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ABSTRACT
In the present work, fully coupled dynamic thermo-hydro-mechanical (THM) model was employed to

investigate the advantage and disadvantages of supercritical CO; (SCCO;) over water as geofluids. Low-
temperature zone was found in both SCCO,-EGS and water-EGS systems, but spatial expansion is higher in
water-EGS. Although, the spatial expansion of SCCO; into the rock matrix will help in the geo-sequestration.
The expansion of stress and strain invaded zones were identified significantly in the vicinity of fracture and
injection well. SCCO,-EGS system is giving better thermal breakthrough and geothermal life conditions
compared to the water-EGS system. Reservoir flow impedance (RFl) and heat power are examined, and heat
power are high in the water-EGS system. Minimum RFl is found in the SCCO5-EGS system at 45° C and 0.05
m/s. Maximum heat power for SCCO,-EGS was observed at 35° C, 20 MPa, and 0.15 m/s. Therefore, the
developed dynamic THM model is having greater abilities to examine behaviour of SCCO»-EGS and water-
EGS systems effectively. The variations occur in the rock matrix and the performance indicators are
dependent on the type of fluid, injection/production velocities, initial reservoir pressure, injection
temperature. The advantages of SCCO,-EGS system over the water-EGS system, providing a promising result
to the geothermal industry as geofluid.

Keywords: SCCO,-EGS, water-EGS, geofluid, thermo-hydro-geomechanical, reservoir flow impedance, heat

power
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1. Introduction
Energy demand and carbon emissions from the fossil fuels have become critical issues in

the many developed and developing countries. To meet the energy requirement
geothermal is the prominent resource due to its availability and it is clean, ecofriendly,
and the renewable resource [1-5]. The amount of geothermal energy resource is
estimated as 40-400 M EJ (1EJ=10%)) and it is approximately 100-1000 folds than fossil
fuels [6]. Enhanced geothermal systems will be producing heat from the low porosity and
low permeable zones to meet the energy requirements. The carbon dioxide emissions
from the fossil fuels will lead to increase global warming. Capturing and geological storing
of CO; have been major options for sequestering CO2; the deep oil/gas reservoirs, and
deep saline aquifers are used for geological storing purpose.

In the recent years, the CO, becoming most attractive as an alternative geo fluid for
extracting heat from the geothermal reservoirs. Brown first proposed the advantages of
CO; as geofluid compared to the water [7]. High compressibility, expansivity, and low
viscosity are the advantages of CO; over the water. These will increase the mobility in the
rock matrix and fracture compared to water. This will also reduce the pumping power
required to inject the geofluid into the hot rock to extract the heat. Another advantage of
the fluid from the prospect of the geo sequestration, if the fluid loss occurs from the main
hydraulic fractures in to rock matrix can have ability to permanently sequester the CO;
[8—14]. In the geothermal reservoirs, hydraulic fractures play an important role in the heat
extraction. This is because of the higher fracture permeability compared to the rock
matrix [13,15-18]. The thermal energy recovered from the geothermal reservoir by
injecting the relatively low temperature fluid into the hydraulic fracture from injection
well and producing high temperature fluid at the production well (i.e., the heat collecting
from the rock matrix) [17,19-22]. Fractures act as preferential flow channels in the
geothermal reservoir for carrying cold fluid from injection location to production location
and extracting heat energy from the rock matrix [10,23-26]. Geothermal reservoir
performance during the thermal energy production is mainly rely on the magnitude
permeable channels/fractures in the rock matrix for the movement of geofluid [27-29].

Development of geofluid flow field in the porous/fracture media is highly reliant on the

3
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thermal discrepancy in the rock matrix [27—32], which will be altering the temperature of
surrounding rock matrix. It can generate the variations in the porous media will lead to
compaction and expansion. Therefore, the type of fluid and physical properties and the
fracture and rock properties will play a key role in the heat production of geothermal
reservoir.

The advantages of super critical CO, (SCCO;) over the water as geofluid in the geothermal
reservoir for heat extraction is gaining more importance. Several researchers found that
the SCCO; showing promising numerical results due to the high compressibility, high
expansivity, low viscosity, low density, and low chemical interaction with the rock matrix
over the water [8-14,33—-38]. Pan et al. [34] studied the injection of supercritical CO; into
a permeable reservoir which is initially saturated with warer using coupled wellbore-
reservoir system. They also conducted the sensitivity analysis on the mass flow rate,
injection temperatre, and reservoir permeability. They found theat these parameters
influencing the extraction of heat from the reaervoir. Biagi et al [8] proposed an injection
scenarios used the TOUGH2 for the simulating the geothermal reservoir for heat
production using SCCO,. They mentioned that the decline in the heat extraction rate due
to the cooling of the reservoir. Liang et al [33] investigated the interactions of
water/+gas(COz) in the geothermal reaservoir for the production of heat. They inclueded
the variation of porosity and permeability as functions of geochemical reactions initiated
by the injection of CO; into hot reservoir. They didn’t consider the variation of other
properties of rock and fluid properties while injection/extraction heat. Yin et al [36] is also
workind on the injection of CO; into the porous media with cahnge in porosity and
permeability in a carbonate reservoir. Zhang et al [37] investigated the impact of CO,-EGS
and water-EGS interms of net power, thermal efficiency, and exergy efficiency. They
found that CO,-EGS porodeuces more power comparedd to the water-EGS system. Zhang
et al [11] workind on the CO; assisted heat recovery from the high temperature gas well
using the CMG-star simulator. Most the researchers are not considered the dynaic

behaviour of the reservoir and the fluid in their research.
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From the abovementioned, the present work is focused on the comparison of super
critical CO; (SCCO3) as geofluid with water using the dynamic behaviour of rock matrix,
fracture and also the fluid properties. The evolution of rock properties, fluid properties,
and temperature with SCCO, were examined exclusively with the comparison of water.
The properties of the injection fluids are considered above the super critical condition for
both CO; and water. In additions to that the performance parameters/indicators such as
reservoir impedance, geothermal life, breakthrough time, and heat power are
determined for the evaluation and development purpose. The influence of
injection/production velocities, initial reservoir pressure and also the injection
temperature on the production temperature, reservoir flow impedance, and heat power
are examined for both SCCO, and water and also comparison between them also
presented.

