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ABSTRACT

Geothermal resources for global new energy
development because of its wide distribution, huge
reserves and environment-friendly. The enhanced
geothermal system (EGS) is one of the key
technologies for the extraction and utilization of
geothermal energy in high-temperature rock masses in
deep formations. The use of supercritical carbon dioxide
(s-CO2) as a working medium in EGS has many
advantages for heat exploitation. But the change of
thermal properties of supercritical carbon dioxide is
very rapidly during EGS production, which affects the
transport of fluids and rock-fluid heat exchange. To
investigate the effect of S-CO2 in EGS, in the present
work, we develop the heat and mass transfer models
for S-CO2 in EGS based on the Embedded Discrete
Fracture Model (EDFM). The simulation results show
that the complex fracture network has significant
effects on the heat and mass transfer of supercritical
carbon dioxide in the reservoir. In addition, S-CO2 not
only has higher heating efficiency than water, but also
captures and stores carbon dioxide.

Keywords: Enhanced Geothermal System, Supercritical
carbon dioxide , Embedded Discrete Fracture Model,
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1. INTRODUCTION

As a kind of clean and renewable energy, hot dry
rock geothermal resources have abundant reserves and
broad application prospects, and can be used in
geothermal power generation, heating and agricultural
production "2 However, since the hot dry rock is
generally tight granite, the rock matrix has low porosity
and poor connectivity of the natural fracture system,

resulting in low permeability ®*. The enhanced

geothermal system is an effective means to develop
heat dry rock geothermal resources. It transforms deep
underground low-porosity and low-permeability rock
mass into high-permeability artificial geothermal
reservoir through hydraulic fracturing and other
reservoir stimulation methods. With these methods, a
considerable amount of thermal energy can be
economically extracted and utilized for a long time .

The working fluid of an enhanced geothermal
system is usually water. In 2000, D.W. Brown'® first
proposed the use of supercritical carbon dioxide instead
of water to extract dry hot rock geothermal resources.
Compared with water as working medium, supercritical
carbon dioxide has the following advantages: (1)
supercritical carbon dioxide has higher heat exchange
efficiency in the formation and can generate more
thermal energy; (2) with supercritical carbon dioxide
injection, carbon dioxide can be captured and stored;
(3) The chemical properties of supercritical carbon
dioxide are stable, and it is not easy to cause problems
such as mineral dissolution 7"

Based on the research of Jansen G et al. [101, this
paper establishes a heat transfer and mass transfer
model of supercritical carbon dioxide in an enhanced
geothermal system based on the embedded discrete
fracture model (EDFM). The Span-Wagner (SW) model
is used to calculate the thermophysical property
parameters of carbon dioxide™. The embedded
discrete fracture model adopts orthogonal structured
meshing, which does not require grid refinement, and
the simulation operation speed is greatly improved (12

2. ESTABLISHMENT OF MATHEMATICAL MODEL
Based on the mass balance law, combined with
Darcy's law and Fourier's law, the basic seepage and
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heat transfer differential equations of single-phase fluid
flow are derived, which laid the theoretical foundation
for the embedded discrete fracture model. The
embedded discrete fracture model is a combination of a
dual medium model and a discrete fracture model. The
embedded discrete fracture model borrows the method
of establishing the relationship between the fracture
unit and the matrix unit in the dual medium model, and
explains the mass and energy exchange between the
continuous mediums **!,

2.1 Model assumptions

The basic assumptions of the embedded discrete
fracture model for enhanced geothermal systems are as
follows:

The basic assumptions of models used in this paper
are as follows:

(a)The reservoir is homogeneous and isotropic in
properties;

(b) The fluid flow is single phase ;

(c) Fluid density, viscosity, compressibility, heat
capacity are functions of formation pressure and
temperature;

(d)The gravity effects and the stress sensitivity of
matrix permeability are not considered,;

(e) Fractures are finite conductive.Establishment of
the flow model.

2.2 Fluid flow equations

Single-phase continuity equation:

990 Lgiv(pv) = gp (2.1)
ot
Flow equation:
v:—EVp (2.2)
7

State equation:
For elastic porous media:

c=% 23)
¢op
For elastic fluids;
(_“,f = 6_'0 (2.4)
0P
Solving the left side of the continuity equation:
0 (pp) 6 o¢ O
ot 6t at op ot
(2.5)
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Bring the equation of state and the equation of
motion into the continuity equation:

#(C, +Cf)@ = div(EVp)+q (2.6)
ot U

Therefore, for the matrix system and the fracture
system, respectively:
matrix system:

Op
(Iﬁ(C +C,)—=I
m r f at

= div(k—mme)+Fmf +0q, (2.7)

fracture system:

k
¢,(C,+C)H—- pf =div(—Vp, )+, +0, (2.8)
M
Flow transfer between matrix and fracture %'
I'=Cl-Z-(p; — Py) (2.9)
[Toedv =T, dA (2.10)

Where CI : connectivity coefficient between the matrix
and fracture; = : the average fluidity of the fluid.

