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ABSTRACT

In this study, the heat extraction from geothermal reservoirs with the application of CO, and N, miscible
flow as the novel working fluids has been investigated based on the discrete fracture network model. The
miscible flow with different CO, and N, proportions and highly pressure and temperature dependent
properties have been integrated into reservoir simulations. The heat production processes for CO, and N;
miscible flow have been simulated with two different discrete fracture networks, which also take the
thermal-hydraulic-mechanical (THM) coupling mechanisms into consideration. Based on simulation
results, it is revealed that the heat extraction efficiencies show an irregular trend with the increasing
proportions of Ny in the mixture. It is found that the miscible flow with two different N, proportions (20%
and 40%) can be a more efficient working fluid than the one with larger N, proportions. Based on
simulation results, cumulative heat production curves that represent ten CO, and N, proportions can be
divided into three categories. Evaluations of relevant permeabilities and effective normal stresses at
sample points were made, which contributed to the comprehensive analysis of the heat transfer pro-
cesses. It is also found that there are reasonable ranges for the miscible flow with different CO, and Ny
proportions as working fluids that allows higher heat extraction efficiencies, which are validated by a
series of comparisons. Thus, in order to define the humps on the heat extraction efficiency curves, a new
concept of the optimized heat extraction efficiency range is proposed and validated. It is proved that fluid
properties of the miscible flow with different CO, and N, proportions and the reservoir temperature
determine the optimized heat extraction efficiency range directly. This study proposes the miscible flow
of CO, and N; as the working fluid, which provides a new alternative for geothermal energy production.

1. Introduction

fluids into deep geothermal reservoirs has been proposed and
simulated since the end of the 20th century [4—6]. Water has been
used as the initial working fluid for the Enhanced Geothermal

Geothermal energy is one of the most potential renewable en-
ergy resources (solar, wind, tides etc.) in the world and global
geothermal capacity has reached about 18.4 GW in 2018 [1,2]. The
geothermal capacity will reach 32 GW if the geothermal power
development plans for all countries are performed as expected [3].
In order to enhance the energy extraction efficiency from
geothermal reservoirs, the injection of water and CO, as working
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Systems (EGS) [6—8]. Then, CO; as the working fluid during the EGS
process has been developed, which takes CO, sequestration in deep
geothermal reservoirs into consideration [9—11]. In addition to
water and CO; as working fluids, N, has also been proposed [12,13].
In summary, compared with CO>, N> has the following advantages:
1) Lower costs because Ny can be readily from air; 2) Higher heat
extraction efficiency due to its smaller density and viscosity.

In recent years, many investigations have focused on relevant
areas of EGS [14—17]. A numerical study of fluid-rock interactions
shows that chemically reactive transportations that combines


mailto:chrcld@unife.it
mailto:liling@westlake.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2020.118062&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2020.118062
https://doi.org/10.1016/j.energy.2020.118062

minerals dissolution and precipitation will affect reservoir porosity
and consequently permeability [ 18]. The effects of salt precipitation
during the EGS process have been investigated in a fractured
reservoir model, which reflects that geothermal energy production
can be inhibited by salt precipitation in fractures [19]. A rough-
walled discrete fracture network model that integrates thermal-
hydraulic-mechanical coupling mechanisms has been used to
analyse heat extraction performance of water and CO; as working
fluids during the EGS process [20]. A new EGS model that defines
several injection and production wells in different reservoir layers
has higher heat extraction efficiencies than that of EGS model with
two vertical wells [21]. The heat performance of EGS in heteroge-
nous reservoirs has been investigated and a quantified method has
been established to predict heat performance [22]. Juliusson et al.
[23] have developed an optimization method that is based on
maximizing production revenue from fractured geothermal
reservoirs.