2. Mathematical Equations

2.1 Governing equations
The mathematical equation which will govern the transfer of heat in the rock matrix is

presented in Eq. (1).

(oC,),, % PuCola VT =V (A VT) =Qur +Qpr oo (1)

o T e N - (2)

At = ratoa + =BtV 20 (3)

Up ==LV (4)
i

The mathematical equation which will govern the transfer of heat in the fracture is given

in Eqg. (5)

afrc |:(pcp )eff :|frc %+ afrc ([)flcpw)frc ufrc VT -V. afrc (ﬂ’eff )frc VT = a‘frc (Qﬂ' +QmT )

The fluid flow velocity in fracture (u._) is given in Eq. (6)

frc

Ky -a,’
Uge = _ivpfrc = e forc ...... (6)
Ha 124y
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The injected cold fluid flow in the porous media and fracture are administrated by the
Darcy’s law, mass conservation law, compressibility equation and the force equilibrium
equations in the porous media.

The mathematical equation which will govern the geofluid flow in the rock matrix is given

in Eq. (7) [39].

8(¢matpﬂ ) _v. l:p Kot
fl

p VDot } —-0.=0 .. (7)

Hy

The mathematical equation for the poroelastic storage model is given in Eq. (8).

a(pf|¢mat) _ ﬂ apma’[
o M at

The Biot’s modulus and Biot-Willis coefficient ( ¢, ) are given in Eq. (9) and Eq. (10)[40,41].

1 o 1-4
_:ﬂ_}_(a _¢ma) L © T (9)
M K, - ™K,
K
o =1--< (10)
Kfl

The mathematical equation which will govern both the geofluid flow and geomechanical

effects in the porous media is presented in Eq. (10) (i.e., after merging Eq. (7) to Eq. (10)).

%{1_&_¢MJ1—¢M P _v,(z«m vp](lK_ja_ 0.
K Ky Ky ot Hy Ky ) ot

(11)
The volumetric strain (&, ) is given in the form of displacement vectors and presented in
Eq. (12).

£, =6, +Ey (85 =05(aug fox; +aug fox)) e (12)

The mathematical equation for the flow of geofluid in the fracture is given in Eq. (13)

afrc §(¢frcpﬂ )+VTn '(pfqurc) = afrcqmat """ (13)

The mathematical equation for the flow rate of geofluid (q.) per unit length in the

fracture is presented in Eq. (14)
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3

K Qi
Qe =— f afrchn Pic = f an Pre e (14)
My 12

The governing equation for the force balance for the poroelastic rock matrix is presented

in Eq. (15) [3,21,42-44]
V.o+ (pﬂgzﬁmat + Prat ) =0 and 0=0,, P = e (15)

The hydraulic fracture is taken as thin elastic layer. Force per unit area acting on the

fracture is represented mathematically as a function of spring constant (k,), damping
constant per unit area ( d , ) and fracture thickness (or fracture aperture) (a,, ) is given in

the following eq. (16).
o(u,—us—U,) 1 0% (u, +uy)

F,=-k,(u,—u, —u,)—d — =Pl ———— ... 16
A al 4 ~Up)—d, ot 2pfl f ot (16)
Spring constant for unit area is given in eq. (17)

ko=k,n®n+k,(l-n®n) L. (17)

The stiffness in the normal direction, and shear stiffness are defined as a function of both
elastic modulus and Poisson’s ratios of fractures are given in eq. (18) and eq. (19),
respectively.

Efrc (1_ U )

kn - afrc (1+ Ufre )(1_ 2Ufrc ) ...... (18)
_ Efrc
s Zafm (1+Ufrc) ...... (19)

2.2 Coupling mathematical relations
Variation of porosity in rock matrix is defined as a changes occur geomechanical and

thermal strains and is presented in Eq. (20) [43,45].

j _hrAsAs  rds —[or (1-4)AT ]
" 1+As, 1+Ag,

The elastic modulus of reservoir is considered as a function of porosity variation and

presented in Eq. (21) and it is developed by the Liu [46].

E
In (E] =—d(dm—¢) (21)
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The rock matrix and fracture permeabilities are given Eq. (22) and Eq. (23), respectively
[47-49].

In£K£J :{%ﬂ} &=Ce,. . (22)

0

o

(o}
Kien = Kirco exp(__lJ ...... (23)

The rock heat capacity of rock, thermal conductivity of rock are presented in Eq. (24) and

Eqg.(25) [43,50] and

(2.6log(x)+4.2)x10°
; if—-20<log(x)<-11
C,(x)= 27log(x)+03 TN (24)

~13.0log(x)+699.0;,  if -11<log(x)<-2
2,(T)=26-00025(T -293.15) .. (25)

Temperature dependent viscosity, density, heat capacity and thermal conductivity were

used in the present work. When water is used as geofluid Eq. (26) to Eq (29) [47,51] are

utilized.
1.38—-0.028T +1.36x107T*
—4.61x107T°+8.9x107°T*  |; if 0<T <140
t,(T)=<(-9.08x10°T*+3.84x10 1% ) ... (26)
0.004-2.11x10°T +3.86x10°T?)
:1f 140<T <280
+2.4x1071T°
P, (T)=83847+1.40T —0.003T*+3.72x107°T* .. (27)

Cow (T) =12010.15—-80.41T +0.31T% -5.38x10*T* +3.62x10 ' T* ..... (28)
Ay (T) =-0.869+0.009T —1.58x10°T?+7.98x10°T°> ... (29)

The variation of thermophysical properties of super critical CO; such as viscosity, density,
heat capacity and thermal conductivity are given in Eq. (30) to (33). These properties are
dependent on the temperature and pressure. These equations will be applicable for a
temperature range between 273 K to 553 K and pressure range between 15 MPa to 40

