The mass conservation and
momentum equations in the central tubing and annulus are expressed as:
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where 4, (m?) represents the cross section area of central tubing and py (kg/m?) is the working fluid density. The symbol u (m/s) and
p (Pa) are the velocity and pressure. dp (m) and g (m/s?) are the central tubing hydraulic diameter and gravitational acceleration. In
Eq. (2), the second term on the right denotes the pressure loss in the tubing and annulus induced by the working fluid viscosity shear.
The parameter fp is the Darcy friction factor.

Egs. (3) and (4) are used to describe the energy conservation in the central tubing and annulus.
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where ¢pr (J/(kg-°C)) and T (°C) denote the working fluid heat capacity and temperature. Ar (W/(m-°C)) is the working fluid heat
conductivity. The second term on the right of Egs. (3) and (4) denotes the working fluid dissipated frictional heat. The third term on
the right indicates the gas pressure work induced by expansion. The parameter ap (1/ °C) is the thermal expansion coefficient. The
term Q; (W/m) represents the heat exchange between the central tubing and annulus, while Q2> (W/m) represents the heat exchange
between the annulus and the surrounding formation through the casing.

In the geothermal reservoir, the reservoir rock is assumed to be homogeneous and isotropic and the fluid flow is modelled by the
Darcy’s Law.
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where parameters ¢ and uy (Pas) represent the reservoir porosity and the fluid viscosity. & (m?) is the rock matrix permeability. In
this paper, the heat transfer in the geothermal reservoir is modelled by the local thermal equilibrium equation. The energy conservation
equation for the reservoir is written as:
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where (pcp)er and Ao are the effective volumetric capacity and the effective thermal conductivity.

3. INITIAL AND BOUNDARY CONDITIONS

The mathematical equations are solved in the finite element solver COMSOL. The computational model including a 1D wellbore and
a 3D geothermal reservoir, which can be found in the reference (Shi et al. 2019a). The previous study (Shi et al. 2019a) also
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demonstrated the detailed explanations on the coupling process of the 3D reservoir model and 1D wellbore model. The parameters
input in the model are listed in Table 1.

Table 1: Properties of the geothermal reservoir

Density  Heat conductivity =~ Heat capacity . Permeability
ttoms (kgm)  (W(m*C)  @lhgc) T my
Enclosing rock 2800 3 1000 1 1018
SRV 2700 2.8 1000 15 2x10°1

For the 1D wellbore model, the initial temperatures in the central tubing and annulus are 40 °C. The annulus wellhead temperature
remains constant at 40 °C. The annulus wellhead mass flow rates of the CO2-EGS and water-EGS are fixed at 80 kg/s and 25 kg/s,
respectively. The annulus bottomhole pressure is equal to the average pressure of the injection lateral wells obtained from the 3D
reservoir model. The central tubing bottomhole temperature and pressure are equal to the average temperature and pressure of the
production lateral wells calculated from the 3D reservoir model. The mass flow rates at the central tubing outlet for the CO2-EGS
and water-EGS remain constant at 80 kg/s and 25 kg/s. For the formation around the 1D wellbore, the temperature gradient is 0.05
°C/m with a ground temperature of 30 °C. For the 3D reservoir model, the initial temperature and pressure increase linearly from the
top to the bottom boundary. The temperature and pressure at the top boundary are 190 °C and 30 MPa. The geothermal and pressure
gradients are 0.05 °C /m and 10000 Pa/m. The top boundary is considered to be insulated due to a cap rock above the reservoir. The
temperatures on the bottom and side boundaries remain constant at the initial reservoir temperature. A no-flow condition is imposed
at all boundaries. The temperature of the injection lateral wells is equal to the annulus bottomhole temperature calculated from the
1D wellbore. The injection lateral wells mass flow rates of the CO2-EGS and water-EGS are 80 kg/s and 25 kg/s.

