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Enhanced geothermal system (EGS) is considered to be the most effective way to mine hot dry rock. A
conceptual model of rock mass-fracture-rock mass was established to study the limitation of tempera-
ture, insulation and heat transfer on the temperature field of enhanced geothermal system and super-
critical carbon dioxide enhanced geothermal system. The temperature field of the rock mass under three
boundaries for 30 years has been obtained. Effects of fluid velocity, specific heat capacity and thermal
conductivity of rock mass on the temperature field were studied. The results show that boundary con-
ditions have a great influence on temperature change of the reservoir. Under three boundary conditions,
flow velocity of the fluid has a great influence on the temperature. But thermal conductivity and specific
heat capacity of the rock mass have a little influence on the temperature. Under the same boundary
conditions, heat exchange effect of the supercritical carbon dioxide enhanced geothermal system is
significantly better than that of the traditional enhanced geothermal system.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a new type of clean energy, dry hot rock geothermal energy
has the characteristics of abundant resources, environmental pro-
tection, reliability and high utilization rate [1,2]. It is difficult to
mine hot dry rock with traditional methods for deep burial, dense
rock mass and extremely low permeability. High-temperature
geothermal resources are generally developed through enhanced
geothermal systems (EGS) [3]. It uses the method of artificially
forming geothermal reservoirs to economically extract deep-seated
thermal energy from low-permeability rock masses [4], the sche-
matic diagram is shown in Fig. 1. In 1984, large-scale investigations
and studies were carried out all over the world after the successful
test of the Fenton Mountain Thermal Field in the United States [5,6].
At present, EGS is widely regarded as the most effective technology
for development of dry hot rock geothermal energy. However, high
initial investment of EGS, limitation of technical conditions, and
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determination of related parameters directly affect the efficiency of
thermal energy extraction and its operating life [7]. Therefore, it is
necessary to evaluate the EGS performance.

Supercritical CO, has replaced water as heat transfer fluid in
enhanced geothermal systems since 2000. Zhang et al. [8] sum-
marized the latest research progress of carbon dioxide-enhanced
geothermal systems. Zhang [9] used supercritical CO; as the heat
transfer medium to calculate the underground heat transfer of the
enhanced geothermal system by numerical simulation. Song et al.
[10] studied the transfer efficiency of supercritical carbon dioxide
and water in the production well of EGS. Liu et al. [11] compared the
thermal extraction performance of the carbon dioxide enhanced
geothermal system with a traditional enhanced geothermal system.
It is worth noting that effect of boundary conditions on the heat
transfer effect is a key factor, which cannot be ignored in the pro-
cess of numerical simulation. Fox et al. [12] confirmed that
boundary temperature of the rock mass is the same as the tem-
perature in the fracture surface. Sheng et al. [13] set the boundary
temperature of the rock mass to zero during the simulation anal-
ysis. Tang et al. [14] put forward the hypothesis that thermal radi-
ation of rocks should not be considered. Zhai et al. [15] assumed
that the thermal conductivity of the rock mass is low, and set the
fluid temperature on the fracture surface to be equivalent to the
rock mass temperature. Huang [16] set the boundary condition as
the temperature boundary. Duan [7] considered that the model
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Fig. 1. EGS system mining diagram.

surrounded by high-temperature rock mass can use the heat ex-
change boundary.

As a heat transfer fluid, supercritical carbon dioxide has great
advantages in terms of heat transfer characteristics, flow charac-
teristics, and damage characteristics. However, the specific impact
on the heat transfer results have not been compared and analyzed
in the above literatures through numerical simulations. In order to
deeply understand the influence of boundary conditions on the
heat transfer performance of EGS, temperature distribution of the
two enhanced geothermal systems were studied.

2. Mathematical model
2.1. Model assumption

EGS fractured reservoir can be simplified as a rock fracture
model. The rock mass is regarded as a porous medium with low
permeability and an isotropic block [17]. Thermal radiation effect is
not considered throughout the whole system [18]. The physical
properties of fluid in the fracture are affected by temperature, the
flow direction is unidirectional laminar flow, and the flow velocity
is small. The water flow in the fracture mainly exchanges heat in the
form of heat conduction and heat convection. The water remains
liquid under normal pressure, and the thermal conductivity, heat
capacity, density and dynamic viscosity of water change with
temperature (As shown in Fig. 2). The heat recovery effect is not
considered in the process of thermal mining [12]. Chemical effect of
some acid-base ions in the rock mass on the whole system is not
considered in this study.