MPa [35].
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T.p) [7.14x107°T% —5.642x107°T —5.71x10°° p’ 0)
Hee ) =0
co | +2.186x10° p+0.0011
[0.00036T2 —0.3693T 2 +122T —0.333p?
1) el A (31)
Puco, (T.P) | +32.54p—12720 }
~4.9x10°T* +0.084T ? —49.11T +0.47 p°
CscCO2 (T’ p) = 2 AAAA . A e (32)
—42.1p° +1200p +276.3
~1.75x107°T% +2.29x10°T? —0.01T —1.89x10°° p°
j“scCOz ( ! p) = Y KR (33)
+0.0007 p> —0.006 p +1.46

3. Model Implementation in COMSOL

3.1 Computational Model
In this work, we created a 2D computational domain with fracture of length 200 m as

portrayed in Fig 1. Production and Injection wells are connected with the hydraulic
fracture and is depicted in Fig 1a. it is considered as a main flow channel for the geofluid

which is injected from the injection well and fluid is extracted at the production well. The
computational porous domain is having an permeability of 9.87x107"° m*with initial

porosity of 0.04. The size of the reservoir domain is considered as 500 m by 500 m and it
is sufficient to prevent the consequences from the boundaries while extraction process.
Quadrilateral meshing technique was employed in the present work with a size 0.1 m and
having a total number of 25000000 domain elements and 210000 boundary elements in
the meshed domain (Fig 1b). The properties of rock, fracture and geofluid (i.e.,

water/SCCO) are given in Table 1.

3.2 Initial and boundary conditions
The initial temperature of the geothermal reservoir is 425 K with and average reservoir

pressure is 15 MPa. The computational porous domain is suitable to restrict the effects of
boundaries during the heat recovery from the matrix while in operation. It will keep the
constant temperatures at the boundaries which is equals to the initial reservoir
temperature. The initial conditions of fluid flow, temperature and displacements field are

given in eq. (34), eq. (35), eq. (36) and eq. (37), respectively.

p(y.t) =00 L (34)
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Tyt =% (35)
[ux,uy]T = [O,O]T ...... (36)
ou, du, ' T

—,— =00 .
G %] -oa )

For the fluid flow, undrained condition was employed on the all boundaries of the
reservoir domain. In the structural module, as represented in the Fig 1b, two boundaries
were constrained with rolling boundary condition and two boundaries are constrained by
the lateral stresses. This study is attentive to the generation stress due to the thermal,
pore pressure and external stress/loads effects during the heat production. The
temperature of the geofluid (water or SCCO;) was varied from 35 °C to 45 °C with variable
injection rates between 0.05 m/s to 0.15 m/s. The initial fracture aperture is 0.5 mm with
a fracture length of 200 m, and Biot-Willie’s coefficient is 0.5 considered in the present
work. Physical fields such as pressure, temperature, and displacement are examined in
the present work during the heat extraction process by fully coupled model.

The boundary conditions are primarily concerned at injection well, production well and
at the boundaries of the rock matrix. The fluid flow boundary conditions at the injection

well and production well are represented in Eq. (38) and Eq. (39), respectively.

At injection well: m(t)|inj =UpPy e (38)
At production well: rh(t)|prod =UPn (39)

Heat flux boundary condition was employed at the injection well and is given in eq. (40).
Atinectionwell: g =(C,) (Ty ~To)Uyos o (40)

3.3 Implementation in COMSOL Multiphysics

COMSOL Multiphysics 5.4 (Institute license version from the IIT-Madras) was used in the
present research work. Plentiful researchers and engineers utilized the COMSOL
Multiphysics for the fully coupled numerical investigations [25,44,52—57]. COMSOL inbuilt
modules are used in the present work to investigate the coupled impact of THM

interactions both in the fracture and rock matrix. The modules used in the present work

10
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are heat transfer in porous media, Darcy law, and solid mechanics along with the
poroelasticity and thermal expansion modules. In addition to those modules, dynamics
fluid and rock/fracture properties were embedded as local variable in the component
section. The comparison of the fluid properties of water and SCCO; is depicted in the Fig
2. It was found that SCCO; has much less values in all the properties compared to the
water in the operating conditions. In the geomechanics module (i.e., solid), hydraulic
fracture is designated as a thin elastic layer’s boundary element. The governing equations
for the elastic layers are presented from Eq. 16 to Eq. 19. The fluid and heat flow in the
fracture is employed using the fracture flow submodule was employed. The flow chart for
solving the proposed THM model is presented in Fig 3. To stabilize the model, initially a
stationary solver without boundary conditions was employed (i.e., with initial conditions)
and then time dependent solver for 30 years.

4. Results and Discussion

4.1 Verification
Porous media with fracture will create complexity in dealing which will increase the

intricacy in computational solving. To solve the developed fully coupled dynamic
mathematical model we used the COMSOL Multiphysics, and it is a finite element tool. In
the present work, hydraulic fracture is considered as the main conduit flow channel.
Dynamic fluid and rock/fracture properties were explicitly employed using Eq. (20) to Eq.
(33). The developed dynamic THM model and its accuracy are validated with the work of
Lauwerie’s [58]. Fig 4a represents the geometry with single fracture for the verification of
transfer of heat. The equation for the spatiotemporal (i.e., x, and t) variation of

temperature is given in Eq. (41)[58].

T(x1)=T, + (Tinj —To)erfc (imx/pflcpnafrc) Uger {t _i} _____ (41)
\/ A (uﬂt—x) U
L\ PiCir ]

The rock/fracture and fluid parameters for the validation purpose were given in the Table
2. The model results from the COMSOL Multiphysics were compared the work of

Lauwerie’s [58] and presented in Fig 4b and Fig 4c. It is clearly identified that; the error is
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less than £5%. Thus, the proposed dynamic THM model can estimate the temperature of
geofluid in the hydraulic fracture. Therefore, we can use the developed dynamic THM

model to examine the het production from the geothermal reservoir.