CO; as the working fluid has been utilized to enhance produc-
tion for different kinds of natural resources (shale gas and oil,
conventional gas and oil, gas hydrate, geothermal, etc.) [24—26]. In
the area of geothermal energy production, unlike EGS, CO, Plume
Geothermal (CPG) is also applied for heat extraction from medium
and high permeability geothermal reservoirs, which are common in
the world and allow an efficient heat exchange between reservoir
rocks and working fluids [27—29]. CO; has been proposed as the
fracturing fluid for shale gas and oil reservoirs and recent studies
are mainly relevant to CO, flow through single fracture and fracture
networks and corresponding processes of fracture propagation
[30—33]. There have been several investigations on methane
displacement from gas hydrate with the application of CO, through
experimental and numerical methods [34—36]. Compared with
above natural resources, the method of CO; flooding to enhance oil
recovery in conventional oil reservoirs is the most mature CO;
utilization in the area of natural resources and has been widely
applied in many field projects all over the world in recent decades,
which plays an important role in residual oil production [37—40].

In 2015, Ny as the working fluid for heat extraction from
geothermal reservoirs has been simulated and compared with CO,
[13]. Though there are few studies on the application of N, for
geothermal energy production, experimental and simulation re-
sults of N, and CO,—N, mixtures that are used for enhanced oil and
gas recovery (EOR) have been presented [41—43]. The solubility and
displacement efficiency of N, and CO, under different contact an-
gles have been investigated through visualization experiments
[44]. In a study, N, has been added into supercritical CO,, which
contributes to generate the driven foam for enhanced oil recovery
[45]. The effects of CO,—N, mixtures on minimum miscibility
pressure for targeted oil have been evaluated through detailed
comparisons [46]. Seomoon et al. [47] have simulated the injection
of CO,—N; mixtures into coal seam for methane production with
considering diffusion phenomenon.

A great advantage for CO; as the working fluid to be utilized in
the area of natural resources production is CO, sequestration in the
reservoir during the production process, which cannot be ignored
and is very important for global environment [48—51]. CO;
sequestration in geothermal reservoirs has been investigated while
geothermal energy is being extracted [52—54]. In this paper, the
miscible flow with different CO, and N, proportions through
discrete fracture networks in geothermal reservoirs are simulated.

2. Model descriptions
2.1. Fluids properties

This study mainly focuses on the effects of different CO, and N

proportions in the miscible flow on heat extraction performance.
Ten different proportions of N, from 5% to 50% with a constant
increasing value of 5% and corresponding proportions of CO, in the
miscible flow have been used as working fluids for numerical
simulations respectively. The properties of the miscible flow have
physical continuities though the transformation of the miscible
flow states may occur, such as gas to liquid state under reservoir
conditions in this study.

Combined with relevant equations and empirical correlations,
Peng-Robinson Equation of State is adopted to perform calculations
of highly pressure and temperature dependent properties of the
miscible flow for different proportions. The properties of the
miscible flow (density, viscosity and heat capacity) can be
expressed as functions of pressure and temperature that will be
applied for further simulations in this study.

2.2. Model assumptions

In this study, a dual porosity reservoir model is established with
one injection well locating on the left boundary and one production
well locating on the right boundary. A simple schematic is shown in
Fig. 1 [55]. A discrete fracture network and rock matrix constitute
the target reservoir. Based on the mass and energy balance theories,
four basic assumptions are made for the development of the
mathematical model:

1) The rock matrix of the reservoir model has isotropic properties.
And the permeability of the rock matrix is very small that can be
ignored, which means that the rock matrix could be almost
impermeable.

2) Darcy Law'’s is applicable to describe fluid flow in the reservoir.

3) The original fluid in the reservoir is the same as the injected
working fluid and no water exists.

4) Under the reservoir conditions (the temperature range
20—150°c, the pressure range 56.35—60.27 MPa), the miscible
CO; and N flow has two states of matter: gas and liquid. With
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Fig. 1. EGS Schematic with one injection and one production well [55].



considering the continuous properties of changing phases for
the miscible flow and large densities (from 600 to 1200 kg/m?>),
the miscible flow in the reservoir is simplified as the liquid flow.

5) Only CO, and N; exist. And the sum of CO, and N; proportions in
the miscible flow equals 100%.