Based on the above assumptions, the water properties can be
described as follows [19]:

Heat capacity fluctuation is:

Cpw =12010.1471 — 80.4072T + 0.3098T2 — 5.3818 x 10%T3
+3.6253 x 107T*

Te[273.15,553.15]

Thermal conductivity fluctuation is:
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Aw= — 0.8690 + 0.0089T — 1.5836 x 10~>T2 + 7.9754
% 107973

T€[273.15,553.15] (2)

Dynamic viscosity is:
fy = 1.3799 —0.0212T + 1.3604 x 1074T? — 4.6454 x 10~/ T3
+8.9042 x 107197% — 9.0791 x 10~ 13T
+3.8457 x 1071676

Te([273.15,413.15) (3)

thy = 0.0040 — 2.10746715 x 107°T + 3.857 x 107872
—23973 x 1071113

T€[413.15,553.15] (4)

Density fluctuation is:

P =838.4661 + 1.4005T — 0.0030T? + 3.7182 x 10773

Te[273.15,553.15] (5)

2.2. Governing equations

According to the hypothesis, the heat transfer fluid in the frac-
ture obeys Darcy's law in the process:

0
at (epw) +V « (pytt) =0 (6)

K
u=—-v 7
P (7)

where e is the Porosity. p,, is the fluid density, kg/m>. u is the ve-
locity vector. « is the Penetration, m%. u is the dynamic viscosity,
Pa-s. P is the pressure vector.

Momentum conservation equation of heat transfer fluid:

0 u
— (pylit) +pLVu =—-VP+V-uvu — Fu + epwg
ot € K
where g is the acceleration of gravity, m/s.
Energy conservation equation of heat transfer fluid:

9 !
ot (€PwConTw) + ¥ (up CpuTiw) =V (k¥ Tw) + % (Tr—Tw)  (9)

where Gy is the fluid specific heat capacity, J/(kg-K). Ty is the fluid
temperature, K. k, is the thermal conductivity of the fluid, W/
(m-K). T; is the rock mass temperature, K. k; is the thermal con-
ductivity of the rock mass, W/(m-K). ¢ is the half of the rift width,
m.

Energy conservation equation of rock mass is:

0
ot

ke

[(1=)pCprT] =V - (ke VTy) =

(Tr — Tw) (10)
where p; is the rock mass density, kg/m>. Gpr is the specific heat
capacity of the rock mass, J/(kg-K).
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Fig. 2. Physical parameters of water.

Initial boundary condition is [20]:

Tw(x, t=0)=To, Tr(x,y,t=0) = Tp, Tw(x=0,t > 0) = Tjp
(11)

where T is the initial temperature of rock mass, K.

For the assumption that the surface temperature of bedrock is
equal to the temperature of fissure water, the heat transfer between
fissure and bedrock is mainly related to the temperature gradient of
bedrock. And the boundary condition on fissure surface is:

W:kra—Tr

3y (12)

Tw(x,6)=Tr (x,y =dj.t) (13)
where dyis the equivalent hydraulic opening of the fracture.

The model is solved by numerical method of coupling iteration.
In the first step, each physical field is regarded as an independent
subsystem and solved by coupling iteration at the time of Ty, so as
to ensure the calculation accuracy. The second step is to calculate
the relevant solution of the model at T; = To+At. Finally, the iter-
ative calculation of each physical field is carried out. Thus the so-
lution of the coupled mathematical model can be obtained.

2.3. Model verification

The analytical solution of saturated soil column thermoelastic
consolidation under one-dimensional condition was derived by Bai
et al. [21]. It was used to verify the correctness and validity of the
mathematical model solution and the coupling numerical solution.
The validation model is shown in Fig. 3.

