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A  combined  method  using  Lattice  Boltzmann  Method  (LBM)  and  Finite
Volume  Method  (FVM)  to  simulate  geothermal  reservoirs  in  Enhanced
Geothermal System (EGS)
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Abstract: With the  development  of  industrial  activities,  global  warming has  accelerated  due  to  excessive
emission of CO2. Enhanced Geothermal System (EGS) utilizes deep geothermal heat for power generation.
Although porous medium theory is commonly employed to model geothermal reservoirs in EGS, Hot Dry
Rock  (HDR)  presents  a  challenge  as  it  consists  of  impermeable  granite  with  zero  porosity,  potentially
distorting the physical interpretation. To address this, the Lattice Boltzmann Method (LBM) is employed to
simulate CO2 flow within geothermal reservoirs and the Finite Volume Method (FVM) to solve the energy
conservation equation  for  temperature  distribution.  This  combined  method  of  LBM  and  FVM  is  imple-
mented using MATLAB. The results  showed that  the  Reynolds  numbers  (Re)  of  3,000 and 8,000 lead to
higher heat extraction rates from geothermal reservoirs. However, higher Re values may accelerate thermal
breakthrough,  posing  challenges  to  EGS  operation.  Meanwhile,  non-equilibrium  of  density  in  fractures
becomes more pronounced during the system's life cycle, with non-Darcy's law becoming significant at Re
values of 3,000 and 8,000. Density stratification due to buoyancy effects significantly impacts temperature
distribution  within  geothermal  reservoirs,  with  buoyancy  effects  at  Re=100  under  gravitational  influence
being noteworthy. Larger Re values (3,000 and 8,000) induce stronger forced convection, leading to more
uniform  density  distribution.  The  addition  of  proppant  negatively  affects  heat  transfer  performance  in
geothermal reservoirs, especially in single fractures. Practical engineering considerations should determine
the quantity of proppant through detailed numerical simulations.
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 Introduction

With the surge in industrial activities, the accelera-
tion of global warming due to excessive CO2 emis-
sion  has  become  a  pressing  concern  (Sun  et  al.
2022).  Among various sources,  the  combustion of
fossil  fuels  for  power  generation  accounts  for  a
substantial  portion  of  CO2 emission  (Luo  et  al.
2021).  In  response  to  this  challenge,  renewable

energy  resources  have  gained  significant  attention
(Ding et  al.  2024). Geothermal energy,  in particu-
lar,  has  emerged  as  a  promising  option  for  its
abundant  reserves,  minimal  pollution  emissions,
and  consistent  power  generation  capabilities
(Zhang  et  al.  2022; Rohit  et  al.  2023).  Enhanced
Geothermal  System  (EGS)  represents  a  key
approach for  utilizing deep geothermal  heat  (Li  et
al. 2022),  making  them  applicable  across  diverse
underground environments.

An  EGS  typically  consists  of  injection  wells,
production  wells,  a  geothermal  reservoir,  and
power  generation  infrastructure  (Avanthi  Isaka  et
al.  2019).  The  power  generation  system  in  EGS
often employs the Organic Rankine cycle, based on
the  range  of  geothermal  gradients.  Moreover,  the
geothermal  reservoirs  typically  feature  multi-frac-
tures  induced  by  hydraulic  fracturing,  forming  a
complex  fracture  network  comprising  natural  and
artificial  fractures  (Dokmak  et  al.  2024).  These
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fractures serve as the primary conduits for geother-
mal  fluid.  Notably,  the  pioneering  Fenton  Hill
project  in  the  United  States,  located  in  Valles
Caldera, demonstrated the potential of EGS, utiliz-
ing impermeable granite formations known as Hot
Dry Rock (HDR) (Olasolo et al. 2016). As a result,
the impermeability of most HDR formations neces-
sitates hydraulic fracturing to enhance EGS perfor-
mance.

Considering  the  costly  and  time-consuming  na-
ture  of  experimental  tests,  numerical  simulations
offer an  effective  method  to  assess  ESG  perfor-
mance,  including  heat  transfer  and  seepage  flow
within  geothermal  reservoir.  Conventionally,  geo-
thermal  reservoirs  are  treated  as  porous  medium,
allowing  for  the  modelling  of  coupled  thermo-
hydraulic-mechanical-chemical mechanism.

Mukuhira  et  al.  (2020)  introduced  a  novel
method for examining the entire flow path system
within a  geothermal  reservoir,  successfully  delin-
eating  the  main  permeable  zone  and  fluid  flow
tendencies.  In  most  cases,  geothermal  fluid  was
observed  to  flow  through  the  lower  center  of  the
production  well.  Hu  et  al.  (2022)  utilized  3DEC
software  to  develop  a  numerical  model  of  the
FORGE  site,  incorporating  relevant  geological
structures and  natural  fracture  networks.  Subse-
quently, PFC2D software was employed to analyze
the variation in natural fractures. The findings indi-
cated that cyclic injection facilitated the expansion
of  fracture  opening  in  the  HDR  matrix,  while
gradient injection  was  more  conducive  to  activat-
ing  existing  natural  fractures.  Chen  et  al.  (2019)
developed a  numerical  model  for  naturally  occur-
ring  geothermal  reservoirs,  integrating  a  coupled
thermo-poroelastic model,  a  stochastically  gener-
ated  fracture  network  model,  and  a  shear  dilation
based geomechanical model to capture the coupled
Thermal-Hydraulic-Mechanical  (THM)  processes
within the reservoir.  The results highlighted injec-
tion-induced  state  changes  around  the  injection
wellbore,  explaining  differences  between  the  pre-
and post-simulated stress states. Within the frame-
work of FLAC3D-TOUGH2MP, Liao et al. (2023)
established a  3D  THM  numerical  model  embed-
ding  the  DFN  model  to  investigate  the  long-term
performance  of  the  CO2-EGS  in  complex  fracture
networks. The  results  revealed  that  the  tempera-
ture  decreases  led  to  variations  in  thermal  stress
and increased  fracture  width,  subsequently  reduc-
ing injection pressure. Sun et al. (2017) developed
a  numerical  model  for  fractured  EGS  reservoir,
accounting  for  local  thermal  non-equilibrium  and
Thermo-Hydraulic-Mechanical  (THM)  coupling
effects. The model treated HDR matrix blocks and