4.2 Evolution of temperature
The spatiotemporal temperature variations in the rock matrix and fracture was examined

in the present work with SCCO; and water as geofluids and presented in Fig 5 and Fig 6.
The comparison between the SCCO; and water as geofluids also studied in the present
work (i.e., Fig 6). From Fig 5, it has been found that temperature of the SCCO; in the
fracture is gradually rising (i.e., lower to high) while moving from injection well to
production well. It is due to the exchange of heat from the rock matrix to the geofluid-
SCCO; and it will attain to maximum before reaching to production well. It will create a
temperature difference in the fracture from injection to production well (Fig 5). It was
also found that the injection/production velocity is playing an important role in the
expansion of low-temperature region in the vicinity of hydraulic fracture. It has been
found that the expansion of low-temperature region is fast and high in the high
injection/production velocity (i.e., 0.15 m/s) scenario compared to low
injection/production velocity (i.e., 0.05 m/s). Similarly, the temperature in the fracture is
influenced by the injection/production velocity. The comparison of water and SCCO; as
geofluids is presented in the Fig 6. At same injection/production velocity, the low
temperature region is spreading comparatively faster while using water compared to
SCCOa.

The impact of injection velocity, initial reservoir temperature, initial reservoir
temperature on the production temperature is presented in Fig 7. It has been found that,
the temporal decrement in the production temperature with time and injection velocity
(i.e., Fig 7a). This is because of the spreading of low temperature region in the rock matrix
which is near the hydraulic fracture and it is faster in the high velocity scenario compared
to low velocity. It will reduce heat extraction from the rock matrix compared to the early
stages of injection-production operation, furthermore it will reduce the production
temperature. Alike SCCO,, production temperature was decreased temporally and
increasing velocity when water is used as geofluid (Fig 7d). Initial reservoir pressure is also
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influencing the production temperature and extracting maximum production
temperature at initial reservoir of 15 MPa and minimum at initial reservoir of 20 MPa (Fig
7b). It is due to the heat capacity, and thermal conductivity of SCCO; is a function of both
temperature and pressure. Similar nature was not found when water using as a geofluid
(Fig 7e). It is due to the properties of water are not a function of pressure and only
dependent on the temperature. It was also found that, the injection temperature is
influencing the production temperature. For higher injection temperature, production
temperature is high compared to the low-injection temperature of the geofluid (Fig 7c).
When water is used as a geofluid, injecting at low temperature (35°C) is more influencing
compared to the higher temperatures (40°C and 45°C).

The comparison of both water and SCCO; as geo fluid on the production temperature was
depicted in Fig 7g to Fig 7i. It was found that, steep reduction of production temperature
was found when wusing the water compared to SCCO, with increase in
injection/production velocity (Fig 7g). The initial reservoir pressure is not showing
negligible impact on production temperature when using water, but it is much lesser
compared to SCCO; as geofluid at constant operating conditions (Fig 7h). Similarly,
injection temperature is influencing the production temperature when using water and
SCCO; as geofluids, but high production temperatures were recorded when using SCCO».
Fig 8 depicts the production temperature at different operating conditions when using
SCCO; as geofluid. It was found that, minimum production temperature was recorded
when injecting/producing SCCO; at 0.15 m/s at initial reservoir pressure of 20 MPa. Thus,
SCCO; is providing the better results compared to water in the prospect of production
temperature from the reservoir and also the spreading of low-temperature zone at similar

operating conditions.

4.3 Evolution of stress, and strain
The variation of geomechanical properties such as stress, strain in the rock matrix and

fracture are studied and presented in the present work. The Von-mises stress, Tresca
stress, mechanical strain, thermal strains were examined. Von-mises stress is used to
determine the fracture/yield of the rock under the load which is equal or greater than the
yield strength of the rock. Fig 9 represents the spatiotemporal evolution of Von-mises
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stress (in MPa) when using SCCO> and water at injection/production velocities of 0.05 m/s
and 0.1 m/s. It was found that, von-mises stress is expanding from the fracture to the rock
matrix. The stress is expanding its intensity from the injection well to fracture, then to
rock matrix. The distribution is regular when using SCCO; at lower injection/production
velocity, and the low stress region is increasing in the vicinity of injection well (Fig 9a1 to
9as). When using the water as geofluid, the distribution of von-mises stress is irregular
after the five years of injection/production operation (Fig 9b1 to 9bs). The values in both
the scenarios are less than the yield stress/elastic modulus of the rock. In both the cases
the rock will not fail under the load due to the yield stress will not exceeds the vyield
strength of the rock. It was found that injection/production velocity is influencing the
distribution of von-stress in the rock matrix along with the type of fluid. At higher the
velocities (Fig 9), the distribution is irregular with time increases. At high velocities, the
fluid may try to escape form the fracture to enter into the rock matrix. It will lead to
restructuring of rock in the vicinity of fracture, furthermore it will create abnormalities in
the rest of the rock. These abnormalities create the increase in the von-mises stress in the
rock and lowering at the fracture (specifically near injection well). Thus, the type of fluid
and the injection/production velocities are influencing the generation of von-mises stress
(also distribution) in the rock.

The tresca stress defined as the failure of the rock occurs at a critical value of the
maximum shear stress (i.e., =0.5yield strength of the rock). Fig 10 illustrates the tresca
stress (in MPa) in the rock matrix and fracture with SCCO, and water. It was found that
the distribution of tresca stress is different than the von-mises stress distributions. At the
early stages the maximum tresca stress will be generates at the injection and production
wells (i.e., Fig 10a1, 10b1, 10ci1, and 10d1). With time progression the maximum tresca
stress retain at the production well and lowest will be found in the vicinity of injection
well. Specifically, minimum tresca stress will be found at the low-temperature zone
compared to the rest of the reservoir. It was also found that the maximum tresca stress
is found just away from the low temperature zone. The maximum value of the tresca

stress is less than the maximum shear stress, thus the rock will not fail due to the shear
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stress generated during the cold fluid injection and heat extraction process. The tresca
stress is dependent on the type of fluid and the injection/production velocity and it was
clearly observed from the numerical results (i.e., Fig 10).

