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Superecritical Carbon - o . . .
Dioxide. media, utilizing the numerically suggested data of other authors for the corresponding hydraulic

characteristics. As the heat transmission fluid, two different mediums are alternatively considered.
These are the more classical medium, water and the supercritical carbon dioxide (sCO,). Transient

A comparative numerical analysis of the thermohydraulics of an enhanced geothermal system (EGS)
project in Tiirkiye in Dikili area is presented. The fractured granodiorite is modelled as porous

calculations are performed for a time period of twenty years, comparing the temporally developing

results obtained for water and sCO, with each other. Based on modeling parameters and assumptions,

higher production temperatures are observed with sCO,, in comparison to water, implying an

advantage for sCO, usage as a working fluid in EGS. This is accompanied by the further advantage

of a lower pressure drop for sCO,. On the other hand, the temperature advantage is relativized by

the lower specific heat capacity of sCO, causing a decrease in the production thermal power. In
Received Date: 22.08.2022  general, the present results are found to be encouraging for a further and more detailed analysis of
Accepted Date: 27.04.2023  the employment of sCO, as working fluid in EGS.

1. Introduction

Although there are a number of formations in the
study area, geological units of the geothermal field
are subdivided here into 4 units for the sake of
simplicity (Figure 2). From older to younger, (1)
Pre-Tertiary (Permian-Triassic) basement rocks
with  siltstone, mudstone, silty limestone and

Tiirkiye attracted many scientists due to
its spectacular geology during the last century.
Neotectonics, active tectonics and related geothermal
potential of western Anatolia has scientifically been a
hot place since the 2007 following the enactment of the
“Geothermal Resources and Natural Mineral Waters ’ )
(Law No: 5686)”. Dikili geothermal field, located ~ Limestones, (2) late Oligocene to carly.
nearly 75 km north of izmir city in westernmost .Mlocene Kozak. magmatic complex .composed
Tirkiye, is a significant conventional geothermal field mainly - of gran(?dlorltes, (?f). early Ml(.)cene to
(Figure 1). The Dikili geothermal field is bounded by ~ Quaternary  basic  to asidic  volcanics  and
Madra mountain to the north, Karadag mountain to the sedimentary rocks (siltstone, ~mudstone and

south and Yuntdag mountain to the southwest (Figure hm.estones) and (4) Quaternary-aged relatively loose
2) sediments.
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Figure 1- Simplified map showing the major (plate) tectonic elements and configuration of the Aegean region. NAFS, North Anatolian Fault
System; TGF, Tuz Gélii Fault; IEFZ, inénii-Eskisehir Fault Zone; AFZ, Aksehir Fault Zone; BMG, Biiyiik Menderes Graben; GG,
Gediz Graben; SG, Simav Graben; MCL, Mid-Cycladic Lineament; TFZ, Thrace Fault Zone; IBTZ, izmir-Balikesir Transfer Zone

(Re-drawn from Uzel, 2013).

The geothermal potential and the tectonics of the
study area is also previously studied well by many
researchers (e.g. JICA, 1987; Hou et al., 2015; Baba
et al., 2022; Giirer, 2023). The Dikili geothermal
field tectonically lies in the junction of Altinova,
Bakircay and Candarli basins (Figure 2). In addition,
the area seems to be affected partly by strike-slip
Izmir-Balikesir Transfer Zone (IBTZ) (Figure 1)
(Altunkaynak and Yilmaz, 1998; Uzel, 2013; Hou et
al., 2015). Based on the lineament analysis done here
using 1/25,000 and 1/250,000 topographic maps, it
seems that the study area is mainly dominated by the
NE-SW and relatively less dominated by the NW-SE-
trending structural features (Figure 3).

The reservoir rocks of conventional geothermal
system in the Dikili geothermal field is made of
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mainly by volcanics (Parlaktuna and Avsar, 2014).
Although JICA (1987) proposed that the recharge area
is located in the north (Madra mountains), the Yuntdag
and Karadag mountains have also some potential
as recharge area based on the surface geology and
topography. The geothermal waters found inside the
Dikili geothermal field are meteoric in origin based on
some isotopic studies (JICA, 1987).