2.3. Governing equations

Based on previous studies, the governing equations in the
mathematical model are demonstrated in the following section
[56—59]. On the basis of initial assumptions, the permeability of the
rock matrix is much lower than that of the fractures, which means
that the fluid velocity in the rock matrix is so small as to be
negligible. Thus, the temperature of the fluids in rock matrix equals
to the one in the reservoir. The mass equations and the Darcy ve-
locity in the rock matrix are expressed in the following forms [56]:
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The mass equations and the Darcy velocity that is described by
Darcy Law in the fracture are written as [56]:
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where S represents the storage coefficient, m represents the rock
matrix, f represents the fracture, dy represents the fracture thick-
ness, u represents the flow rate, e represents the volumetric strain,
Qy represents mass transfer between the fracture and rock matrix, k
represents the permeability, n represents the fluid dynamic vis-
cosity, g represents the gravity acceleration, p represents the
pressure, t represents the time, z represents a unit vector, ¢ rep-
resents the rock matrix porosity.

The energy conservation equation in the rock matrix is shown
[57,58]:
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The energy conservation equation in the fracture is shown [59]:

oT;
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where T represents the temperature, C represents the specific heat
conductivity, A represents the heat conductivity, h represents the
convection heat transfer coefficient. And other parameters for
equations that are used are the same to the parameters in mass
equations.

The equilibrium equation and the deformation equation of the
fracture can be written as [60]:
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where u; j; represents the divergence of the transpose of the Cauchy
stress tensor, F; represents the body force per unit volume in the i-
coordinate, —agP; denotes the seepage body force resulting from
the pore pressure, A and p are Lame’s constants, E and » are elastic
modulus and Poisson’s ratio respectively, —K arT; represents the
thermal stress term, in which ar is the coefficient of volumetric
expansion corresponding to the bulk medium.

2.4. Model validations

The governing equations of mass and heat transfer processes
through rock matrix and fractures are presented in the Section 2.3.
The integration of mass and heat transfer processes is realized
through the thermal-hydraulic-mechanical coupling processes in
the model. The numerical solutions of this mathematical model are
calculated by the finite element method (FEM). The accuracy of the
mathematical model proposed in this study needs to be verified
before further investigations. In order to verify the proposed model,
an analytical method is applied here, which will be compared with
the finite element method. Because the 2D discrete fracture
network model comprises certain amounts of fractures, a 2D single
fracture model that is a much simpler case is used to verify the mass
and heat transfer through the rock matrix and fractures. The
analytical expression of temperature distributions through a single
fracture can be written as [61]:

@ev/De X)
2uds/t—X/u

where Tj, is the injection temperature, @ is the effective porosity,
De is the effective diffusion coefficient, u is the flow velocity, dy is
the fracture aperture, X is distance from the inlet, t is the time. The
effective porosity and diffusion coefficient can be calculated by
relevant equations [61].

The 2D single fracture model is shown in Fig. 2. As is shown in
Fig. 2, the fluid is injected from the position x = 0 and flows through
the single fracture that is surrounded by the rock matrix. The
fracture length is 100 m and the fracture aperture that is uniform
equals 0.005 m. The parameters for the single fracture model are
listed in Table 1. The analytical solutions are calculated by Eq. (8)
and numerical solutions are calculated by COMSOL Multiphysics,
which is a commercial software based on the finite element
method. In Fig. 3-a, analytical and numerical solutions at three
sample points (x = 10, 20 and 30 m) along the fracture are
compared, which presents pretty matching trends. It can be found
that the sample point that is closer to the injection side shows a
larger temperature drop because the temperature of the injected
fluid is much lower than that of the rock matrix. Fig. 3-b shows that
the temperature distributions along the fracture for different

T(x, t) = Tyyerfc (14)
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Fig. 2. A simple schematic of heat transfer in a single fracture model.