Thermal strain, mechanical strain and combined strain are computed and illustrated in
Fig 11. It was found that mechanical strain is dominated compared to the thermal strain.
It was observed that negative thermal strain was playing vital role in the vicinity of
production and positive thermal strain was governed in the vicinity of injection well. It
was also found that thermal strain is dominated in the low-temperature zone and
minimum mechanical strain is found in the same zone. The thermal and mechanical strain
dominated region is also dependent on the type of fluid is using. More water is entering
into the rock matrix from the injection well and fracture compared to the SCCO,, and it
was clearly identified in the form of stress-strain variation in Fig 10 and Fig 11. It was also
found that the injection/production velocity is influencing the thermal and mechanical
strains. Higher the injection/production velocity, the spreading of thermal strain and
mechanical strain are higher specifically in the low-temperature zone. Thus, thermal,
mechanical, and combined stains are highly influenced by the type of fluid, and

injection/production velocity.

4.4 Evolution of rock and fluid properties
The dynamic of fluid, rock, and fracture properties are integrated with the proposed THM

model in the present work. Fig 12 depicts the variation of porosity, permeability, young’s
modulus, and effective thermal conductivity in the fracture and also in the matrix. It has
been observed that the porosity is changed in the rock matrix, specifically in the
neighborhood of fracture (Fig 12a;1 to 12as). This variation is due to the expansion of grain.
It will decrease the pore space in the neighborhood of injection well and fracture (Fig 12a1
to 12a3) due to the expansion of low-temperature zone. The impact of type of injection
fluid is also found in the variation of porosity. It was found that when using the water, the
porosity disturbed zone is higher compared to SCCO,(Fig 12b1 to 12bs) Similarly, the
variation of porosity will be influencing the young’s modulus of the rock matrix and
fracture and it is presented in the Fig 12c1 to 12c; when using the SCCO,. The variation in
the young’s modulus is found very negligible compared to the initial value for both water
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and SCCO; (Fig 12c1 to 12c¢; and Fig 12d; to 12d3). It was found the permeability of rock
matrix is reduced in the neighborhood of injection well with time (Fig 12e; to 12e3). The
reduction in permeability and porosity in the low temperature invaded zone may the
cause for the pore pressure variation in the vicinity of fracture. It will be increasing with
the injection/production velocities. Higher reduction of permeability zone is found while
using water as geofluid (Fig 12e; to 12e3 and Fig 12f; to 12f3). The maximum of effective

thermal conductivity (A, ) in rock matrix was found in the vicinity of fracture and

decrease spatially away from the injection well (Fig 12g1 to 12g3 and Fig 12h; to 12hs).

Maximum value of A in fracture was observed near the injection well and it will be

reduced towards the production well. These higher values are due to the low temperature
near the injection well. Effective thermal conductivity will influence the heat extraction
capacity from rock matrix via cold fluid injection. Thus, the physical, mechanical, and
thermal properties of rock/fracture were executed efficiently and observed significant

variations while injecting cold fluid.

4.5 Performance indicators of geothermal reservoir
The performance of the geothermal reservoir is studied exclusively using indicators such

as thermal breakthrough time, geothermal life, reservoir impedance and the generated
heat power. Thermal breakthrough is defined the time of production temperature decline
was identified. In the present work we used the equation given by Rijn [58] and it is
presented in eq. (42).

T,=09T1, L. (42)

In eq. (42), T, is the thermal breakthrough, T, is the initial temperature. Thermal

breakthrough time is defined as the time required for the fluid to reach thermal
breakthrough at the production well. Geothermal life (&,) described as the time period
from the starting of the heat production to the production temperature of the reaches to
60% of the original reservoir temperature. Reservoir flow impedance is defined as the
ratio of pressure difference between injection and production wells to the production

flow rate [35]. Heat power represents the average extraction of heat from the geothermal
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reservoir while producing heat. The mathematical equations for the reservoir flow

impedance and heat power are represented in eq. 43 and eq. 44, respectively [35,47,59].

_ pinj - pprod

=4 /0 (43)
i qh (t) prop
g
_ W Z I:qh (t) prop nprophprod - qh (t)inj r]inj hinj ]i
w=-r == (44)
¢ e

Ineq (43) and (44), p,; is the injection pressure, p,,, is the production pressure, g, (t) .,

is the mass flow rate at the production well, g, (t) ., is the mass flow rate at the injection

prop

well, n is the number of production wells, Ny 1S the number of injection wells, h

prop prod

is the enthalpy at the production well, h, . is the enthalpy at the injection well, &, is the

nj
geothermal life. The thermal breakthrough and the geothermal life are illustrated in the
Fig 7 and Fig 8. It was found the thermal breakthrough is achieved much faster when using
water as geofluid. It was also found that the geothermal life is less when using water as
geofluid. It was due to the intervention of water into the rock matrix from the injection
well/hydraulic fracture. It will create the low-temperature zone in the vicinity of fracture
and the injection well. It will reduce the heat extraction capacity of injected fluid. Thus,
the production temperature decreases rapidly compared to SCCO,-EGS. Similarly, SCCO»-
EGS system is having the better geothermal life compared to the water-EGS system.

Fig 13 depicts the impact of injection velocity, initial reservoir pressure and injection
temperature on the reservoir flow impedance (RFI). It was found that the RFl is increasing
with rise in injection/production velocity in both SCCO»-EGS (Fig 13a) and water-EGS (Fig
13d). It was found that the RFl is independent at the higher initial reservoir pressure (i.e.,
20 MPa and 25 MPa) and dependent at lower reservoir pressure (i.e., 15 MPa). Higher the
injection temperature and lower the RFl in SCCO3-EGS and followed ascending nature. For
water-EGS system, RFl is lower when injection temperature of 35°C and higher when
injection temperature of 40°C which is higher than the injection temperature of 45°C,
and 35°C. The comparison of RFI for the water-EGS compared to the SCCO,-EGS also

studied found higher in water-EGS system for all three scenarios (Fig 13g, 13h, 13i). Fig 14
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depicts the RFI of the SCCO,-EGS system for the injection/production velocity, initial
reservoir pressure, and injection temperature. It was found that, higher RFl is found when
using the injection temperature of 35°C and lowest was found in the case of 45°C.
But all the RFI values (both water-EGS and SCCO,-EGS) are showing within the approved
limit of 0.2 MPa/(kg/s) which is given by Evans [60]. Thus, the SCCO,-EGS system is
showing the better performance compared to the water-EGS in the prospective of RFI.