discrete  fractures  as  differential  porous  media,
demonstrating  improved  coupling  between  EGS
and heat  exchanger  through water  as  heat  transfer
medium.  Yao  et  al.  (2018)  further  explored  the
heat production  performance  and  economic  bene-
fits  of  EGS  using  a  3D  stochastically  generated
fracture  model,  based  on  a  case  from  the  Desert
Peak geothermal  field.  Results  indicated  sensitiv-
ity of average outlet temperature to factors such as
distance  between  injection  and  production  wells,
fracture  characteristics,  injection  temperature  and
HDR characteristics.  Zhou et  al.  (2022)  employed
a  coupled  Thermo-Hydraulic  (TH)  model  with  a
discrete fracture  network,  accounting  for  variabil-
ity in fracture aperture and associated DFN proper-
ties. The  study  revealed  that  increased  mean  frac-
ture aperture resulted in higher heat production. Li
et  al.  (2021)  utilized  an  embedded  discrete frac-
ture  model  and  extended  finite  element  me-
thod  to  simulate  the  Thermal-Hydraulic-Mechani-
cal  (THM)  coupling  process  in  a  hypothetical
EGS, analyzing the evolution of pressure, tempera-
ture  and  displacement.  Zhang  et  al.  (2023) devel-
oped  a  Thermo-Hydraulic-Mechanical-Chemical
(THMC)  model  with  an  integrated  discrete  break
model,  evaluating  the  environmental  benefits  of
EGS  and  investigating  the  effects  of  operational
and physical  parameters  on  production  perfor-
mance,  including  the  injection  temperature,  the
injection flow  rate,  the  initial  reservoir  tempera-
ture  and  the  initial  reservoir  permeability.  The
study  indicated  efficient  temperature  production
and  power  generation  coefficient  over  the  first  5
years,  with  subsequent  decreases  by  7.8% and
15.4%,  respectively,  over 15 years.  This work has
valuable insights  for  both  coupled  THMC  model-
ing and practical engineering of EGS.

In  the  field  of  EGS,  there  has  been  limited
research  on  employing  the  Lattice  Boltzmann
Method  (LBM)  to  solve  for  temperature,  velocity
and pressure distributions.  Jiao et  al.  (2021) intro-
duced a pore-scale model that integrates LBM with
the  Discrete  Element  Method  (DEM).  This  com-
prehensive approach considers Thermo-Hydraulic-
Mechanical  coupling  processes  and  accurately
analyzes  convective  heat  transfer,  fluid  flow  and
thermal  strain,  particularly  in  fractures.  Similarly,
Al  Balushi  et  al.  (2023)  explored  the  concept  of
fracture  conductive  tuning  using  temperature-
sensitive proppants to enhance heat extraction and
delay thermal breakthrough from the particle scale
to  the  reservoir  scale.  Their  LBM-based  model
demonstrated a 47.8% improvement in heat extrac-
tion  compared  to  typical  proppants,  offering  a
robust  method  for  determining  the  properties  of
such  temperature-sensitive  proppants  to  achieve
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uniform thermal  gradients  along  different  subsur-
face flow paths autonomously.

Despite  these  advancements,  most  EGS models
have traditionally relied on porous medium theory
to describe the fractured reservoir at macro-dimen-
sions,  neglecting  detailed  fracture  distributions.
Incorporating  such  details  necessitates  substantial
computational  resources.  Additionally,  geothermal
reservoirs  are  typically  treated  as  porous  media,
overlooking  the  impermeable  nature  of  HDR
formations with zero porosity.  This oversight may
lead  to  deviations  in  the  physical  interpretation  of
HDR. Based on the work of Jiao et al. (2021) and
Al  Balushi  et  al.  (2023),  LBM  demonstrates  high
computational effectiveness  in  identifying  frac-
tures and modelling geothermal fluid flow, particu-
larly in  complex  fracture  networks.  By  simplify-
ing  meshes,  LBM  efficiently  addresses  the  com-
plexities  of  fracture  distribution  in  geothermal
reservoir,  enabling  accurate  modelling  of  heat
transfer and flow in fractures. Conversely, the Fini-
te Volume Method (FVM) is commonly employed
in EGS research due to its effectiveness in simulat-
ing  heat  transfer  and  fluid  flow  in  porous  media.
However,  FVM  often  neglects  specific  fracture
distributions within  geothermal  reservoirs,  requir-
ing additional computational resources to establish
governing  equations  for  heat  transfer  and  fluid
flow in fractures.