Table 1

The input parameters for model validations.
Injection velocity u, m/s 0.01
Injection temperature Ty, °C 30
Rock initial temperature Ty, °c 80
Water density p,,,, kg/m> 1000
Rock density p,, kg/m> 2700
Heat conductivity h, W/m?/K 3000
Fracture aperture dy, m 0.0005
Water heat capacity Cy, J/kg/K 4200
Rock heat capacity G, J/kg/K 1000

injection durations (t = 50, 100 and 150 day) are similar based on
analytical and numerical solutions, which reflects that longer in-
jection durations lead to more heat losses. Based on comparisons
presented in Fig. 3, the finite element method is verified by the
analytical method though very small differences exist. It can be
concluded that the finite element method is a reasonable and ac-
curate method to simulate the mathematical model proposed in
this paper.

3. Numerical simulation

In this study, a discrete fracture network model made up of
parallel plate fractures is used for numerical simulations. As is
shown in Fig. 4, two discrete fracture network models are pre-
sented, which are marked as Model 1 and 2. The distributions of
fracture aperture in Model 1 and 2 is homogenous, having the same
value of 5.5 x 107> m. And the range of fracture length is between
40 and 60 m. The differences between Model 1 and 2 consists in the
fracture densities and inclinations. On the 2D plane, the length of
the investigated reservoir is 300 m and the height is 100 m. The
depth of the investigated reservoir is assumed to be from 5400 to
5500 m. The main role of Model 2 is to validate simulation results
based on Model 1 and provide complementary analysis from the
perspective of discrete fracture network constitution.

The initial and boundary conditions of the investigated reservoir
are illustrated in the following section. The initial reservoir tem-
perature is set as 150°c. The range of initial reservoir pressure is
from 57.82 to 58.8 MPa because gravity is taken into consideration.
For example, in Fig. 5, at the top and bottom boundaries 5400 and
5500 m, the corresponding values of initial pressure equal 57.82
and 58.8 MPa separately. With the increasing reservoir depth, the
initial reservoir pressure distribution shows a gradual increase due
to the effect of gravity. The top and bottom boundaries are assumed
to be impermeable and have no heat exchange with other areas.
The left and right boundaries represent the injection and produc-
tion wells. In this study, at the reservoir depth 5400 m, the injecting
pressure on the left boundary are set as 56.35, 56.84 and 57.33 MPa
and corresponding pressure on the right boundary are 59.29, 58.8
and 58.31 MPa separately. Different reservoir depths result in
different pressure values on the left and right boundaries. The
injecting temperature for working fluids on the left is set as 20°c.
The required reservoir parameters are listed in Table 2.

The main research objective of this study is to investigate the
heat extraction performance of the miscible flow of CO, and N; as
working fluids with ten proportions: 1) 95% CO2 and 5% N3, 2) 90%
CO, and 10% Ny, 3) 85% CO, and 15% N, 4) 80% CO, and 20% N3, 5)
75% CO, and 25% N, 6) 70% CO; and 30% Na, 7) 65% CO, and 35% N»,
8) 60% CO, and 40% N3, 9) 55% CO, and 45% N3, 10) 50% CO, and 50%
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Fig. 3. Comparisons between the numerical and analytical solutions in a single fracture model.

N,. Different proportions of CO, and N, lead to different fluid
properties. In addition, fluid properties are affected by pressure and
temperature distributions. In this study, the pressure range is from
56.35 to 60.27 MPa and the temperature range is from 20 to 150°c.
In order to reflect the gradual changes of fluid properties, a com-
mercial software CMG WinProp is adopted for relevant calculations
based on Peng-Robinson Equation of State. The largest pressure
difference for simulating cases in this study is 3.92 MPa, which is

about 6.6% change rate. Considering that the temperature range is
from 20 to 150°c, the pressure change rate is pretty small compared
with the temperature change rate. In addition, fluid properties are
very similar at high pressure conditions. Thus, the pressure con-
dition is assumed to be a middle value 58.5 MPa for calculations of
fluid properties.