Baba et al. (2022) reported 27 geothermal wells
with various depths and 4 springs as of February 2022.
According to them, surface temperatures and flow rates
of the springs vary between 57-80 °C and 2-180 /s, of
geothermal wells between 37-131.5 °C and 15-60 I/s,
respectively. Although there are many economically
producing conventional geothermal wells, some hot
and economically dry wells were reported as well
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(Baba et al., 2022; Parlaktuna and Avsar, 2014). The
bottom hole temperatures of the wells reach up to
135 °C at a depth of 1,500 m (Y1ilmazer et al., 1990).

Based on previous studies, some radioactive
element-bearing rocks such as Yuntdag volcanics
and Kozak granodiorite are common in the study
area (Yarar et al, 2005). In addition, deep-circulation
related convection cells as evidenced by fluctuating
geothermal gradients at shallow depths are wide-
spread (Parlaktuna and Avsar, 2014). Based on this, the
heat sources may at least be attributed to radioactivity
and deep-circulated meteoric waters (i.e. convective
geothermal system).

Hou et al. (2015) presented the preliminary
geology, geophysics and geochemistry results of the
study area. They used FLAC3D software, a code
adapted for geotechnical analysis, in their study
(FLAC3D, 2019). In modelling fracturing, the strain-
hardening/-softening ubiquitous-joint model was used,
in which the mechanical behavior of matrix and joint
was described by the Mohr-Coulomb criteria with
a tension cutoff that can harden or soften according
to specific laws. Hou et al. (2015) did not provide
any detailed mathematical and numerical modelling
aspects of the study for the modeling the flow. More
detailed investigations of the thermohydraulics of the
EGS project, with emphasis on numerical modelling
aspects, such as grid independence and domain size,
spatial and temporal resolution, were provided by
Benim et al. (2018 @, ). Turan et al. (2021) calculated
the EGS potential of the study area using probabilistic
assessment method. In this study, we focus on the
classical type Enhanced Geothermal Systems (EGS)
potential of a part of the Dikili geothermal field by
comparing water and sCO, as a working fluid using
numerical code Ansys Fluent 18.0 (Figure 4). Here we
present the results, advantages and disadvantages of
sCO, as a working fluid over water in a classical type
EGS of Cigek (2020) for the first time in Tiirkiye.

The above-mentioned studies on the EGS project
were carried out for water as the working fluid. If
super critical carbon dioxide sCO, is used as heat
transfer fluid, the utilization of geothermal energy
can advantageously be combined with simultaneous
sequestration of the carbon dioxide, a greenhouse gas
(Brown, 2000). Therefore, the use of carbon dioxide

in EGS is among the current hot research topics in
energy technology and is being studied by a number of
researchers. A higher capacity to use CO, as a working
fluid compared to water was predicted by Pruess (2006,
2010) for an analyzed case. A study is presented on the
problem of clogging due to high salinity working fluid
by Borgia et al. (2012). A more recent study presented
by Liu et al. (2019) comparing the efficiencies of
water and sCO, as working fluid in a Chinese case.
An investigation into the utilization of sCO, in the
above-mentioned EGS project in Dikili area, in Izmir,
Tiirkiye, was recently presented by Benim and Cigek
(2022). The present investigation is a continuation of
this work, where a more detailed analysis is presented.
The main difference to the previous study lies in the
postprocessing and interpretion of the results. In the
present paper, the temperature fields of sCO, injection
are compared directly with those of water injection,
and in additional planes that reveal the penetration of
the temperature wave in the direction perpendicular
to the plane of the walls, which were not the case in
Benim and Cicek (2022). In addition, a comparative
analysis between sCO, and water injection is presented
for the useful thermal power, total produced energy
as function of time, as well as the required pumping
power, which were not elaborated in Benim and Cigcek
(2022).

In the studies of other authors on CO, injection in
EGS projects mentioned above, specialized software
designed for geothermal reservoir calculations, such
as TOUGH2 (Pruess, 1991) and T2Well (Pan and
Oldenburg, 2014) were used. As it was the case in the
previous work of the Benim et al. (2018, b), Benim
and Cicek (2022), the current analysis is based on
the general-purpose Computational Fluid Dynamics
(CFD) Software ANSYS Fluent 18.0 (ANSYS Fluent,
2018).