To  overcome  the  limitations  of  porous  medium
theory,  this  paper  employs  LBM  to  model  CO2

fluid flow in geothermal reservoirs,  while FVM is
utilized  to  solve  the  energy  conservation  equation
for  temperature  distribution.  Implemented  using
MATLAB,  this  combined  LBM-FVM  approach
enables  the  analysis  of  velocity,  density  and  tem-
perature fields in fractured reservoirs with complex
fracture  networks.  Furthermore,  the  Reynolds
number  (Re)  is  used  to  evaluate  the  characteristic
of heat transfer and CO2 flow in geothermal reser-
voirs.  Subsequently,  the  effects  of  proppant  in
complex and single fractures are compared, and the
buoyancy effect of CO2 in single fractures is inves-
tigated.

 1  Mathematical model

 1.1 Model description

In this  study,  a two-dimensional,  micro-compress-
ible  and  non-Darcy's  law  flow  in  a  geothermal
reservoir is investigated. The reservoir is conceptu-
alized as a porous medium with artificial fractures,
and  CO2 serves  as  the  geothermal  fluid  for  heat
transfer  within  the  fractured  reservoir.  CO2 enters
the reservoir at the inlet area with a uniform veloc-

ity and temperature.  The top and bottom layers of
the  reservoir  act  as  impermeable  boundaries  with
constant temperatures, determined by data from the
Gonghe site (Zhong et al. 2022). The boundaries at
the top and bottom of the reservoir exhibit no-slip
conditions.  The  operational  process  of  the  EGS is
shown  in Fig.  1,  involves  injecting  CO2 into  the
reservoir  via  an  injection  well,  facilitating  heat
transfer  between  CO2 and  HDR  within  fractures.
Thus, fracture is the only channel for CO2 flow in
geothermal  reservoir.  Subsequently,  CO2 is  ex-
tracted  from  the  reservoir  via  a  production  well,
providing high temperature CO2 for power genera-
tion. Thus, understanding the characteristic of heat
transfer  and  fluid  flow  is  crucial  for  optimizing
power generation efficiency in EGS.
  

Power generation system

Injection well

3
 0

0
0
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Fig. 1 Schematic diagram of EGS
 

The  objective  of  this  study  is  to  examine  the
impact of  different  inlet  temperatures  and  pres-
sures  on  temperature  and  pressure  distributions
within the geothermal reservoir, aiming to identify
the optimal  configuration  for  heat  transfer  effi-
ciency throughout the system's life cycle.

 1.2 Governing  equation  of  seepage
flow

The  Lattice  Boltzmann  Method  (LBM)  is  emp-
loyed to simulate the flow and heat transfer in this
study  using  the  Bhatnager-Gross-Ktook  model
(Qian et al. 1992). The BGK model is widely used
in  LBM to describe  particle  collisions.  The D2Q9
model  is  used  to  solve  the  convection-diffusion
problem within the fractured reservoir, where nine
velocity directions  represent  the  motion  of  parti-
cles in a two-dimensional space.

The  discrete  distribution  function fi with  status
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parameter of  discrete velocity ci and the evolution
equation are expressed as follows (Babamahmoudi
et al. 2023):

fi(x+∆x,t+∆t)− fi(x,t)=Ωi( f ) (1)

Where: Ωi represents the discrete collision oper-
ator. The BGK collision operator, associated with a
Single Relaxation Time (SRT) model, can be writ-
ten as:

Ωi( f )=
1
τ
( f eqi − fi) (2)

Where: τ is  the  relaxation  time  and fi
eq is  the

equilibrium distribution function.
 1.2.1    LB equation of the velocity field
According  to  Equation  (1)  and  Equation  (2),  the
discrete  distribution  function  evolution  equation
under SRT-LBM with the BGK approximation can
be expressed as:

fi(x+∆x,t+∆t)- fi(x,t)=−
1
τ
[ fi(x,t)− f eqi (x,t)] (3)

Where:  Δx = ci×Δt, τ is  the  single  relaxation
time, fi

eq represents  the  equilibrium  distribution
function and can be written as:

f eqi (x,t)=ρωi

1+−→c i · −→u
c2s

+
(−→c i · −→u )2

2c4s
− |
−→u |2

2c2s

 (4)

−→c i =


(0,0) i=0
(cos[(i-1)π/2], sin[(i-1)π/2]) i=1,2,3,4
(cos[(2i-9)π/4], sin[(2i-9)π/4])

√
2 i=5,6,7,8

(5)

cs=1/
√
3

Where: cs denotes  the  lattice  sound  speed  and
can be calculated as . Meanwhile, ωi is the
weight  coefficient  of  the  velocity  vectors  and  can
be written as:

ωi =


4/9 i=0
1/9 i=1,2,3,4
1/36 i=5,6,7,8

(6)

The macro-scale parameters including density ρ,
velocity u and pressure P are calculated as:

ρ=
∑
i

fi (7)

ρu =
∑
i

fi · −→c i (8)

P=c2sρ (9)

The  kinematic  viscosity v of  CO2 is  related  to
the relaxation time τ and the lattice sound speed cs.

v =
(
τ− 1

2

)
c2s∆t (10)