Key fluid properties that contribute to heat extraction perfor-
mance significantly include density, viscosity and heat capacity.
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Table 2

Reservoir simulation parameters.
Parameters Value
Rock density procx. kg/m> 2800
Rock heat capacity Cs, J/kg/K 1000
Rock thermal conductivity Aycr, W/m/K 3
Rock matrix porosity ¢ 0.0001
Rock matrix permeability kp,, m? 1.0 x 10717
Convection heat transfer coefficient h, W/m?/K 2900
Gravity acceleration g, m/s? 9.8
Elastic modulus E, GPa 30
Poisson ratio n 0.25
Thermal expansion coefficient oy, K~ 1.0 x 108
Biot’s constant ap 1
Normal stiffness «,, GPa/m 1200
Tangential stiffness kr, GPa/m 400

Fig. 6 shows densities of different CO, and N proportions as a
function of temperature (0—150°c) at a constant pressure value
58.5 MPa. For easier expressions in the figure legend, only N,

proportions are listed because the sum of CO, and N, proportions in
the miscible flow equals 100%. It is observed that the densities of
the miscible flow for all investigated proportions have negative
relationships with the temperature. With the increase of Ny pro-
portion in the miscible flow, the density of the miscible flow de-
creases due to the fact that the mass of N, is smaller than that of
CO,. In addition, densities for adjacent N, proportions present
equal differences, which match the constant increase of N, pro-
portions in the miscible flow. In Fig. 7, viscosities for different N;
proportions show decreasing trends with the increase of temper-
ature. And a larger N, proportion lead to a smaller viscosity of the
miscible flow. The differences among adjacent N, proportions will
become smaller while the temperature increases gradually. In
Fig. 8, there are humps on relationship curves between heat ca-
pacity and temperature that become smaller with the increase of N,
proportion (0—40%) and finally disappear when the N, proportion
reaches 45%. When the N, proportion equal 45 and 50%, the heat
capacity has a linearly decreasing trend with the temperature.
Phase transitions occur with the increase of the temperature. For
example, the miscible flow of 95% CO, and 5% N is still a liquid
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phase when the temperature is 20°c. The miscible flow of other
proportions in this study remains gas phases when the tempera-
ture is above 20°c. It should be noticed that the temperature range
for numerical simulations in this study is from 20 to 150°c. In
addition, the properties of the miscible flow are continuous though
the miscible flow of 95% CO, and 5% N is a liquid phase at the
temperature 20—25°c. The properties of the miscible flow for
different CO, and N, proportions are used to simulate heat
extraction performance from geothermal reservoirs and evaluate
the effects of impacting factors.

4. Results analysis

In Figs. 9 and 10, the pressure and temperature distributions of
the investigated reservoir with the injection of the 95% CO, and 5%
N, miscible flow at different times are presented. Four different
times (3, 10, 15 and 20 year) are adopted in this study. In Fig. 9, it is
showed that the pressure distributions for different times are
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Fig. 8. The relationship between heat capacity and temperature for different N, pro-
portions at the pressure 58.5 MPa.

constant, which reflects that the steady state has been reached
since the time t = 3 year. It is obvious that the values of pressure
decrease from the left side to the right side based on the colour
legend. This is because the left and right sides represent the in-
jection and production wells separately. In addition, deeper loca-
tions have higher pressure values due the integration of gravity into
reservoir simulations. It can be also found that the pressure dis-
tributions changes more sharply along fractures because the
discrete fracture network is the dominating flow path in the
reservoir.

Fig. 10 gives an illustration that the temperature distributions
corresponds to pressure distributions in Fig. 9 in the reservoir. From
Fig. 10-a to d, it can be observed that blue areas that represent low
temperature keep expanding and red areas that represent high
temperatures become smaller with time going by. As is shown in
Fig. 10-d, red areas eventually disappear and there are only yellow
areas instead. The injection of 20°c working fluids on the left side
and the production of reservoir fluids on the left side lead to the
temperature evolutions in the reservoir. The effects of the discrete
fracture network on temperature distributions is more obvious
than pressure distributions. In Fig. 10, it can be seen that lower
temperature areas are surrounded by higher temperature areas on
the interface of different temperature areas, which can be consid-
ered as fingering penetrations of lower temperatures.