The model height is 1 m, width is 0.2 m, initial temperature is
283.15 K, and initial pore pressure is 0.1 MPa. The top surface is
subjected to a temperature load of 333.15 K, a pressure load of
0.1 MPa. The remaining boundaries are adiabatic and impermeable

boundaries. The soil column parameters are listed in Table 1.

The coupled analysis results are shown in Fig. 4, which show the
changes in displacement, pore water pressure and temperature at
different positions of the soil column over time. The numerical
solution and analytical solution have a high consistency, so the
numerical method can meet the calculation needs of the subse-
quent model.

3. Results and discussions
3.1. Working conditions

Based on local thermal nonequilibrium theory and previous
modeling, the rock mass-fracture-rock mass conceptual model is

F=0.1 MPa
T=333.15K

L T,283.15K

~—1 p,~0.10MPa

Im

X

0.2m

=

Fig. 3. Model for thermal consolidation problem.
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Table 1

Material parameter of soil column for validation study.
Parameter Unit Value
Elastic modulus MPa 60
Poisson ratio 04
Porosity 04
Thermal expansion coefficient 1/K 3x 1077
Biot coefficient 1.0
Heat capacity J/kg/k 800
Thermal conductivity W/m/K 0.5
Bulk modulus of soil particle Pa 2 x 10'°
Bulk modulus of water Pa 5 x 10°

shown in Fig. 5(a) [22—24]. The rifts between the high temperature
rock masses are uniformly distributed, as shown in Fig. 5 (b), which
is a local two-dimensional plane model.

The model parameters will directly affect the temperature field
distribution of the entire conceptual model and its service life. In
order to prevent the value of each parameter from having a greater
effect on the simulation results, the value level of the model
reservoir is determined by Refs. [12,15,25]. Initial temperature of
the rock mass is 600 K, the density is 2650 kg/m?>, the specific heat
capacity is 1000 J/(kg-K), the thermal conductivity is 2.3 W/(m-K)
and the permeability is 8.0 x 10~'% m2.

According to Refs. [2,10—14], three boundary simulations are
compared. Boundary 1 is the temperature boundary (temperature
of the rock mass boundary is the same as that of the upper rock
mass). Boundary 2 is the adiabatic boundary (ignoring the effect of
the upper rock mass). Boundary 3 is the heat exchange boundary
(considering the heat transfer effect of upper rock mass).

3.2. Effect of boundary conditions

Fig. 6 shows the temperature distribution under each boundary. In
the early stage of system operation, since the boundary temperature
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of the rock mass is the same as its initial temperature, the initial
temperature difference between the low-temperature fluid and the
high-temperature rock mass is large. Under the action of heat ex-
change fluid, the temperature of rock mass at the inlet gradually de-
creases. With the continuous inflow of low-temperature fluid, the
low-temperature area of the rock mass is also expanding. The heat
exchange fluid first enters the rock mass, and exchanges heat
continuously with the adjacent high temperature rock mass, resulting
in the temperature of the rock mass far from the inlet of heat exchange
fluid is slightly higher than the temperature at the inlet.

Under the adiabatic boundary, temperature difference between
the rock mass and the heat exchange fluid is large, and the
convective heat transfer is strong in the early stage of system
operation. In a short period of time, the fluid is rapidly heated. With
the system running, the temperature of rock mass at the inlet of
heat exchange fluid gradually decreases. There is no sudden change
in the fluid temperature. Just as the heat exchange fluid continues
to enter, the low-temperature area of the rock mass continues to
expand in the form of approximately a quarter circle. In the early
stage of system operation, the area expansion rate of the low-
temperature area is relatively fast. In the later stage of system
operation, the low temperature area is still expanding, but its rate
decreases, and it gradually approaches the exit finally.

Under the heat exchange boundary, the inlet of heat exchange
fluid is a low temperature area at the beginning of the system
operation. With the increasing of heat exchange period, the cryo-
genic fluid gradually moves away from the inlet under the action of
the heat exchange fluid flow. The low-temperature area of rock
mass forms a triangular-shaped expansion of heat recovery area,
and the temperature at the fluid inlet in the later stage is close to
the initial temperature of the low-temperature fluid. Because the
temperature change of the rock mass is determined by the heat
conduction of the rock mass and the convective heat transfer of the
fluid under this boundary. So the heat transfer rate is faster and the
influence area is larger.
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Fig. 4. Comparison between numerical and analytical solutions.
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Fig. 5. Rock mass—rift—rock mass conceptual model.