 1.3 Governing equation of heat transfer

In the field of heat transfer, the Lattice Boltzmann
Method  (LBM)  has  evolved  into  Multi-Speed
(MS)  and  Double  Distribution  Function  (DDF)
models  (Moradi  and  D'Orazio,  2023).  However,
both MS and DDF models encounter difficulties in
describing  heat  transfer  under  centain  boundary
conditions. To address this issue, in this study, the
Finite  Volume  Method  (FVM)  is  employed  to
depict  heat  transfer  in  the  geothermal  reservoir.
FVM offers advantages on multiple fronts. Firstly,
it allows us to conceptualize the geothermal reser-
voir  as  the  porosity  medium,  enabling  effective
resolution of heat transfer over large scales. Addi-
tionally, FVM facilitates a clearer understanding of
the  physical  processes  involved,  as  the  discrete
equations  stem from control  volumes representing
mass and energy exchanges. In the context of EGS,
forced  convective  heat  transfer  typically  prevails
within  geothermal  reservoir.  Consequently,  the
governing equation for heat transfer can be formu-
lated as follows:

ρeffCeff
∂T
∂t
+ρeffCeffu

∂T
∂x
+ρeffCeffv

∂T
∂y
=

∂

∂x

(
λeff
∂T
∂x

)
+
∂

∂y

(
λeff
∂T
∂y

)
(11)

λeff = ϕλ+ (1−ϕ)λs (12)

α =
λeff

ρc− (1−ϕ)ρscs
(13)

Where: λs is the thermal conductivity coefficient
of  HDR, cs the  specific  heat  capacity  of  HDR, ρs

the density of HDR, x the positive in the direction
from injection well to production well, y the posi-
tive  in  the  upward  direction, u the seepage  veloc-
ity in the x direction, v the seepage velocity in the y
direction, T the temperature  of  geothermal  reser-
voir, is the porosity of geothermal reservoir, λeff the
effective thermal conductivity coefficient of geoth-
ermal reservoir, ceff the effective specific heat cap-
acity  of  geothermal  reservoir, ρeff the  effective
density  of  geothermal  reservoir,  and α the effec-
tive thermal diffusion coefficient.

 2  Numerical solution method

To  successfully  simulate  seepage  flow  and  heat
transfer  in  a  fractured  reservoir  using  LBM,  it's
crucial to  establish  appropriate  boundary  condi-
tions. The corresponding boundary conditions for fi

and energy conservation equation are illustrated in
this section.
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 2.1 Initial and boundary conditions

The  inlet  boundary  condition  is  set  as  a  specific
velocity  to  simulate  the  outlet  condition  of  the
injection  well.  Based  on Fig.  1,  when  CO2 flows
uniformly into the fractured reservoir, the distribu-
tion functions f1, f5 and f8 are unknown. According
to Zou and He (1997), f1, f5 and f8 can be solved as
follows:

f1 = f3+
2
3
ρu0 (14)

f5 = f7−
1
2

( f2− f4)+
1
6
ρu0 (15)

f8 = f6−
1
2

( f2− f4)+
1
6
ρu0 (16)

ρ =
1

1−u0

[
f0+ f2+ f4+2( f3+ f6+ f7)

]
(17)

Where: u0 is  the  inlet  velocity  in  geothermal
reservoir, f is  the  distribution  function,  the
subscript  of f is  corresponding  to  the  direction  in
Fig. 2.
 
 

6

3

7 4

52

1
0
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Fig. 2 Schematic diagram of the lattice D2Q9 model
 

The outlet velocity of outlet boundary condition
is unknown and it is assumed as a developed flow
in the fractured reservoir. Guo et al. (2002) method
was used  for  the  developed  flow boundary  condi-
tions  in  lattice  Boltzmann  method.  According  to
Fig.  1, the  unknown out  velocity  in  outlet  bound-
ary  conditions  can  be  solved  by  the  second  order
extrapolation as follows:

f3 = 2 f(3,nx−2)− f(3,nx−1) (18)

f6 = 2 f(6,nx−2)− f(6,nx−1) (19)

f7 = 2 f(7,nx−2)− f(7,nx−1) (20)

For the upper and bottom boundaries of the frac-
tured reservoir, It is assumed that obstacles bound-
ary  conditions  due  to  the  impermeable  nature  of
the  HDR  without  hydraulic  fracturing.  Non-slip

boundary  conditions  are  applied  to  the  upper  and
bottom  boundaries  of  the  fractured  reservoir.  The
bounce-back scheme (He et al.  1997) is employed
to define these boundary conditions as follows:

fi = finv(i) (21)

Where: fi is  the  unknown  density  function  in
direction i and finv(i) is the density distribution func-
tion in the opposite of direction i for the fluid.

For energy  conservation  equation  of  the  frac-
tured  reservoir,  the  boundary  conditions  can  be
written as:

T̄
∣∣∣
x=0
= T1|z=b ,0 ⩽ z ⩽ b,0 ⩽ x ⩽ l,0 ⩽ y ⩽ h (22)

Where: b represents  the  depth  of  wellbore, l
denotes  the  length  of  the  geothermal  reservoir, h
signifies  the  height  of  geothermal  reservoir.  The
subscript 1 indicates the parameter associated with
the injection  well.  A  constant  temperature  bound-
ary  condition  is  applied  to  both  the  upper  and
bottom  boundaries  of  the  fractured  reservoir,  in
accordance with the geothermal gradient.