2. The Investigated EGS Configuration and
Solution Domain Definition

The envisaged injection-production configuration
is a triplet one, where two production wells are
symmetrically arranged around a single injection well,
as depicted in Figure 4a. The configuration exhibits
two symmetry planes, which are also indicated in
the figure. These are utilized in the mathematical
modelling to reduce the computational overhead. Thus,
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Figure 4- The considered EGS configuration; a) locations of production and injection wells, b) solution domain (in meter) and rock zones.

a quarter of the region shown in Figure 4a is defined
to be the solution domain, which is bounded by two
symmetry planes. The solution domain is illustrated
in Figure 4b, where the dimensions (in meter) as well
as the topology of the assumed rock structures are
also indicated, along with the orientation of the used
Cartesian coordinate system.

The dimensions of the fractured region (1200 x
33 x 1000 m) are borrowed from Hou et al. (2015).
Except the symmetry planes, there is, of course, a
certain arbitrariness in choosing the positions of the
surfaces that bound the solution domain. They should
be chosen sufficiently far away from the region of
interest, so that the applied boundary conditions don’t
interfere with the process, i.e. don’t falsify the results.
In a previous study, a study was carried out by Benim
et al. (2018a) by considering different domain sizes
in the same configuration and it was ensured that
the present choice (Figure 4b) provides an adequate
domain size. Please also note that the upper horizontal
boundary of the domain (Figure 4b) is not positioned
at the ground surface but a position at 1710 m depth.
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3. Mathematical and Numerical Modelling Outline

The Computational Fluid Dynamics (CFD)
software Fluent (ANSYS Fluent, 2018) is used during
computational modelling. The software uses the Finite
Volume Method (FVM) of discretization (Versteeg
and Malalasekera, 2007).

3.1. Mathematical Modelling

The solution domain contains solid and fluid
materials. Although the real physics may imply a
certain “dynamical” fluid-solid interaction, the solids
are assumed to be non-deformable. Possible chemical
interactions between the fluid and solids are also
neglected. Thus, the fluid-solid interaction is solely
“thermal” in nature in the present model. The total
transport processes that are involved in the solution
domain are of energy, mass and momentum described
by the corresponding differential balance equations
(Bird et al.,, 2006). Mass, momentum as well as
conductive and convective energy transport processes
govern the flow of the heat transfer fluid. The energy
transport from the hot solid into the colder fluid occurs
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by means of conduction and convection heat transfer
(Bhattacharyya et al., 2016) through the surfaces of
the fractures in the rocks. This energy extraction by
the fluid and the corresponding local temperature
drop triggers energy transport i.e. heat transfer, from
the farther and hotter rock regions towards the colder
zones, feeding the system. In the present case, due to
the extremely large disparity between the geometric
scales of the fractures and the solution domain, it
is not possible to model the heat transmission by
resolving fluid-solid interfaces, as it is commonly
done in many other smaller scale convective heat
transfer applications (Bhattacharyya et al., 2016).
Therefore, the rocks are modelled as porous medium,
where the individual fractures are not geometrically
resolved, but their integral effect in larger scales is
accounted for by means of characterizing parameters
such as the porosity and permeability, through which
the corresponding transport equations are accordingly
amended (Civan, 2011).

Turbulent flow in porous media flow is a further
challenging topic (Wood et al., 2020), and commonly
employed turbulence modelling approaches (Benim,
1990; Xia et al., 1997) cannot readily be adopted
to flow in porous media. In the current modelling,
the influence of flow turbulence is neglected. This
assumption can be seen to be justified, at least in part,
by the very low superficial and physical velocities
expected within the tiny fractures. According to the
Darcy law, the porous solid region influence onto the
fluid hydrodynamics is accounted for by introducing a
momentum sink into the Navier-Stokes equations that
corresponds to a static pressure drop (Whitaker, 1986).

3.2. Material Properties

For the characterizing parameters of the porous
medium, the data provided in Hou et al. (2015) is
utilized. In reference to the rock regions depicted in
Figure 4b, the employed values are listed in Table 1,
where the given values are assumed to remain constant
within each zone. The permeabilities and porosities
are generally rather low as shown in Table 1. It should
also be noted that the permeability of the fractured
zone (frac) is anisotropic unlike the remaining zones.
In the fractured zone, the permeability is several orders
of magnitude larger in the main fracturing direction
compared to the other directions.