In Fig. 11, the temperature distributions for different CO, and N,
proportions in the miscible flow at the same time t = 3 year are
compared. The temperature distributions in Fig. 11-a is different
from those in Fig. 10-b, c and d clearly. In Fig. 11-a, the blue area
occupies a small proportion of the total area on the left, which is
about between one sixth and one fifth. Though the temperature
distributions are pretty similar in Fig. 11-b, c and d, small differ-
ences can be observed. By means of comparison among areas sur-
rounded by the red border, it can be found that the 80% CO, and 20%
N, miscible flow lead to faster heat transfer in the reservoir
compared with the other three CO, and N, proportions. The heat
transfer of the 50% CO, and 50% N, miscible flow is a little faster
than that of the 65% CO, and 35% N, miscible flow. The differences
in the temperature distributions in Fig. 10 is caused by densities,
viscosities and heat capacities of the miscible flow with different
CO; and N proportions, which have direct effects on heat transfer
in the reservoir.
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Fig. 12 is a schematic of three sample points in Model 1 and 2,
which is used for the following analysis. Three sample points locate
at equally spaced positions (80, 160 and 240 m). Fig. 13 shows the
permeability and effective normal stress curves for three sample
points with the injection of the 80% CO, and 20% N, miscible flow in
Model 1. The fracture at Point 1 has a larger permeability than those
of Point 2 and 3. Point 2 and 3 have closer permeability and
effective normal stress curves. With time going by, the permeability
curves for Point 1, 2 and 3 keep increasing. The effective normal
stress curves strictly correspond to the permeability curves. Fig. 14
presents the permeability and effective normal stress curves for the
miscible flow with different CO, and N, proportions at Point 2.
Similarly, the effective normal stress curves match the trends of the

permeability curves. It can be found that the miscible flow with 60%
CO, and 40% Ny has the largest permeability among ten pro-
portions. The 85% CO, and 15% N, miscible flow has the smallest
permeability. In addition, the permeability and effective normal
stress curves can be divided into three parts. The miscible flow with
N, proportions that are from 5% to 15% have smaller values that
locates on the bottom part of Fig. 14 and the miscible flow with 25%,
30% and 35% N, proportions has corresponding curves in the
middle part. The miscible flow with other four N, proportions has
larger values of permeability and effective normal stress, which
locate above the last-mentioned curves.

In Fig. 15, the permeability and effective normal stress curves for
three sample points with the injection of the 80% CO, and 20% N



(d) 50% CO, and 50% N,

T

100 120 140

Fig. 11. Temperature distributions for different CO, and N, proportions in Model 1 when t = 3 year.

5580 T T T T T T T

0 ) 100 150 200 50 w

Fig. 12. Three sample points at same locations in Model 1 and 2.

miscible flow in Model 2 are presented. It is shown that Point 1 also
has a larger permeability curve than those of Point 2 and 3. How-
ever, the permeability and effective normal stress curves of Point 1
and 2 are closer. This is because Model 1 and 2 are different discrete
fracture network models. In Fig. 16, the permeability of the 60% CO,
and 40% N, miscible flow are larger than others. The permeability
and effective normal stress curves are also divided into three parts
based on different N, proportions: top (20%, 40%—50%), middle
(25%—35%), low (5%—15%), which is coherent with Model 1 in
Fig. 14. But the middle part is closer to the top part compared with
Model 1 results.