 2.2 Solution process

In  this  study,  CO2 is  injected  into  the  fractured
reservoir  under  high  pressure  from  the  injection
well. Consequently,  forced  convective  heat  trans-
fer  occurs  within  the  fractured  reservoir.  The
velocity  and  density  fields  influence  only  the
temperature field.  There  exists  an  uncoupled  rela-
tionship  between  the  governing  equations  of  fluid
flow  and  heat  transfer.  In  addition,  the  solution
necessitates discrete  equations  for  energy  conser-
vation.  These  discrete  equations  can  be  expressed
as follows:

T n+1
i,j −T n

i,j

∆t
+un

i,j

T n+1
i,j −T n+1

i−1,j

∆x
+ vn

i,j

T n+1
i,j −T n+1

i,j−1

∆y
=

αn
eff,i

T n+1
i+1,j−2T n+1

i,j +T n+1
i−1,j

(∆x)2
+αn

eff,i

T n+1
i,j+1−2T n+1

i,j +T n+1
i,j−1

(∆y)2

(23)

Where: Index i and j represent x and y direction,
n represents  the  current  time step.  The convective
term  is  discretized  using  first-order  windward
format,  and the diffusion term is  discretized using
the first-order center differential format.

The  solution  process  for  the  combined  method
with LBM and FVM is as follows:

(1) Define  the  variables T, u and ρ and  input
their initial value;

(2) Input  the  weight  coefficients  of  the  velocity
vectors  and  the  initial  equilibrium  distribution
function fi

eq;
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(3) Set the residual criteria for LBM and FDM;
(4) Calculate  the  inlet  and  outlet  discrete  LB

equation and calculate the process of collision and
propagation.

(5) Output  the  velocity  and  density  distribution
in the geothermal reservoir;

(6) Update the thermophysical properties of CO2

and  calculate  the  discrete  equation  of  the  energy
conservation equation.

(7) Output  the  temperature  distribution  in  the
geothermal reservoirs using Gauss-Seidel iteration.

(8) Repeat  steps  (4)  to  (7)  until  all  time  steps
have been completed.

(9) Output the velocity, density and temperature
distribution in the geothermal reservoir.

 2.3 Validation

 2.3.1    Grid independency

ū/umax

In  this  paper,  grid  independence  validation  was
conducted  using  grid  numbers  of  50×100,  100×
200, 150×300, 200×400 and 250×500. To compare
the  results  of  the  velocity  distribution,  is
used as  the  criterion  to  evaluate  the  grid  indepen-
dency. Fig.  3 illustrates  this  criterion  for  different
grid number.  According to the comparison,  it  was
determined  that  the  grid  with  dimensions  of  150×
300 showed acceptable accuracy, with a maximum
error of 0.5%.
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Fig. 3 Variation of Criterion with the grids number of
50×100, 100×200, 150×300, 200×400 and 250×500
 

 2.3.2    Comparison  between  numerical  results  and

analytical solution
Currently,  there  is  only  one  real  EGS  project  in
commercial operation, making it difficult to obtain
experimental results for validation. However, vali-
dation  of  the  numerical  model  using  the  LBM
method  is  necessary.  To  verify  the  numerical
method,  a  lid-driven  cavity  with  fluid  flow  and
heat  transfer  is  employed  for  comparison.  In  this

case, only the upper boundary condition is consid-
ered  as  a  slip  boundary  condition.  The  numerical
results using FDM and LBM are illustrated in Fig.
4, with the velocity u used as a criterion to evalu-
ate  the  difference  between  FDM  and  LBM.  The
dimension of the lid-driven cavity is 200 m × 200
m and the Re in the cavity is 150 during fluid flow
and heat transfer. As shown in Fig. 3, there is good
agreement between the two methods, with a maxi-
mum error of only 0.57%.
  

0 50 100 150 200
0

0.002

0.004

0.006

0.008

0.010

0.012

0.014

u
/(

m
·s

−1
)

Length/m

Results of this paper
Results of reference (Krüger et al. 2016)

 

Fig. 4 Comparison  between  the  results  of  reference
(Krüger  et  al. 2016)  and  this  paper  based  on  the
velocity  distribution  along  the  centerline  for  a  lid-
driven cavity
 

Next,  an analytical solution of heat transfer and
fluid flow in a single fracture is employed to verify
the  numerical  model.  The  heat  transfer  and  fluid
flow in  a  single  fracture  are  shown in Fig.  5.  The
analytical  results  are  presented  as  the  following
equation (Ghassemi et al. 2008):
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Fig. 5 Heat transfer and fluid flow in single fracture
 

TD(x,y, t) = erfc
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λrρrcr

t
+

y
2

√
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λrt

 (24)

Where: TD represents the dimensionless temper-
ature, which can be written as TD = (Tr0-T)/(Tr0-Tf0).
Tr0 denotes  the  initial  temperature  in  the  rock
region  at  a  specific  point. Tf0 represents  the  initial
temperature  of  the  geothermal  fluid  in  the  single
fracture. ui signifies  the  inlet  temperature  of  the
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geothermal  fluid  in  the  single  fracture,  and t den-
otes  time.  The  suffix r indicates  the  rock  region,
and  the  suffix   f  signifies  the  geothermal  fluid  in
the  single  fracture.  Additionally, ρ represents
density,  and c denotes  the  constant  pressure
specific heat capacity.