2.3 Heat transfer equations
Energy conservation equation:
aT 4 o°T 0T oT

2+_2] Cp,DVX—
Pt o Ty oX 1)

oT
+C,pV, E +Q

Average heat conductivity:

A=A +([1-P)A, (2.12)
Average heat capacity:

Cop=9(Cyy pr )+ A=9)(Cy ;) (2.13)
Heat source item:

Q=¢Q; +(1-9)Q (2.14)
Therefore, for the matrix system and the fracture

system, respectively:

oT oT 0T
CoPrn L=} [—r+ zm]—(cppvx)m

My
OX

2
a o 2/ (2.15)
Tm
+(C,0V,) & +Qu + X
6Tf : 62T 82T T
Cppfat_j’[az ](va)f
(2.16)
T
+(CpPV )i —— o +Qf + Xim
Heat transfer between matrix and fracture %'
me :szv-'-lmf v (2'17)
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[ 2o 0V =] 7, 0A (2.18)

Where p : fluid density,kg/m3;¢ :porosity; { :time,s;
g :fluid flow ratem/s; p :pressure,MPa; Kk

permeability,mz;,u: T : temperature,K; ;(mfvz thermal

. . v?
convection term between fracture and matrix; . :

heat conduction term between fracture and matrix;
viscosity,mPa * s. A : average heat conductivity ,
W/(m-K); A, : heat transfer coefficient of fluid; W/(m-K);

ﬂ.r :heat transfer coefficient of rock; W/(m-K); C,: average
heat capacity, J/(kg°C);Cpf : Specific heat capacity of fluid,
1/(kg°C); p, : Specific heat capacity of rock, J/(kg°C);

3. PROPERTY CALCAULTION OF CARBON DIOXIDE

In the working process of the enhanced
geothermal system, with the injection and production
of fluids, the temperature and pressure of the
formation are changing, and the supercritical carbon
dioxide is used as the working fluid. Because the state
equation is very complicated, the calculation can be
time consuming. The calculation of the physical
parameters of supercritical carbon dioxide is essential
for studying the heat transfer and mass transfer
process. In this paper, the carbon dioxide physical
parameters are calculated using the Span-Wagner (SW)
model, and the thermophysical property equation is
based on Helmholtz free energy ™. The S-W model
uses the deviation function calculation method, taking
the ideal gas as a reference, and calculating the actual
fluid thermal property parameters by means of the
Helm hertz function. The Helmholtz free energy consists
of two parts (formula (3.2)), one part is the ideal part
¢°, and the other part is the residual part ¢".

o= L T = L (3.1)
P T

dimensionless Helm Hertz free energy:

$(0,7)=¢"(6,7)+¢'(5,7) (3.2)

Ideal gas term:

$°(5,7) = In(S) +a’ +aiz +a In(5)

380 Inf1-exp(—z67)]

i=4

(3.3)

Residual part:

7 34
¢r (51 T) - Z nié‘d‘ Tti + Z nié‘di Tli e—(ic\
i i8

Ji“ norhe PR | f nAYGe (0" -Dy (1)’
i=35 i=40
(3.4)
Intermediate function:
A={1-7)+A[(6-1)’T"*"}¥ +B[(6 -1)*]*
(3.5)
Where &: dimensionless contrast density; t:
dimensionless inverse contrast temperature; p is fluid
density, kg / m?>; T is fluid temperature, K; pc is critical
density, kg/m3; Tc is critical temperature; R. is the
universal gas constant; the superscript "o" indicates the
ideal gas term, and the superscript "r" indicates the
residual portion. The rest are fitting coefficients, as
described in the literature .