Fig 15 illustrates the impact of injection velocity, initial reservoir pressure and injection
temperature on the heat power generated during the operation. It was found that these
three are having significant impact on heat power for SCCO,-EGS. Higher heat power was
recorded for higher velocities and lower was found in low velocity (i.e., 0.05 m/s) and it
was following the ascending order (Fig 15a). Lowest heat power was recorded when for a
reservoir having 15 MPa initially and higher was found for 20 MPa condition (Fig 15b). It
was found that when increasing injection temperature, the heat power is reducing in the
SCCO,-EGS which follows the descending order (Fig 15c). For water-EGS, same trend was
found like SCCO,-EGS with injection velocities but much higher than that of SCCO,-EGS
(Fig 15d and Fig 15g). It is due the density, heat capacity, and thermal conductivity of
SCCO; are lower than water (Fig 2). But the injection temperature and the initial reservoir
pressures are showing negligible influence on heat power for water-EGS. The comparison
of RFI for the water-EGS compared to the SCCO,-EGS also studied found higher in water-
EGS system for all three scenarios (Fig 15g, 15h, 15i). Fig 16 depicts the heat power
recorded for the SCCO,-EGS system at different injection/production velocity, initial
reservoir pressure, and injection temperature. It was found that, higher heat power for
SCCO,-EGS was recorded when using the injection temperature of 35°C at pressure of
20 MPa (injection velocity=0.15 m/s) and lowest was found in the case of 45°C and
pressure of 15 MPa (i.e., injection velocity=0.05 m/s). Thus, the SCCO2-EGS system is
showing the lower performance compared to the water-EGS in the prospective of heat
power. But showing better performance in the thermal breakthrough, geothermal life and

also the RFI.
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5. Conclusions
The thermo-hydro-geomechanical mathematical model was enhanced with the dynamic

rock, fracture, and fluid properties in the present work. The variation of properties
includes the porosity of rock/fracture, permeability of rock/fracture, young’s modulus of
rock/fracture, heat capacity of rock/fracture and fluid, thermal conductivity of
rock/fracture and fluid, fluid viscosity, and fluid density. These variations are the functions
of pressure, temperature, and stress and strains variations. This fully coupled dynamic
thermo-hydro-geomechanical model was verified using the COMSOL Multiphysics 5.4 and
used for the investigations of geothermal reservoir.

The present work is focused on the comparison of SCCO,-EGS and water-EGS examined
found the merits and demerits of the SCCO,-EGS over water-EGS. Steep reduction of
production temperature was identified for water-EGS system compared to SCCO,-EGS
system. Enhanced production temperature was recorded for the SCCO,-EGS system at
low inlet/outlet velocity (i.e., 0.05 m/s), and pressure of 20 MPa. The generation of Von-
mises and tresca stresses the rock matrix are influenced by the injection/production
velocities and type of geofluid used. Irregular distribution of von-mises stress in the rock
matrix is found at higher inlet/outlet velocities. Lower tresca stress was recorded in the
vicinity of fracture and maximum was found at the outer boundary of the low
temperature zone. Thermal strain and mechanical strain were examined during the
injection-production operation. Mechanical strain was dominated away from the low-
temperature zone and thermal strain was dominated in the vicinity of hydraulic fracture.
The expansion of thermal strain was highly dependent on the type of fluid (i.e., SCCO; or
water) and injection/production velocity. The variation of the rock properties also
presented in this work.

The performance indicator such as thermal breakthrough, geothermal life, reservoir flow
impedance and heat power are determined in the present work. The SCCO,-EGS system
is showing better thermal breakthrough and geothermal life compared to the water-EGS
system. The RFl is found within the Evans limit for the both systems and SCCO,-EGS
showing lowest compared to water-EGS system. The water-EGS system recorded best

heat power compares to SCCO,-EGS system. So, these performance indicators are highly
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dependent on the type of fluid, injection/production velocities, initial reservoir pressure,
injection temperature. Moreover, the advantage of SCCO,-EGS system over the water-
EGS system gives the promising results to the geothermal industry as geofluid. It will also
improve the provides the geosequestration which is not at possible in the water-EGS
system.
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Nomenclature:

Symbol Description

P Density of fluid

Prmat Density of matrix,

Ut Darcy’s velocity in matrix,

Uge Darcy’s velocity in fracture.

T Temperature,

Q and Q.+ | Source/sink terms fracture and matrix, respectively,

@, Initial porosity

Proat Porosity of the matrix,

Con Specific heat capacity of fluid,

Cor Specific heat capacity of matrix,

At Effective thermal conductivity,

Arat Thermal conductivity of matrix,

A Thermal conductivity of fluid,

Kot Rock permeability,

Kt Permeability in fracture

K, Initial permeability of the porous media

Kreo Initial permeability of fracture

My Viscosity of the fluid

Apre Fracture aperture

Prat Pressure in matrix.

Pt Pressure in fracture

Evol Volumetric strain

M Biot’s modulus.

oy Biot-Wills coefficient

Ky Fluid bulk modules

K, Drained bulk modules

(%v/at Rate of change in volumetric strain of the porous matrix.

Uy and Uy | Displacement vectors in ‘7 and j’ directions, respectively

Vi, Gradient is measured on the tangential plane of fracture
Source/sink term which couple both matrix and fracture

Ot I:_pfl a, (8€VO| /5’[)]

o, Effective stress tensor

o Deviatoric stress tensor.
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Normalizing constant (and it is considered as the initial reservoir

o pressure)

o, Normal stress.

Ag; Thermal strain

o Coefficient of thermal expansion

o, Biot-Wills coefficient

E, Initial elastic modulus

Efre Elastic modulus of fracture

d Fitting parameter (constant and equal to 1)

aandb Constants

C. Coefficient and it is a function of initial porosity of formation (C, =5/¢,

)

K, Spring constant

d, Damping constant per unit area

u, Displacement in upside of fracture

Ug Displacement in downside of fracture

Uy Initial displacement of fracture

(o Poisson’s ratio of fracture

d Fitting parameter (constant and equal to 1)

U gep Unit step function

Uy velocity of fluid

t Time

X Distance in x-direction

erfc Error function

Uy and Uy | Displacement vectors in ‘7 and j’ directions, respectively
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Fig 7 Impact of injection/production velocities, initial reservoir pressure, and injection
temperature on the production temperature when using SCCO,, and water as geofluids.