The initial and boundary conditions for the vali-
dation case are presented in Table 1. Fig. 6 depicts
both  the  analytical  and  numerical  solutions  in  the
single  fracture.  Both  results  indicate  that  the
production  temperature  stabilizes  when  the  time
reaches  approximately  20  years.  This  stabilization
occurs  because  the  production  temperature  decr-

eases  due  to  the  injection  of  cooling  fluid.  When
the  heat  extraction  rate  of  the  injection  fluid  ma-
tches the heat addition rate from the rock tempera-
ture, the production temperature tends to stabilize.
The results demonstrate that the maximum error of
production  temperature  is  0.98%.  Therefore,  the
numerical model exhibits high accuracy in solving
the  heat  transfer  and  fluid  flow  in  the  geothermal
reservoir.

 3  Results and discussion

To  illustrate  the  impact  of  CO2 flow on  perfor-
mance  of  EGS,  a  30-year  operation  time  is
employed  to  depict  the  variations  in  velocity,
density and temperature fields. To demonstrate the
characteristic of heat transfer and fluid flow in the
geothermal  reservoir,  we  focus  on  a  small-scale
region  within  the  reservoir,  as  depicted  in Fig.  7.
Fig.  7 show  cases  the  scale  of  complex  fracture
distributions  in  the  geothermal  reservoir,  where
Fig.7(a) shows complex fracture distributions, Fig.
7(b)  displays  complex  fracture  distributions  with
proppant, Fig. 7(c) represents a single fracture, and
Fig. 7(d) illustrates a single fracture with proppant.
The  proppants  are  simplified  as  spherical  with
diameters of 10 mm in complex fractures distribu-
tions  and  5  mm  in  single  fractures.  Additionally,
obtaining  accurate  distributions  of  proppants  in
fractures is challenging. Hence, it is simplified that
proppants follow a Monte Carlo distribution within
the  fractures.  The  initial  and  boundary  conditions
for this section are outlined in Table 2.

 3.1 Effect  of  Re on the  performance of
geothermal reservoirs

In this section, Re values of 100, 3,000, and 8,000
are used to compare the effect of CO2 flow on heat
transfer  in  the  geothermal  reservoirs. Fig.  8
displays the  fractures  distribution  in  the  geother-
mal reservoirs while Fig. 9 illustrates the tempera-
ture  distribution  in  the  reservoirs  over  a  period  of
30 years. Over the 30-year period, the low-temper-
ature  area  expands  with  increasing  Re.  This
suggests that heat transfer is enhanced with higher
Re,  leading  to  a  higher  rate  of  heat  extraction
during the 30-year operation. In the initial stages of
operation,  the  low-temperature  area  is  larger  with
Re  of  100  compared  to  Re  values  of  3,000  and
8,000.  This  indicates  that  the  slower  velocity  of
CO2 at lower Re facilitates a more fully developed
convective heat transfer compared with that of the
larger Re of 3,000 and 8,000. The slower velocity

 

Table 1 Initial  and  boundary  conditions  for  base
simulation case

Parameters Value Unit
Mass flow rate 20 kg/s
Rock thermal conductivity 3.0 W/(m·K)

Rock density 2,623 kg/m3

Specific thermal capacity of rock 980 J/(kg·K)
Initial temperature of rock 441.82 K
Computing time 30 a
Inlet temperature of the single

fracture
343.15 K

Fracture aperture 0.0001 m
External diameter 0.137 m
Inside diameter 0.124 m
Thermal conductivity of wellbore

wall
0.52 W/(m·K)

Elastic modulus of rock 40 GPa
Poisson's ratio of rock 0.2
Pressure at 3,000 m subsurface 30 MPa
Injection concentration 0.018 mol/kg
Ambient temperature 293.15 K

Size of fractured reservoir 500 × 500 ×
500

m3
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Fig. 6 Comparison between the numerical results and
analytical results in a single fracture
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allows  CO2 to  more  effectively  transmit  through
fractures, resulting in  a  higher  rate  of  heat  extrac-
tion  at  the  early  stages  of  operation.  However,  as
the  operation  progresses,  a  higher  rate  of  heat
extraction is  achieved  with  increasing  Re.  Frac-
tures  with  Re  values  of  3,000  and  8,000  lead  to
lager  low-temperature  areas  along  the  fractures
compared  to  the  small  Re  of  100.  If  this  low-
temperature area extends to the production well, it
may lead  to  thermal  breakthrough  in  the  geother-
mal  reservoirs,  indicating  diminished  potential  for

sustained  power  generation.  Therefore,  lower  Re
values contribute to improved heat extraction rates
in  the  early  stages  of  operation.  However,  as  the
injection  process  continues,  higher  Re values  lead
to higher rates of heat extraction in the geothermal
reservoirs.  Larger  Re  values  reduce  the  time
required  to  reach  thermal  breakthrough,  which  is
not  favorable  for  the  operation  of  Enhanced
Geothermal System (EGS).

Fig. 10 illustrates the density distribution over a
period of 30 years in the geothermal reservoirs. In
the initial stages of operation, the density of CO2 is
the  highest  gradually  decreasing  over  the  30-year
period  of  EGS  operation?  Moreover,  higher  Re
values of  3,000  and  8,000  result  in  higher  densi-
ties  of  CO2 within  fractures.  Consequently,  higher
initial pressures are observed in the early stages of
operation  with  these  higher  Re  values.  However,
these  higher  initial  pressures  negatively  impact
heat  transfer  performance,  necessitating  higher
injection  pressures  and  consuming  more  power
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Fig. 7 Scale  of  the  region  in  geothermal  reservoir  for  complex  fracture  distributions,  single  fracture,  complex
fracture distributions with proppant and single fracture with proppant
 