1(p,T) = ue (0, T)+Au(p,T)
aT 0.5
o (T)

7o(T) =exp[y_0 () ]

ILlO(p7T) =

6 8
Mu(p.T) =+ typ™ + 0, 2540, 40, 22
(3.6)

For viscosity, it is often impossible to solve with
Helmholtz free energy. The basic formula for solving the
viscosity is as follows *!;

Tc=30.957°C is the critical temperature, the
corresponding critical density is p.=467.69 kg/m? and
the critical pressure is Pc=7.3721MPa; the rest are
fitting coefficients, see the literature 1**.,

If the temperature and pressure values are known
and the basic equations formed by the above formula
are used, the expression of the thermophysical property
parameters of carbon dioxide can be derived:

Density:

pS,7) = ——"

SR (3.7)
RT(1+54")
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Figure 1 Comparison of viscosity changes with
different temperature

Constant pressure heat capacity:

1- 64" — 524!, )?
c,(5,7)=R[-7%(¢°, +¢ L 4=%; o
o (0,7)=R[-7°(4". +4'..) 15260 + 0,

(3.8)

]

Enthalpy:

h(6,7) =RTL+7(¢° +¢")+5¢",] (3.9)

Compression factor:
_1dp

(3.10)
p op

co,

4, NUMERICAL STUDIES

In this paper, the finite volume method (FVM) is
used to discretize the mass and energy conservation
equations, and the continuous implicit method is used
to solve the equations by decoupling fractures and
matrix equations frolfae]

4.1 Model Validation

Table 1 Parameters for calculation

Parameter Value Unit
Densit of rock matrixy p, 2500 kg/m3
Specific heat capacity of rock 1000  J/(kg°C)
Heat transfer coefficient of rock 2 W/(m-K)
Density of fluid p,, 1000 kg/m’®
Specific heat capacity of fluid C, 1600 J/(kg°C)
Opening of fractures b 0.003 m
Length of fractures 60 m
Temperature of initial formation T, 180 K
Temperature of injection fluid T 20 K
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< 600
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Figure 2 Comparison of density changes with
different pressure

In 1975, Gringarten gave an analytical solution for
seepage-heat transfer in single fractured rock *”. The
stemperature distribution can be written as:’

4.1) :
A +bu,p,C, Y U p.C
T, (%, y,t) =erfc| ————= W‘ | wPiCr
2buwf)wcw ﬂ‘r (th - X)
4.1
200 |
"“-"-__-;;:::::::33:::333
i “‘o‘
v ¢ ® Numerical...
s | o Analytical...
=1 o
g |/
g |
=
0 20 40 60
Fracture distance, m

Figure 3 The distribution of temperature of fluid in
fracture
The simulation results show that the numerical
solution agrees with the analytical solution and proves
the accuracy of the model.

4.2  Comparison of injected water and injected
supercritical carbon dioxide

Case design: 49m x 49m Reservoir, there is a
fracture in the center, the formation temperature is
180 ° C, the fluid is injected at a constant flow rate and
temperature, the injection fluid is water and
supercritical carbon dioxide, respectively, the injection
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Calculation results:
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Figure 4 Temperature distribution of injected water(1
fracture)

Temperature(K)

a 10 20 30 40 50

x(m)

Figure 6 Temperature distribution of injected water(10
fractures)

time is 70d, Table 2 is selected Specific calculation

parameters.

Table 2 Numerical simulation parameters
Parameter Value Unit |
Rock matrix Density p, 2450  kg/m®

Rock Specific heat capacity C, 1600  J/(kg°C)

Rock Heat transfer coefficient 4. 2 MPa
Temperature of initial formation T, 180 K
Temperature of injection fluid T 20 K
Porosity of fracture ¢ 0.003 m
Porosity of matrix ¢, 0.2 m
Permeability of fracture Kk, 5x10™% m?
Permeabilityof matrix K 1107 m?

Temperature(K)

0 10 20 0 40 50
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Figure 5 Temperature distribution of supercritical carbon
dioxide injection(1 fracture)
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Figure 7 Temperature distribution of supercritical carbon
dioxide injection(10 fractures)

Injection rate v, 0.001 m’
Density of injected water p,, 1000  kg/m®

The numerical simulation results show that
supercritical carbon dioxide has faster temperature
propagation and higher heat exchange efficiency in the
enhanced geothermal system. It can be used as a
working fluid for extracting geothermal resources. At
the same time, complex fracture networks facilitate the
full contact heat transfer between the fluid and the high
temperature formation.

5. CONCLUSIONS

Based on the embedded discrete fracture model,
the research on heat transfer and mass transfer of
supercritical carbon dioxide in enhanced geothermal
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system is carried out. The numerical simulation results
show that the use of supercritical carbon dioxide to
extract geothermal resources has higher heat transfer
efficiency. Also the complex fracture network can
greatly benefit the exploitation of geothermal energy.
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