36

220z Jequisides g uo Jasn (1SNvY) ABojouyos | pue sousiog 104 Asiaaun yelnpay bury Aq ypd-€60z-1Z-Helic 2671 69/8ESGS0Y L/G L L L 0L/10p/pd-ajonie/s80inosaiAbisus/Bi0 swse  uonos|joofeybipswse;/:diy woy papeojumoq



754
755

756
757
758
759

ASME Journal of Energy Resource Technology

a) Injection Temperature =35 °C

160

[
N
o

120

100

Production Temperature, °C
o]
o

D
o

¢) Injection Temperature =45 °C

160

-
S
o

120

=
o
o

Production Temperature, °C
3

D
o

0 5 10 15 20 25 30
Time, Years

0 5 10 15 20 25 30
Time, Years

Production Temperature, °C

b) Injection Temperature =40 °C

160

[
S
o

120

100

@
o

[=2]
o

10

15 20 25

Time, Years

XX + % D>pomxOPD>OO

15 MPa, 0.05 m/s
15 MPa, 0.075 m/s
15 MPa, 0.1 m/s
15 MPa, 0.15 m/s
20 MPa, 0.05 m/s
20 MPa, 0.075 m/s
20 MPa, 0.1 m/s
20 MPa, 0.15 m/s
25 MPa, 0.05 m/s
25 MPa, 0.075 m/s
25 MPa, 0.1 m/s)
25 MPa, 0.15 m/s

Fig 8 Production temperature when using SCCO; as geofluid at different injection rates.
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Fig 9 Spatiotemporal variation of Von-mises stress in MPa (aperture=0.5 mm and Biot-
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Fig 10 Spatiotemporal variation of tresca stress in MPa (aperture=0.5 mm and Biot-Willis
coefficient=0.5, initial reservoir pressure=20 MPa and injection temperature=40°C.)
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a;) Thermal strain x 10°® a,) Mechanical strain x 10 as) Total strain x 10°

SCCO;,

b,) Thermal strain x 107 b,) Mechanical strain x 10 bs) Total strain x 107

Water

Fig 11 Spatial variation of different variants of strains after 10 years of injection and
production operation (injection/production velocity= 0.05 m/s, aperture=0.5 mm and
Biot-Willis  coefficient=0.5, initial reservoir pressure=25 MPa and injection
temperature=45°C.)
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782  temperature=40°C.

783

41

220z Jequisides g uo Jasn (1SNvY) ABojouyos | pue sousiog 104 Asiaaun yelnpay bury Aq ypd-€60z-1Z-Helic 2671 69/8ESGS0Y L/G L L L 0L/10p/pd-ajonie/s80inosaiAbisus/Bi0 swse  uonos|joofeybipswse;/:diy woy papeojumoq



784
785

786
787
788

Impact of injection velocity

> njection Temp =35°C  Initial reservoir pressure=15 MPa
20010 trs cAcdacacal
=
g
~ 0009}
O ¢
O goost
4
O =
= 0.007 |
v 3
=
= 0.006 —o—0.075 m/s
4 ——0.1m/s
& o005 ——0.15 m/s
. . . . N N I
0 5 10 15 20 25 30
d Time, Years
0045
<2
g 0.040 |
= 000
< 0035} 0000
— S OQQQOQQO oonoaaod
D goosof 0% e
o 5 oo
CG g 0025 Injection Temp =35°C
; £ 0020F Initial reservoir pressure=15 MPa
3
S ooisf 0=0.05 m/s
= —o=—10.075 m/s
S 0010 —A— 0.1 m/s
§ 0.005F == 0.15 m/s
. . . . .
10 15 20 25 30
Time, Years
0045 g
@
I A
- Sooaf A et
O s AR
o) < 0035f
— 2
S g 0030}
c
© =
o 0.025 |
g Injection Temp =35°C
E ; 0.020 ¢ Initial reservoir pressure=15 MPa
o 2 0015F
() goowf
3
& 0.005 F
= . . . . . . .
0 5 10 15 20 25 30
Time, Years
SCCO,[=0=0.05 m/s =O=0.075 m/s=Lm= 0.1 mis 0.15 m/s|

=== 0.05 M/s =®= 0,075 M/s=Am= 0.1 M/s == 0.15 m/s|

H,0

Fig

Reservoir flow impedance, MPa/(kg/s) Reservoir flow impedance, MPa/(kg/s)

Reservoir flow impedance, MPa/(kg/s)

0.010

0.009

0.008

0.007

0.006

0.005

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.035

0.030

0.025

0.020

0.015

0.010

0.005

iE'Cournal of Energy Resource Technology

Impact of initial pressure

Impact of injection temperature

7 0.0085 |- | 35°C
>
< 0.0080 f[—0—40°C
[ v 45°C
= 0.0075 [
o
&
& 0.0070 F
8
&
£ 0.0065 |
; Inj/prod velocity =0.05 m/s
Injection Temp =35°C K] 0.0060 [ Ini reservoir pressure=15 MPa
F Inj/prod velocity =0.05 m/! =
nj/prod velocity m/s S 00055 R
2 n
[ B & oo0s0f A
. . . . . . . . . . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
e Time, Years f Time, Years
== 15 MPa @ Inj/prod velocity =0.05 m/s
S 0.06 [ 1ni i P 60000
—0— 20 MPal g Ini reservoir pressurs M SCQQQOOOOO
/e 3
25 MPa % oost
F 500000000 g
£ 00000°° S 004f
F OOQOO E ooooo
malal
OOOO Injection Temp =35°C E 003 DDDDDDDDDDDDD
F Inj/prod velocity =0.05 m/s H oo
= 002f —0=— 35°C
S —0=40°C
P goop — A 45°C
o 4
; . . . . . . . . . . .
0 5 10 15 20 25 30 10 15 20 25 30
h Time, Years . Time, Years
b g 0.06 =
g o Eﬂﬂﬂﬂﬂgaaa e
F 3 == aeeeo™®
< oosf moee
o™ = R .
L Tl - Eaeoe Inj/prod velocity =0.05 m/s
aﬁe — 8 gee Ini reservoir pressure=15 MPa
) meme S 0.04
E E = 3
EEEIE'EI Injection Temp =35°C %
L =" Inj/prod velocity =0.05 m/s £003p
!
= 002f B
[ .g
3 001}
F &
4
: . . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time, Years Time, Years
D= 15 MPa =O=20 MPa =A== 25 MPa| SCCO, [=0=35°C =O=40°C =/ 45°C|
= 15 MPa ==M=20 MPa =®=25 MPa| H,0 Yrm= 35°C =m=40°C =8= 45°C|