Table 1- Porosities and permeabilities (in m?) of rock zones (Figure

1b).
Upper Frac Rock Lower
porosity 0.013 0.02 0.02 0.02
permeability (x) | 4x10"® [ 1x103 | 4x1018 | 4x10°'8
permeability (y) | 4x10"% [ 4x10"® | 4x101® | 4x10°'®
permeability (z) 4x10718 | 4x10 | 4x10°18 | 4x10°!8

An important component of the mathematical
modelling is the material properties of the considered
media. For the case with water as the heat transfer
medium, compressibility of the water is neglected.
The water used as the working fluid may evaporate
inside the system due to high temperatures and can
also be followed by a condensation as it is known
to occur in some EGS projects. Nevertheless, in the
current configuration, an analysis of the prevailing
pressures and temperatures with respect to the
thermodynamic water properties has implied that the
water remains in liquid phase throughout modeling.
The compressibility of injected supercritical Carbon
Dioxide (sCO,) is also considered during modeling as
described below. The used material properties, namely
the specific heat capacity (c), thermal conductivity
(A), density (p) and dynamic viscosity (i) of water
are assumed to be constant. The thermophysical rock
properties are also considered to be constant. The
used material properties for the water and solid rocks
are summarized in Table 2.

Table 2- Material properties of water and solid rocks.

w(Pas] |plkgm’] |c[keK)] |2 [W/(m.K)]
water 0.00019 | 940 4176 0.717
rock - 2670 965 2.83

Special attention is required to model the
thermophysical material properties of sCO,. In
the current modeling, NIST (National Institute of
Standards and Technology) Thermodynamic and
Transport Properties Refrigrants and Refrigrant
Mixtures Database Version 9.1 (REFROP v9.1)
(Lemmon et al., 2018) is used for the thermophysical
behavior of the sCO,. Thus, in calculating the case
with sCO, as the heat transfer fluid, the pressure and
temperature dependence of the material properties
are accurately considered. Here, a further important
question is, if the medium remains within the
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supercritical regime throughout complete solution
domain, or if local temperature and pressure values
cause a local transition into a different state such as
superheated gas or subcooled liquid. The occurrence
of such transitions would cause some problems in
numerical analysis. The values for the critical pressure
and temperature carbon dioxide (CO,) are known to be
73.82 bar and 31.04°C, respectively. The superheated
state prevails above this. Since the lowest temperature
in the system is 60°C (inlet temperature of the heat
transfer liquid), a deviation from the superheated state
can only happen if the pressure attains to a lower value
in comparison to the critical pressure. In the present
solution, the minimum static pressure at the passage
to the production well intake is nearly 540 bars. The
value is quite above the critical one. Thus, a sCO, can
be used throughout the entire solution domain.

3.3. Initial and Boundary Conditions

Six surfaces bound the prismatic solution domain,
where two vertical surfaces are defined to be symmetry
planes as already mentioned above (Figure 4b). The
remaining four surfaces are modelled as solid walls
with prescribed temperature. The temperatures at the
upper and lower horizontal walls that bound the domain
are indicated as T, and T,, respectively, in Figure 4b.
These temperatures are assumed to be constant and
prescribed as boundary conditions at these surfaces
with the values T;;=138°C and T;=240°C according to
the data provided by Hou et al. (2015), along with the
assumption of stagnant fluid. At the beginning of the
process, a linear variation of the temperature between
the upper and lower walls is assumed, which is applied
as initial condition throughout the whole domain, as
well as the boundary condition on the vertical wall
boundaries.

There is a large-scale difference between domain
size and borehole diameters. This makes a coupled
modelling of the piping with the rest of the domain very
difficult due to extreme grid resolution requirements.
Therefore, at present, it is seen that calculating the
heat transfer and flow in the pipes in a coupled manner
with the outer domain is not appropriate. This may be
considered to be a reasonable assumption for current
purposes, since the borehole casing is cemented with
very low thermal conductivity. As aresult, the modeled
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outer surface of the casing of the wells is considered
as adiabatic walls. The inlet boundary of the solution
domain is positioned at the outlet of the injection
pipe (indicated by a blue dot in Figure 4b). The outlet
boundary of the solution domain is positioned at inlet
plane of the production pipe (indicted by a red dot
in Figure 4b). At the inlet surface, a constant 60°C
temperature and 215 kg/s mass flow rate are applied
as boundary conditions. At the outlet, a constant static
pressure and a zero-gradient condition are applied
for the velocities. The problem is analyzed for a
configuration, where the inlet and outlet boundaries
are 1000 m apart (L=1000, Figure 4b) and 590 m
lower than the upper rock layer (H=590 m, Figure 4b).