4. RESULTS AND DISCUSSIONS

4.1 Comparisons of multilateral-well CO2-EGS and water-EGS

Generally, the specific heat capacity of water is about 2.5 to 3 times higher than COz specific heat capacity (Figure 2). Therefore, to
extract the same amount of heat, the mass flow rate of CO2 should be about 3 times larger than water mass flow rate. The mass flow
rates of the CO2-EGS and water-EGS are set as 80 kg/s and 25 kg/s, respectively. Figure 3 shows the 30-year temperatures at the
bottomhole and wellhead of the central tubing and annulus for the multilateral-well CO2-EGS and water-EGS. At the central tubing
bottomhole (or at the production lateral wells), the production temperature of the multilateral-well CO2-EGS is the same as the water-
EGS production temperature before 21-years production. After 21 years, the CO2-EGS temperature decreases rapidly due to the
thermal breakthrough, while the thermal breakthrough is not observed during the entire 30-years production for the water-EGS. The
central tubing wellhead temperature of the water-EGS approximates to the central tubing bottomhole temperature and is much higher
than the central tubing wellhead temperature of the CO2-EGS. At the annulus bottomhole (or at the injection lateral wells), the
injection temperature of the CO2-EGS is about 17 °C higher than the water-EGS injection temperature.
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Figure 3: 30-year temperatures at wellhead and bottomhole of central tubing and annulus for multilateral-well CO2-EGS and
water-EGS

Figure 4 illustrates annulus and central tubing temperature distributions along the well depth after 30-years production of the
multilateral-well CO2-EGS and water-EGS. It can be observed that under the same injection temperature at annulus wellhead, the
CO2-EGS annulus temperature is increasingly higher than the water-EGS annulus temperature along the well depth. Additionally,
there is a noticeable temperature reduction (over 70 °C) from the central tubing bottomhole to wellhead for the CO2-EGS, while the
temperature in the central tubing of the water-EGS just decreases slightly, less than 8 °C. This is because the pressure work plays a
key role in the wellbore heat transfer of the CO2-EGS due to the large CO2 compressibility. For the injection process in the annulus,
the pressure gradient is positive from the wellhead to bottomhole, so the pressure work contributes to the higher temperature of CO»-
EGS than water-EGS. For the production process in the central tubing, the pressure gradient is negative from the bottomhole to
wellhead, so the pressure work causes a dramatic temperature reduction of the CO2-EGS.

Figure 5 shows the 30-year pressures at the wellhead and bottomhole of the central tubing and annulus for the multilateral-well CO2-
EGS and water-EGS. In the geothermal reservoir, the injection pressure at injection lateral wells (annulus bottomhole pressure) of
the water-EGS is larger than that of the CO2-EGS, while the production pressure at production lateral wells (central tubing bottomhole
pressure) of the water-EGS is lower than that of the CO2-EGS. Therefore, though the mass rate of COz is over 3 times larger than
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water mass rate, the pressure loss consumed in the geothermal reservoir for the water-EGS is still higher than the CO2-EGS. This can
be also found from Figure 6, which plots 30-year pressure losses in the geothermal reservoir, annulus and central tubing of the CO2-
EGS and water-EGS. The pressure losses in the geothermal reservoir of CO2-EGS and water-EGS are about 16 MPa and 26 MPa,
respectively. This indicates that CO2 has lower flow resistance in the reservoir than water, due to the much lower viscosity of CO2
than water viscosity (Figure 2). Additionally, the pressure loss in the central tubing of the CO2-EGS is noticeably high, while the
pressure losses in central tubing and annulus of the water-EGS are negligible. This is because the much higher velocity of COz in the
central tubing causes a much larger frictional pressure drop than water. Also, it can be observed from Figure 5 that the pressure
difference between annulus wellhead and central tubing wellhead for the CO2-EGS is 15 MPa, much lower than the pressure
difference (about 22 MPa) for water-EGS. This indicates that the density difference of CO2 induces buoyancy forces in the CO2-EGS

wellbore.
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Figure 4: Annulus and central tubing temperature distributions along the depth over 30-years production of multilateral-
well CO2-EGS and water-EGS
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Figure 5: 30-year pressures at wellhead and bottomhole of central tubing and annulus for multilateral-well CO2-EGS and
water-EGS
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Figure 7: 30-year output thermal power at bottomhole and wellhead of central tubing for multilateral-well CO2-EGS and
water-EGS