In order to further understand the temperature changes, points
1, 2, 3, 4, and 5 were selected as sampling points (as shown in
Fig. 5(b)). Fig. 7 shows the temperature curves under three different
boundaries. The temperature generally decreases with time. This is
because the temperature of the rock mass is higher than that of the
heat exchange fluid. Then, the rock mass undergoes heat exchange

and the temperature gradually decreases. In the early stage of
system operation, temperature of the sampling point near the crack
decreases rapidly. Due to the slower flow of the heat exchange fluid,
the temperature of the sampling point that farther from the crack
gradually decreases after the original temperature is maintained for
a period of time.
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Fig. 6. Temperature field change graph.
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3.3. Effect of fluid velocity

600 gty

600 g
550 | 550
<
500 | B ) 300
2 450
450 z
) 5 400 .
o} —=— Pointl =3 —=— Pointl
400 | o point2 5 350 | —*— Point2
—a— Point3 = —a— Point3
350 | —=— Point4 300 | —*— Point4
—&— Point5 —&— Point5
300 ‘ - : ! 250 - ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(t/a) Time(t/a)
(a) temperature (b) insulation
600 3%
—=— Pointl
550 —e— Point2
—~ —— Point3
é 500 —— Point4
b5 —&— Point5
g 450
=
£ 400
S
350
300
0 5 10 15 20 25 30
Time(t/a)
(c) heat transfer
Fig. 7. Temperature curves of sampling point.
600 600
580 550
&
=
560 15, 500
S & .
540 | — v=1x10"m/s g 450 v=Ix10 m/s
— v=2><10':m/s S — V=2><10’:m/s
— v=3x10"m/s — v=3x10"m/s
520 v=4x10"m/s ~__ 400 v=4x10"m/s
v=5x10"m/s N v=5%10"m/s
500 - - 350 . : ] ; - !
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(t/a) Time(t/a)
(a) temperature (b) insulation
600 R — v=1x10"m/s
— v=2x10"m/s
5501 v=3x10"m/s
< — v=4x10"m/s 320
£ 500 | v=5x10°"m/s m\
o1 316
2 314~
g 450 n S
1) r 310,
£ 400 26 27 28 29 30
[
350 [
300 . . . 8
0 5 10 15 20
Time(t/a)

(c) heat transfer

Fig. 8. Outlet water temperature under different velocities.

Five velocities are selected under three different boundary
conditions. As shown in Fig. 8, the fluid velocity has a great influ-
ence on the outlet temperature of the system. Under three
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boundary conditions, the faster the fluid flow rate is, the worse the
thermal-mechanical coupling heat exchange effect between the
rock mass and the fluid is. The water flow has already flowed out of
the rock mass before it fully exchanges heat with the rock mass, and
the system outlet temperature is lower. When the fluid velocity is

441



J. Zhang, M. Zhao and G. Wang

700 1 [l (a) temperature

[ (b) insulation

600 @ (c) heat transfer

500
400 |
300

Temperature(T/K)

200 r
100

0

1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°

Velocity(v/m-s™)
Fig. 9. Comparison of temperature changes under different boundaries.

small, the low-temperature fluid has enough time to absorb the
heat of rock mass. The temperature difference between the fluid at
the outlet and the high temperature rock mass is small, the heat
transfer efficiency is also improved obviously. As shown in Fig. 9, at
the heat exchange boundary, the change of fluid velocity has little
effect on the system outlet temperature. At the adiabatic boundary,
the heat inside the entire rock mass is conserved. When the fluid
velocity changes, the temperature at the outlet of the system
changes the most, which indicates that the fluid velocity under this
boundary is the main influencing factor.