3.4. Numerical Modelling

In the numerical modelling, a 2" order accurate,
bounded backward differencing scheme (Versteeg and
Malalasekera, 2007) is applied for time discretization.
In general, the time step size to be employed should be
carefully checked not only for reasons of stability but
also with regard to temporal accuracy. Even if stability
criteria might have been met, smaller time steps
may still be needed for accuracy (Bit et al., 2020).
Since the presently applied discretization scheme is
unconditionally stable, not necessarily the stability, but
the accuracy is of concern. In the present calculations,
a time step size of 6h is applied. This time step size
may appear to be too large compared to other transient
phenomena encountered in different applications
(Bit et al., 2020). However, in the previous analysis
(Benim et al., 2018 g, b), it was shown that this time
step size is adequate to obtain very accurate temporal
resolution for the present problem. This time-step
size results in cell Courant and Fourier numbers
(Peyret, 1996) that are much smaller than 1.0 and
0.5, respectively. Thus, with this time step size, even
an explicit scheme would lead to a stable solution.
In the spatial discretization, the formally a 2" order
accurate upwind scheme is used (Glaister, 1993)
except for density, for which a 1% order upwinding
is used. The PRESTO! interpolation scheme is used
for pressure (Peyret, 1996). The velocity-pressure
coupling is treated by the PISO scheme (Versteeg
and Malalasekera, 2007). The velocity components
are under-relaxed in the iterative procedure within a
time step. The underrelaxation coefficient is 0.5. None
of the further variables are under-relaxed. For the
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convergence criteria for each time step, the threshold
values of the normalized residuals are set to 1072 for
the energy equation. It is set to 10 for the remaining
equations. The solution domain is discretized by
essentially equidistant, orthogonal, block-structured
grid with hexahedral finite volumes. The utilized
computational grid consists of 185,000 nodes.
Benim et al. (2018a) found out that the grid ensures
sufficiently grid independent solutions.

4. Results and Discussion

The calculated temperature (T) distribution in
the y-z symmetry plane through the injection well
(Figure 4b) following half a year, one year, five years,
and fifteen years of production are shown in Figure
5 and Figure 6 for H,0 and sCO, as working fluid,
respectively.
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Figure 5- Water as heat transfer fluid: Temperature (°C) variation in y-z symmetry plane (Figure 4b) through the injection well
after; a) half a year, b) one year, ¢) five years, d) fifteen years of production.
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Figure 6- sCO, as heat transfer fluid: Temperature (°C) variation in y-z plane (Figure 4b) through the wells; a) half a year, b)

one year, ¢) five years, d) fifteen years of production.
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In this plane, with relatively low permeability, the
dominant heat transfer mode is conduction (Table 1).
The penetration of the temperature front is rather low
in y direction. It is rather restricted to the environs of
the fractured area. Qualitatively similar behavior is
observed for both heat transfer fluids (Figures 5, 6).
Quantitatively, the size of the reduced temperature
region is smaller for the sCO, compared to the water
in the early phases of production, and it gradually
approaches to that of water in time.

The calculated temperature distribution in the x-z
plane (Figure 4b) after half a year, one year, five years,
and fifteen years are shown in Figure 7 and Figure 8
for H,0 and sCO, as working fluid.

The qualitative features of the temperature patterns
are similar for both heat transfer fluids (Figures 7 and
8). After half a year of production, a quite round,

nearly elliptic, low temperature region is observed
around the injection well (Figures 7a and 8a), which
expands further in time while preserving its qualitative
shape (Figures 7b, 8b). After five years of production,
it can be observed that the shape of the cold zone is
distorted with respect to the previous one. In addition,
the temperature front has met the lower boundary of
the fractured zone and reached the production well
(Figures 7c, 8c). After fifteen years of production, one
observes that the low temperature zone has further
expanded and also reached the lateral boarder of the
fractured zone (Figures 7c, 8d). Despite the fact that
the cold waterfront reached the production well after
about five years, the production temperature still
remains above the injection temperature due to the
mixing of heated water by its environs of the fractured
zone and convective transport of the warmer water
into the production well.