Table 2 Initial and boundary conditions in this section (Zhong et al. 2022)

Properties Value Unit Properties Value Unit

Density of HDR 2,623 kg/m3 Normal stress on the top boundary 20 MPa
Specific heat capacity of HDR 980 J/(kg·K) Normal stress on the bottom boundary 30 MPa
Thermal conductivity of HDR 3 W/(m·K) Normal stress on the two sides 20 MPa
Porosity in fracture system 0.5 - Rock Young's modulus 24 GPa

Porosity in matrix 1 × 10−5 - Rock Possion's ratio 0.15
Permeability in fracture system 1 × 10−13 m2 Thermal expansion coefficient 2×10−6 1/K
Permeability in matrix 9 × 10−19 m2 Biot coefficient 0.79
Runtime 30 years Mass flow rate 45 kg/s

 

 

Fig. 8 Fractures distribution in geothermal reservoirs
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generation. As  the  heat  transfers  progresses,  frac-
tures  with  lower  Re  values  (e.g.  100)  exhibit  a
disequilibrium  density  distribution  within  the
complex  fracture  network.  This  is  due  to  weaker
forced  convective  heat  transfer  within  fractures
with  lower  mass  flow  rate  of  CO2,  making  them
more susceptible to the high temperatures of HDR.
This  leads  to  a  larger  density  difference  across
different areas of fractures over the 30-year period,
with  significant  non-equilibrium  density  observed
towards  the  end  of  EGS  operation.  Additionally,
the  density  of  CO2 within  fractures  exhibits  a
higher rate of decrease over the period of 30 years
for higher  Re  values.  For  instance,  at  the  begin-
ning  of  the  30-year  period,  the  maximum  density
of CO2 with Re of 100 is  962.0 kg/m3,  decreasing
to  834.8  kg/m3 by  the  end  of  the  period.  In
contrast,  for  CO2 with  Re of  8,000,  the  maximum
density  starts  at  1,034.0  kg/m3 and  decreases  to
885.5  kg/m3 over  the  same  duration.  The  density
drops  by  4.24  kg/(m3·a)  for  CO2 with  Re  of  100,
and  by  4.95  kg/(m3·a)  for  CO2 with  Re  of  8,000.
Higher  Re values of  CO2 in  geothermal  reservoirs
result  in  increased  seepage  velocity,  enhancing

convective  heat  transfer  intensity  within  fractured
reservoirs.  Then,  the  temperature  drops  rates  in
geothermal  reservoirs  with  Re of  3,000 and 8,000
are higher compared to those with Re of 100. As a
result, according to the Equation of State (EOS) for
CO2, the minimum density of CO2 increases for all
Re  values.  However,  the  trend  is  oppsite  for  the
maximum  density  of  CO2.  CO2 with  higher  Re
values such as 3,000 and 8,000 experiences higher
temperature or lower pressures. This leads to larger
pore pressures within fractures for CO2 with higher
Re values compared to those with lower Re values.
Consequently,  increasing  injection  pressure  with
higher  Re  values  only  improves  the  maximum
density  of  CO2 within  fractures  without  deceasing
the maximum density of CO2. The higher tempera-
ture  of  CO2 within  fractures  is  the  primary reason
for the larger drop rate in density observed over the
30-year period for CO2 with higher Re values.

On the other hand, when Re is 100 for CO2 flow
in geothermal reservoirs,  low-density regions con-
centrate on the upper surface of the fracture, while
high-density  regions  concentrate  on  the  lower
surface. It is evident that weakened convective heat
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Fig. 9 Temperature distribution with different Re during 30 years
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transfer occurs with the small Re of 100, leading to
a non-equilibrium density distribution within frac-
tures.  In  CO2 flow with  non-Darcy's  law  in  frac-
tures,  the  gravitational  effect  is  more  pronounced
with the small  Re of  100.  Additionally,  weakened
forced convection with a small Re of 100 enhances
density stratification. Both gravitational effects and
weakened forced  convection  enhance  the  buoy-
ancy effect of CO2 in fractures, resulting in signifi-
cant stratification  of  density  distribution.  In  addi-
tion,  significant  density stratification occurs  at  the
end of  the  EGS  operation,  indicating  the  genera-
tion of laminar flow. Therefore, when temperature
distribution  stabilizes,  the  flow  pattern  tends
towards laminar flow for CO2 flow with Re of 100.
In  contrast,  this  phenomenon  is  not  observed  for
CO2 flow  with  higher  Re  values  of  3,000  and
8,000.  Turbulent  flow dominates  over  the  30-year
period, resulting  in  a  more  uniform density  distri-
bution.  The  influence  of  non-Darcy's  law  is  more
significant for CO2 flow with Re values larger than
100 in fractures.

 3.2 Effect of  proppant  on  the   perfor-
mance of geothermal reservoirs

The  addition  of  proppant  is  a  common  method  in
the  oil  or  gas  industry  to  prevent  fractures  from
closing and  maintain  production  capacity.  Previ-
ous  research  has  confirmed  its  importance  in  this
regard.  However,  there  have  been  few  studies  on
the effect of proppant on heat transfer in fractured
reservoirs. In this section, the same fracture distri-
bution from section 4.1 is  employed and Re is  set
at  500. Fig.  11 illustrates  the  fracture  distribution
with  proppant  in  geothermal  reservoirs,  where  the
proppant used is low-density ceramic granule.