Figure 7 compares the output thermal power at the bottomhole and wellhead of central tubing for the multilateral-well CO2-EGS and
water-EGS. At the bottomhole of central tubing, the output thermal power of CO2-EGS and water-EGS is indeed similar and the
output thermal power of the CO2-EGS is even slightly higher than that of the water-EGS. However, at the later production stage, the
output thermal power of the CO2-EGS is lower than the water-EGS output thermal power due to the thermal breakthrough occurring
in the CO2-EGS. Furthermore, the central tubing wellhead output thermal power of the water-EGS is above 20 MW, slightly lower
than the bottomhole output thermal power. The output thermal power at the central tubing wellhead of the CO2-EGS is about 11 MW
before 24-years production, 10 MW lower than bottomhole output thermal power, which is caused by the significant temperature
drawdown in the central tubing.
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Figure 8: Annulus and central tubing CO: density and heat capacity distributions along the well length after 30 years
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Figure 9: Annulus and central tubing water density and heat capacity distributions along the well length after 30 years

The annulus and central tubing density and heat capacity distributions along the well depth after 30-years production for multilateral-
well CO2-EGS and water-EGS are illustrated in Figures 9 and 10. In the CO2-EGS, the density and specific heat capacity of CO2
vary significantly along the well depth, while the water properties of the water-EGS show minor changes in the annulus and central
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tubing. For example, the density and specific heat capacity of COz vary from 175 kg/m?® to 880 kg/m? and 1340 J/(kg-°C) to 2305
J/(kg-°C), while the water density and specific heat capacity just change from 842 kg/m? to 993 kg/m® and 4178 J/(kg-°C) to 4606

J/(kg-°C). This indicates that CO properties are highly sensitive to pressure and temperature and water-EGS has a more stable heat
extraction than CO2-EGS.

Through above comparisons between the CO2-EGS and water-EGS, we can conclude that when the mass flow rate of COz is about 3
times of the water mass flow rate, the bottomhole output thermal power of the multilateral-well CO2-EGS and water-EGS is similar.
Due to the higher flow rate of CO2, the CO2-EGS shows earlier thermal breakthrough than the water-EGS. However, CO> has a large
compressibility, so the pressure work plays a key role in the wellbore heat transfer of the CO2-EGS. The pressure work induces a
higher annulus temperature of the CO2-EGS than the water-EGS and a noticeable temperature reduction in the central tubing of the
CO2-EGS. Therefore, at the wellhead of central tubing, the production temperature and output thermal power of the CO2-EGS are
much lower than those of the water-EGS. The large CO: density difference between the central tubing and annulus provides the
buoyancy force for the CO2-EGS, so the pressure difference between annulus wellhead and central tubing wellhead of the CO2-EGS
is lower than the water-EGS. Though the buoyancy effect may compensate for the energy required for the COxz circulation, the central
tubing dramatic temperature reduction makes the output thermal power of the multilateral-well CO2-EGS much less than water-EGS.
Therefore, a multilateral-well water-EGS has a more stable operational process and better heat extraction performance than a
multilateral-well CO2-EGS.

4.2 Effect of well depth

Figures 10 and 11 illustrate 30-years central tubing well head temperatures and output thermal power for the multilateral-well CO2-
EGS and water-EGS under various well depths. The well depth indicates the depth where the injection lateral wells are located. As
the well depth decreases, the central tubing wellhead temperature and output thermal power of the CO2-EGS noticeably increase. For
example, when the well depth decreases from 3300 m to 2000 m, the central tubing wellhead temperature and output thermal power
of'the CO2-EGS improve 38 °C and 5 MW. This is because the decreasing of the well depth reduces the COz pressure work. However,
the central tubing well head temperature and thermal power of the water-EGS just rises slightly with the decrease of well depth, due
to the less heat exchange between the central tubing and annulus. Therefore, this suggests that the CO2-EGS is more appropriate for
a shallow geothermal reservoir than for a deep geothermal reservoir. The well depth has a negligible effect on the heat extraction
performance of the water-EGS.
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Figure 10: 30-years central tubing wellhead temperatures for multilateral-well CO:-EGS and water-EGS under various well
depths
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4.3 Effect of reservoir pressure