()

(d)

Figure 7- Water as heat transfer fluid: temperature-lariation in x-z plane (Figure 4b) through the wells after; a) half a year,

b) one year, c) five years, d) fifteen years of production.
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Figure 8- sCO, as working fluid: temperature (°C) variation in x-z plane (Figure 4b) through the wells after; a) half a year, b)

one year, ¢) five years, d) fifteen years of production.

One of the significant differences between sCO,
and water injection is the liquid density variation. The
density may vary locally and temporarily depending
on temperature-pressure conditions of the working
fluid. An obvious result of a variable density is that
the CO, may be retained in the reservoir, implying
that the production flow rate may show a temporal
variation and does not need to remain equal to the
inlet mass flow during the process. For sCO, injection,
the calculated flow rate at the production is shown
in Figure 9 for 20 years of production. In addition,
the constant value for the incompressible water is
indicated (any potential loss in working fluid to the
ground, a common phenomenon in a real case, is
neglected during modeling).

In Figure 9, it is observed that the production
flow rate for the sCO, is quite low at the beginning,
approximately fifty percent of the injection flow rate.

250
200 K
— 150
E}
<
£ 100
50
—CO,
= === WATER
0
0 5 10 15 20
time (year)

Figure 9- Variation of H,0 and sCO, production rates-in time.

The value increases quite rapidly in the initial six
months and reaches the injection value nearly five
years later. Therefore, the storage effect mentioned for
sCO, is particularly striking within the first five years.
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Projected production temperatures for H,O and

sCO, during 20 years of production are presented in

conversion with acceptable efficiency is possible. The

variations of P, over 20 years for sCO, and water

Figure 10. injection are presented in Figure 11.
250 250
200 === 200 ===
A A
. .
‘QQ “5
150 e 150 e
:G _______________ :G _______________
T ) e —
50 50
—co —co;
= === WATER = === WATER
0 0
0 5 10 15 20 0 5 10 15 20
time (year) time (year)

Figure 10-Variation of H,0 and sCO, production temperatures (°C)
in time.

In the figure, one can see that the temperatures
remain constant for an initial period of time and start
to decrease thereafter, which is qualitatively the same
for both fluids. This time period is shorter for H,O
(nearly one year) compared to subcritical CO, (nearly
five years). It may be seen in Figure 10 that a much
higher production temperature is achieved with sCO,
over the 20 years of production compared to water. The
higher temperatures observed for sCO, can be traced
back to the differences in the material properties,
especially in the thermal conductivity (higher for CO,)
and specific heat capacity (lower for CO,). At the end
of 20 years, the CO, production temperature (about
150 °C) is approximately 40 °C higher with respect
to water (about 110 °C). In this respect, it is more
advantageous to use carbon dioxide instead of H,O.

The “useful” thermal energy flow rate, i.e. the
useful thermal power (P,y) at the production well can
be expressed as (Baehr, 2005).

Pry =mpc (Tp —Tyy) (1)

where m, and T, stand for the production mass flow
rate and temperature, respectively, while ¢ denotes
the fluid’s isobaric specific heat capacity. The
reference temperature T, is taken to be 80°C, with the
assumption that this value represents the lowest useful
production temperature for which a subsequent energy
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Figure 11-Variation of useful thermal power (MW) in time, for
injected H,0 and sCO, production.

Although the production temperature of injected
water is lower compared to that of sCO, (Figure
10), this is compensated and exceeded by the higher
specific capacity of water compared to CO, so that
the production thermal power of water injection turns
out to be larger than that of sCO, injection, as seen
in Figure 11. This is more pronounced in the initial
phase of production, where the lower production mass
flow rate of sCO, (Figure 9) contributes additionally
to the lower values of the CO, curve. The water curve
gradually approaches to the CO, curve in time, and
reaches practically the same level at the end of the
production time of 20 years. At the very beginning of
production, the power obtained by water is more than
5 times larger compared to CO, for a short time. This
ratio rapidly decreases and gets stabilized at about 3
for the first two years of production. Thereafter, the
ratio starts to decrease quite rapidly. After five years,
the power obtained by water is only about 1.5 times
larger compared to CO,. Beyond fifteen years, the
difference is negligible and vanishes towards the end
of twenty years period (Figure 11).