13 Impact of injection/production velocities, initial reservoir pressure, and injection

temperature on the reservoir flow impedance when using SCCO,, and water as geofluids.
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Fig 14 Reservoir flow impedance when using SCCO; as geofluid at different injection

rates.
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15 Impact of injection/production velocities, initial reservoir pressure, and injection
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Fig 16 Reservoir flow impedance when using SCCO, as geofluid at different injection

rates.
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LIST OF TABLES

Table 1 Rock matrix, fracture, and injection fluid properties

Property Rock Fluid Properties
Properties

Density, kg/m?3 2600 Eq (27) or Eq. (31)

Dynamic viscosity, Pa.s - Eq (26) or Eq. (30)

Thermal conductivity, W/m.K Eq (25) Eq (29) or Eq. (33)

Heat capacity at constant pressure, | Eq (24) Eq (28) or Eq. (32)

J/kg.K

Coefficient of Thermal expansion, K 2 x10° -

Initial Youngs Modulus, GPa 24 -

Poisson’s ratio 0.26 -

Initial Porosity 0.04 -

Initial Permeability, m?

9.8692x10°

Ration of Specific heats

1.0

Biot-willis coefficient 0.5 -

Fluid-injection rate, m/s - 0.05, 0.075, 0.1, and 0.15
Fluid-production rate, m/s - 0.05, 0.075, 0.1, and 0.15
Initial reservoir Temperature, °C 151.85 K -

Fluid injection Temperature, °C - 35, 40, and 45

Initial Youngs Modulus-Fracture, GPa 2.4 -

Poisson’s ratio-Fracture 0.104 -

Fracture aperture (df), mm 0.5 -

Fracture permeability, m? di?/12 -

Fracture porosity 1 -

Boundary load: x-direction, MPa 48 -

Boundary load: y-direction, MPa 48 -
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Table 2 Values used for the validation of heat transfer in single fracture.

Parameter Numerical Value
Rock density, kg/m?3 2700
Rock Thermal conductivity, W/m- K 3.0

Rock Heat capacity at constant pressure, J/kg-K | 1000
Coefficient of Thermal expansion, K™ 0.0001
Initial Youngs Modulus*, GPa 30 GPa
Poisson’s ratio 0.3

Rock Initial Porosity 0.01
Initial Permeability, m? 1x107
Ration of Specific heats 1
Biot-willis coefficient 1

Fluid density, kg/m3 1000
Dynamic viscosity, Pa-s 0.001
Fluid Heat capacity at constant pressure, J/kg-K | 4200
Fluid Thermal conductivity, W/m-K 0.6

Flow velocity, m/s 0.02 m/s
Initial reservoir Temperature, °C 80

Fluid injection Temperature, °C 30
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Figure Captions List

Fig. 1 Geometry geothermal reservoir with single fracture (a), boundary
conditions (b) and the meshed geometry (c).

Fig. 2 Comparison of the properties of SCCO; and water within the operating
pressure and temperatures.

Fig. 3 Schematic of the solution process for fully coupled Thermo-hydro-
geomechanical model in geothermal reservoir with fracture.

Fig. 4 Verification for the heat transfer in single fracture with analytical solution.

Fig. 5 Spatiotemporal variation of temperature in the reservoir and fracture with
different injection/production velocities when using SCCO; as geofluid at
initial pressure of 15 MPa, and injection temperature of 35°C

Fig. 6 Comparison of SCCO; and water as geofluids on spatiotemporal variation
of temperature in the reservoir and fracture at injection/production
velocity of 0.1 m/s and initial pressure of 20 MPa, and injection
temperature of 35°C.

Fig. 17 Impact of injection/production velocities, initial reservoir pressure, and
injection temperature on the production temperature when using SCCO,,
and water as geofluids.

Fig. 18 Production temperature when using SCCO, as geofluid at different
injection rates.

Fig. 19 Spatiotemporal variation of Von-mises stress in MPa (aperture=0.5 mm
and Biot-Willis’s coefficient=0.5, initial reservoir pressure=20 MPa and
injection temperature=40°C.)

Fig. 10 Spatiotemporal variation of tresca stress in MPa (aperture=0.5 mm and
Biot-Willis coefficient=0.5, initial reservoir pressure=20 MPa and injection
temperature=40°C.)

Fig. 11 Spatial variation of different variants of strains after 10 years of injection
and production operation (injection/production velocity= 0.05 m/s,
aperture=0.5 mm and Biot-Willis coefficient=0.5, initial reservoir
pressure=25 MPa and injection temperature=45°C.)

Fig. 12 Spatiotemporal variation of permeability, porosity, young’s modulus, and
effective thermal conductivity (injection/production velocity= 0.05 m/s,
aperture=0.5 mm and Biot-Willis coefficient=0. 5), initial reservoir
pressure=20 MPa and injection temperature=40°C.

Fig. 13 Impact of injection/production velocities, initial reservoir pressure, and

injection temperature on the reservoir flow impedance when using SCCO,,
and water as geofluids
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Fig. 14 Reservoir flow impedance when using SCCO; as geofluid at different
injection rates.

Fig. 15 Impact of injection/production velocities, initial reservoir pressure, and
injection temperature on the heat power when using SCCO;, and water as
geofluids

Fig. 20 Reservoir flow impedance when using SCCO; as geofluid at different

injection rates
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Table Caption List

Table 1

Rock matrix, fracture, and injection fluid properties

Table 2

Values used for the validation of heat transfer in single fracture
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