In Figs. 17 and 18, the cumulative heat production for the
miscible flow with different CO, and N, proportions based on
Model 1 and 2 are shown. The cumulative heat production curves
that represent the miscible flow with different CO, and N, pro-
portions based on Model 1 and 2 have similar sequences. In Fig. 17,
the 60% CO, and 40% N, miscible flow has the highest cumulative
heat production for 20 years. In Fig. 18, the 60% CO, and 40% N,
miscible flow has the highest cumulative heat production for 10

years and then is exceeded by the miscible flow with other pro-
portions. The sequences of cumulative heat production curves in
Figs. 17 and 18 strictly follow the permeability and effective normal
stress curves in Figs. 14 and 16. As a result, the three parts proposed
for Figs. 14 and 16 can be applied to the cumulative heat production
curves in Figs. 17 and 18. In addition, the effects of fluids properties
are also observed. It is obvious that the spatial differences between
the middle and bottom part become smaller in Figs. 17 and 18
compared with the spatial differences in Figs. 14 and 16. This is
because the fluid properties (density, viscosity and heat capacity)
change with temperature, which are shown in Figs. 6—8. What's
more, the sequences of cumulative heat production curves in
Figs. 17 and 18 are the same as the permeability curves in Figs. 14
and 16, which reflects that fracture permeability is the most
important factor on heat production when the reservoir boundary
condition is set as a constant pressure difference in this study.
Through comparisons of the same miscible flow, the cumulative
heat productions based on Model 2 are higher than those based on
the Model 1, which reflects that the total conductivity of Model 2 is
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higher than that of Model 1.

Figs. 19 and 20 display the heat extraction efficiency curves for
the miscible flow with different CO, and N, proportions based on
Model 1 and 2 separately. The heat extraction efficiencies based on
Model 1 and 2 all have sharp drops at the beginning of production.
Sharp drops on the heat extraction efficiency curves are due to the
depletion of initial elastic energy in the geothermal reservoir and
the pressure supply from the left side that has not reached the right
side. Initial conditions of high pressure and temperature result in
the existence of initial elastic energy (the hydraulic-thermal-
mechanical coupling process has been integrated into the reser-
voir model in this study).

The appearance of humps on the heat extraction efficiency
curves are observed in Figs. 19 and 20. The humps represent ranges
of higher heat extraction efficiencies compared with other heat
extraction efficiencies during the period of 20 years. The humps on

10

the heat extraction curves can be considered as the optimized heat
extraction range. The effects of different CO; and N, proportions on
the appearance of humps are analysed. The top, middle and bottom
parts mentioned in the analysis of cumulative heat production
contribute to identify appearances of humps on the heat extraction
curves. Corresponding to the cumulative heat production, a larger
cumulative heat production leads to earlier appearance of humps
on the heat extraction curves. For example, the humps of the
miscible flow with N, proportions (5%—15%) are not clear in Fig. 19
but they can be identified easily in Fig. 20. This is because Model 2
has a higher conductivity than Model 1. When enough heat is
produced from the reservoir and the reservoir temperature de-
creases to a critical value, the humps will appear.

It is also shown that there are small fluctuations on the heat
extraction efficiency curves in both Figs. 19 and 20. This is because
ongoing heat extraction processes affect temperature distributions
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in the reservoir and densities, viscosities and heat capacities of the Figs. 21 and 22 show the cumulative heat production curves
miscible flow with different CO, and N, keep changing with tem- generated on Model 1 under the pressure boundary condition
perature. Though small fluctuations exist, the trends of the heat Ap = 0.98 and 2.94 MPa separately, which are compared with the
extraction efficiency curves are not affected. results in Fig. 17. It is observed that the cumulative heat curves in
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Figs. 21 and 22 have same sequences as the cumulative heat pro-
duction curves in Fig. 17 for different CO, and N, proportions. In
Fig. 21, the cumulative heat production has a linear relationship
with time. In Fig. 22, it is found that cumulative heat production
curves for several CO, and N; proportions have reached very gentle
slopes, which means that there is not much geothermal energy left
in the reservoir and heat extraction efficiencies are pretty low.
Compared with the cumulative heat production curves in Figs. 21
and 22, it can be found that the cumulative heat production
curves in Fig. 17 are transitions between corresponding curves in
Figs. 21 and 22. Figs. 23 and 24 are presentations of the heat
extraction efficiency curves based on Model 1 under the under the
pressure boundary conditions Ap = 0.98 and 2.94 MPa. It is found
that there is no hump on the heat extraction curves in Fig. 23. The
reason is that the reservoir temperature does not reach critical
values that allow appearances of humps on the heat extraction
curves. In contrast, the humps on the heat extraction curves can be
observed in Fig. 24.
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The cumulative heat production and heat extraction efficiencies
for four chosen proportions (90% CO, and 10% N, 80% CO, and 20%
N>, 70% CO2 and 30% N, 60% CO; and 40% N») under three pressure
boundary conditions (Ap = 0.98, 1.96 and 2.94 MPa) are shown in
Figs. 25 and 26. Figs. 25 and 26 provide direct comparisons among
three pressure boundary conditions and are used to validate the
effects of reservoir pressure conditions on the appearance of humps
on the heat extraction curves. Based on the above analysis in
Figs. 17—26, it is proved that the optimized heat extraction effi-
ciency range exists and indicated that the working fluid properties
and reservoir temperature have direct effects on the optimized heat
extraction efficiency range.