3.4. Effect of thermal conductivity

As shown in Fig. 10, the thermal conductivity of the rock mass
has little effect on the outlet temperature. When the thermal
conductivity of the rock mass gradually increases, the heat in the
rock mass can be more easily injected into the flowing fluid. Heat
extraction efficiency of the low-temperature fluid in the rock mass
is improved, and the heat storage temperature drops faster. Fig. 11
shows the effect of the thermal conductivity under different
boundary conditions on thermal storage temperature at the later
stage of the system operation. The thermal conductivity difference
of the rock mass has a very small effect on the thermal storage
temperature. Under the adiabatic boundary, the thermal conduc-
tivity has the least influence on the temperature of the thermal
storage. At the temperature boundary, the thermal conductivity has
the greatest influence on the temperature of thermal storage,
which decreases more when the thermal conductivity increases.
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Fig. 11. Temperature changes under different boundaries.

3.5. Effect of specific heat capacity

As shown in Fig. 12, the greater the specific heat capacity of the
rock mass is, the more the heat released by the reservoir temper-
ature per unit time, and the fluid temperature rises. That results in a
higher outlet temperature of the system and the fluid in the ther-
mal storage. Fig. 13 shows that under the three boundary condi-
tions, although the specific heat capacity of rock mass will affect the
temperature change of the system, it is not the main factor affecting
the temperature change of the system.

3.6. Comparative analysis of two enhanced geothermal systems

Water is the working fluid in the traditional enhanced
geothermal system to exploit the geothermal resources of dry hot
rock. But as heat transfer medium, the leakage loss of water is
inevitable in the process of system development. Which directly
affect the economic benefits of system operation [26]. Supercritical
carbon dioxide is a state in which the temperature and pressure of
gaseous carbon dioxide in standard state are increased above the
critical point by heating and pressing. As shown in Fig. 14, carbon
dioxide is located between gas-liquid states, which leads to the
similar low density of carbon dioxide and liquid in supercritical
state. The low viscosity is similar with gas, which has a small sur-
face tension and strong permeability [27].

In order to compare the temperature variation of two enhanced
geothermal systems during the heat collection process, water and
supercritical carbon dioxide were injected into the three enhanced
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Fig. 10. Reservoir temperature with thermal conductivity.
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Fig. 12. Outlet water temperature changes of different specific heat capacity.
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geothermal systems with different boundaries. Fig. 15 shows the
outlet temperatures of the two enhanced geothermal systems. It
can be seen that the supercritical carbon dioxide enhanced
geothermal system is superior to the traditional enhanced
geothermal system in the same heat recovery period under three
boundary conditions. Under the temperature boundary conditions,
the heat recovery difference between the two systems is large. The
temperature difference between the rock mass and the heat ex-
change fluid is large at the initial stage of system operation, and the
rock mass temperature is affected by the cryogenic fluid. Under
adiabatic boundary, the temperature drop rate of supercritical
carbon dioxide enhanced geothermal system is higher than the
other during the whole system operation. Under the heat transfer
boundary conditions, the heat recovery difference between the two
systems is the smallest. Since the compressibility of supercritical
carbon dioxide is larger than that of water, it can absorb more heat
in the rock mass under the same boundary conditions. At the same
time, the constant pressure specific heat capacity of supercritical
carbon dioxide is smaller than that of water. Under the same heat
conditions, the temperature range changes greatly, and the tem-
perature gradually decreases with time.

4. Conclusions

In this study, a conceptual model of rock mass-fissure-rock mass
was constructed. Effects of two enhanced geothermal systems on
the temperature field of rock mass under three different boundary
conditions were analyzed. Research shows that boundary condi-
tions has a great effect on the temperature field of EGS, which is an
important factor that needs to be considered. A large low-tem-
perature area appears at the inlet of cryogenic fluid under tem-
perature boundary. Low-temperature area of the rock mass
continues to expand in the form of quarter circle under adiabatic
boundary. Under heat exchange boundary, low-temperature area of
the rock mass forms a triangular-shaped expansion heat recovery
area. Under different boundaries, the fluid velocity is the main
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Fig. 15. Outlet temperature variation for two enhanced geothermal systems.

factor that affects the temperature field, and thermal conductivity
and specific heat capacity of the rock mass have a small effect on
the temperature field. Under the same boundary conditions, the
heat exchange effect of supercritical carbon dioxide enhanced
geothermal system is significantly better than water.
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