The total geothermal energy production using
water and sCO, as heat transfer fluid over 20 years
are depicted in Figure 12, where the curves shown are
based on the useful thermal power variations shown in
Figure 11. One can see that the total energy produced
by CO, at the end of 20 years is about 70% of that of

water (Figure 12).
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Figure 12- Variation of total produced energy (TWh) in time, for
water and sCO, as working fluid.

The pressure drops (Ap) in the system and the
related loss of mechanical energy is a further important
issue, from the energetic point of view. The pressure
drops within the solution domain, i.e. between the
inlet boundary (at the bottom of the injection well) and
the outlet boundary (at the bottom of the production
well) can be obtained from the performed numerical
calculations. For water injection, the pressure drop in
the system remains fairly constant during the whole
injection period. In case of sCO,, a mild increase about
12% is observed within the 20 years of operation time
(a mean value is used below).

The mechanical power (P,,), i.e. the pumping
power associated with the pressure drop can be
estimated from (Streeter and Wylie, 1975).

Py =V Ap 2)
where V denotes the volume flow rate through the
system. In case of sCO,, the volume flow rate, as
well as Ap exhibit local and temporal variations so
that spatial and temporal integration processes would
be needed to obtain an accurate, representative mean
value for P,,. However, since the variations are not too
large, an indicative estimation can still be obtained
by using approximately averaged values of V and Ap,
which is also done currently.

The average pressure drop (Ap) through the system
and the associated average mechanical power (P,,) for
pumping are presented in Table 3, for water, and sCO,
as heat transfer fluids.

Table 3- Pressure drop and pumping power for water and sCO,

injection.
Ap [Mpa] Py [MW]
Water 54 12
Co, 26 8

As one can see in Table 3, the pressure drop for
CO, is 48% that of water, which may be seen as an
advantage for sCO, as a working fluid. This difference
may obviously be attributed to the difference in
the viscosities of both mediums, as the kinematic
viscosity of the sCO, (on the average) is nearly the
half of water. Consequently, the associated mechanical
power is smaller for CO,, compared to water (Table 3).
However, ratio of CO,-to-water is 67% for P,, (Table
3). This is due to the larger volume flow rate (V) of
sCO,. For the same mass flow rate, larger volume
flow rates occur for subcritical CO,, due to its smaller
density (on the average) compared to water, causing
this trend.

Hou et al. (2015), Benim et al. (2018 a, b) studied
the EGS potential of the Dikili geothermal field using
only water as circulation fluid for 90 days (3 months),
1000 days (nearly 3 years), 10 years and 20 years of
production whereas we studied here for 6 months, 1
year, 5 years and 15 years of production for both water
and sCO,. In addition, they used 100, 150, 200 and
250 kg/s steady injection mass flow rates whereas we
used only 215 kg/s steady injection mass flow rates
during this study. Although the production durations
and mass flow rates are different one another, the
temperature distributions along x-z and y-z symmetry
planes, total produced energy and temperature
variations in the outlet of the reservoir seem identical
for water. The studies that deal with water and sCO, at
the same time are scarce even in the world. Based on
limited existing studies, some of our findings such as
production temperatures, cumulative produced energy
and pressure drops for water vs. sCO, are comparable
with previous studies performed in some other EGS
sites such as Zhacanggou, Northeastern Tibet, China
(Liu et al., 2019) although geological and modeling
parameters are quite different.
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5. Conclusions

Higher production temperatures are achieved
with sCO, as working fluid in comparison to water
according to current estimates. It is mainly due to its
higher thermal conductivity and lower specific heat
capacity, according to current assumptions. However,
the thermal energy content of the production may
turn out to be lower for sCO, as mainly caused by
the lower specific heat capacity. On the other hand,
as the thermal power varies quite remarkably over
the whole production time for water, a more stable
production power in time is obtained for sCO,, which
may be seen as an advantage for the latter. A further
advantage of the sCO, injection is the lower pressure
drop due to its lower kinematic viscosity, implying a
lower pumping power. The present results encourage
a more detailed and comprehensive analysis of the
usage of sCO,, as heat transfer fluid in EGS, including
overall system analysis and optimization, which is
intended to be considered in the future work. The fact
that the use of sCO, in EGS may also contribute to the
CO, storage issue in relationship with the greenhouse
effect, the utilization of CO, in EGS surely deserves
further attention.
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