Figures 12 and 13 plot the 30-years central tubing wellhead temperatures and production pressure differences for the multilateral-
well CO2-EGS and water-EGS under various reservoir pressures. The reservoir top pressure mentioned in the figures indicates the
pressure on the top boundary of the reservoir computational model. As the reservoir pressure increases, the central tubing well head
temperature of the CO2-EGS improves dramatically. For example, when the reservoir pressure rises from 40 MPa to 60 MPa, the
CO2-EGS central tubing wellhead temperature increases by 20 °C. Under the higher pressure, the CO2 expansivity in the central
tubing decreases, which reduces the COz pressure work. Therefore, the CO2 temperature reduction in the central tubing induced by
the pressure work is weakened under the higher pressure. Additionally, the production pressure difference of the CO2-EGS only rises
a little with the increase of reservoir pressure. Hence, we can conclude that a higher reservoir pressure is beneficial for the heat
extraction performance of the multilateral-well CO2-EGS. Also, we can from Figures 12 and 13 that dash lines for the water-EGS
under various reservoir pressures are overlapped. This means that the reservoir pressure has no effects on the central tubing wellhead
temperature and production pressure difference of the water-EGS.
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Figure 12: 30-years central tubing wellhead temperatures for multilateral-well CO2-EGS and water-EGS under various
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pressures (dash lines for water-EGS are overlapped)

5. CONCLUSIONS

In this paper, the heat extraction performances of the multilateral-well CO2-EGS and water-EGS are compared based on a reservoir
and wellbore coupling model considering the COz expansion effect in the wellbore. The temperature distribution, pressure distribution
and output thermal power of the multilateral-well CO2-EGS and water-EGS are analyzed. The effects of well depth on the multilateral-
well CO2-EGS and water-EGS performances are evaluated. The differences in heat extraction of the multilateral-well CO2-EGS and
water-EGS using varying reservoir pressures are studied. Based on the setup of the computational model and assumptions made in
this paper, the key findings are as follows:

*When the mass flow rate of COz is about 3 times of water mass flow rate, the bottomhole output thermal power of the multilateral-
well CO2-EGS and water-EGS is similar. However, the CO2-EGS shows earlier thermal breakthrough than the water-EGS Due to the
higher flow rate of CO2. The CO2 pressure work makes the CO2-EGS annulus temperature higher than the water-EGS and induces a
noticeable temperature reduction in the central tubing of the CO2-EGS. Therefore, at the wellhead of central tubing, the production
temperature and output thermal power of the CO2-EGS are much lower than those of the water-EGS. The large CO2 density difference
between the central tubing and annulus provides the buoyancy force for the CO2-EGS, so the pressure difference between annulus
wellhead and central tubing wellhead of the CO2-EGS is lower than the water-EGS. Generally, the multilateral-well water-EGS has
a more stable operational process and better heat extraction performance than the multilateral-well CO2-EGS.
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*The smaller well depth can reduce the CO2 pressure work in the central tubing, therefore noticeably improving the central tubing
wellhead temperature and output thermal power of the multilateral-well CO2-EGS. The well depth has minimal effects on the heat
extraction performance of the multilateral-well water-EGS. Therefore, the multilateral-well CO2-EGS is more appropriate for a
shallow geothermal reservoir than for a deep geothermal reservoir.

*A higher reservoir pressure is able to reduce the CO2 pressure work in the central tubing of the multilateral-well CO2-EGS and
noticeably improve the central tubing wellhead temperature. Therefore, the multilateral-well CO2-EGS is appropriate for the
geothermal reservoir with the higher pressure. However, the reservoir pressure has negligible effects on the heat extraction of the
multilateral-well water-EGS.
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