5. Conclusions

In this study, a miscible injection of CO, and N>, a novel working
fluid, is proposed. On the basis of initial model setup and relevant
assumptions, with the injection of CO, and N, miscible flow, the
EGS model that integrates the discrete fracture network model and
the thermal-hydraulic-mechanical coupling mechanisms have
been successfully developed and evaluated.

Simulation results show that different CO, and N, proportions in
the miscible flow have predictable effects on the heat extraction
from geothermal reservoirs. It can be observed that the heat
extraction curves of proportions (60% CO; and 40% N, 80% CO, and
20% N3) have similar characteristics in being higher than corre-
sponding curves of other proportions, which indicates that the
miscible flow with the above proportions is a more efficient
working fluids in most times. It is concluded that heat extraction
efficiencies have no positive relationships with the increasing
proportions of N, in miscible flow though larger proportions of N5
can reduce the densities, viscosities and even heat capacities of the
miscible flow to certain extent. Based on simulation results and
corresponding analysis, the miscible flow with ten CO, and N
proportions can be divided into top, middle and bottom part. The
trends and distributions of permeability and effective normal stress
curves strictly correspond to those of the heat extraction curves.

The heat extraction efficiencies for the miscible flow with
different proportions have been evaluated in a period of 20 years. It
is found that humps that appear on the heat extraction efficiency
curves means higher heat extraction efficiencies for a period, which
can be described as reasonable ranges that produce geothermal
energy from deep reservoirs more efficiently. Under the conditions
of this study, the impacting factors, including boundary conditions,
fluids properties and the discrete fracture network, have been
investigated. It is found that larger pressure differences between
the inlet and outlet boundaries lead to earlier appearances of
humps on the heat extraction efficiency. Different working fluids
properties due to different CO, and N, proportions have direct ef-
fects on the appearance of humps. Small differences exist between
two discrete fracture network models due to different hydraulic
conductivities that are determined by discrete fracture networks.
Because the conductivities of fracture networks and pressure
boundary conditions affect heat extraction from the reservoir and
consequently the reservoir temperature, it is concluded that the
reservoir temperature also influences the optimized heat extraction
range directly.

Simulation results are validated through mutual comparisons
between two different discrete fracture network models. This study
proposes a novel working fluid for the EGS model and suggests a
reasonable range for more efficient heat extraction and a new
concept of the optimized heat extraction efficiency range. This will
contribute to the application of different working fluids with
considering both heat extraction efficiency and the amount of CO;
storage and optimized production plans of geothermal projects.
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Fig. 25. Cumulative heat production based on Model 1with different pressure conditions: Boundary A Ap = 0.98 MPa; Boundary B Ap = 1.96 MPa; Boundary C Ap = 2.94 MPa.

Fig. 26. Heat extraction efficiency based on Model 1with different pressure conditions: Boundary A Ap = 0.98 MPa; Boundary B Ap = 1.96 MPa; Boundary C Ap = 2.94 MPa.
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