Fig. 12 depicts the temperature distribution with
or  without  proppant  over  the  period  of  30  years.
The results reveal that the low-temperature regions
are larger without proppant compared to those with
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Fig. 10 Density distribution with different Re during 30 years

 

 

Fig. 11 Fracture  distribution  with  proppant  in  geoth-
ermal reservoirs
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proppant.  Additionally,  the  distance  between  the
low-temperature region along the fractures and the
injection well is greater without proppant than with
proppant.  This  suggests  that  the  temperature  drop
rate is higher with proppant than without it. Conse-
quently,  the  addition  of  proppant  reduces  the  rate
of  heat  extraction  of  CO2 in  fractures.  On  one
hand,  the  addition  of  proppant  increases  the  flow
resistance in fractures, leading to a reduction in the
velocity  of  CO2 within  them.  Consequently,  con-
vective heat  transfer  is  weakened due to  the  addi-
tion of proppant. On the other hand, the addition of
proppant  does  not  improve  the  heat  transfer  area
between CO2 and HDR; it only alters the flow field
within  the  fractures.  Therefore,  the  addition  of
proppant has a negative effect  on heat transfer for
CO2 in geothermal reservoirs. In essence, the addi-
tion  of  proppant  reduces  the  connectivity  of
geothermal reservoirs, which is the primary reason
for its negative impact on heat transfer. Therefore,
when  fractures  in  a  geothermal  reservoir  tend  to
close, adding proppant is not the optimal method to
maintain the fracture structure.  Instead,  considera-
tions  should  focus  on maintaining the  rate  of  heat
extraction,  such  as  improving  pore  pressure  in
fractures,  to  sustain  fracture  structure  and  ensure
effective  heat  transfer.  An  indiscriminate  addition
of proppant is counterproductive to heat transfer in
geothermal reservoirs.

Fig.  13 presents  the  density  distribution  over  a
30-year  period  in  geothermal  reservoirs.  With  the
presence of  proppant,  the  average  density  gradu-
ally increases during the operation of EGS. Mean-

while,  there  is  a  noticeable  reduction  in  fracture
space compared to when no proppant is present. In
the  absence  of  proppant,  the  density  distribution
exhibits  similar  variations  to  that  with  proppant,
albeit with  a  lower  average  density.  Under  identi-
cal  boundary  conditions  with  a  Re  value  of  500,
the addition of proppant reduces the available frac-
ture space in the fractured reservoir. Consequently,
this leads to higher flow resistance within the frac-
tures  when  proppant  is  introduced.  Subsequently,
pore pressure  increases  with  the  addition  of  prop-
pant  in  fractures.  Given  the  dominance  of  forced
convection  in  fractures  under  these  conditions,
alteration in the flow field due to proppant leads to
significant  variations  in  temperature  distribution
alongside changes in velocity field. Ultimately, the
addition  of  proppant  results  in  a  reduction  in  the
rate of  heat  extraction  within  fractures,  contribut-
ing to larger low temperature regions compared to
those  without  proppant.  Overall,  the  inclusion  of
proppant in fractures negatively impacts CO2 flow
and heat transfer in geothermal reservoirs.

Furthermore, considering the temperature distri-
bution depicted in Fig. 12 and the density distribu-
tion shown in Fig.  13,  it  becomes evident  that  the
low-temperature regions  extend  along  the  direc-
tion  of  fractures.  Meanwhile,  areas  with  higher
density  tend  to  accumulate  at  the  bottom  of  the
geothermal reservoirs. In these regions, the rate of
heat extraction significantly surpasses that of other
heat extract rates. Consequently, the density strati-
fication  induced  by  buoyancy  effects  plays  a
crucial role in shaping the temperature distribution
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Fig. 12 Temperature difference with or without proppant during 30 years
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within  the  fractured  reservoir.  The  influence  of
buoyancy  force,  under  the  influence  of  gravity,
should  not  be  underestimated,  unless  forced  con-
vection  exhibits  sufficient  intensity  to  uniformly
distribute density. Therefore, the quantity of prop-
pant  added  should  be  determined  after  rigorous
numerical simulations.

 3.3 Effect of buoyancy force on the per-
formance of single fracture

To better elucidate the influence of buoyancy force
on heat transfer and fluid flow, a single fracture is
introduced into  the  geothermal  reservoir  to  evalu-
ate the performance of EGS. The single fracture is
depicted  in Fig.  14,  while Fig.  15 illustrates  the
single  fracture  with  proppant  in  the  geothermal
reservoirs. Fig.  16 displays the  temperature  distri-
bution in the fractured reservoir with a single frac-
ture  over  a  span  of  30  years.  Both  fractures  (with
and without proppant) exhibit enhanced heat trans-
fer over the 30-year period.  However,  the fracture
without  proppant  facilitates  a  higher  rate  of  heat
extraction  in  the  fractured  reservoir  compared  to
the  fracture  with  proppant.  Thus,  whether  it's  a
complex  fracture  network  or  a  single  fracture,  the
addition  of  proppant  tends  to  have  a  negative
impact  on  heat  transfer  in  the  fractured  reservoir.
Especially,  the  effect  on  heat  transfer  is  more
pronounced  in  the  case  of  the  single  fracture.  In
complex  fracture  distributions,  the  coefficient  of
convective heat transfer is enhanced, thereby miti-
gating  the  weakening  effect  of  proppant  to  some
extent.
  

 

Fig. 14 Scheme  of  single  fracture  in  geothermal
reservoir
 
 

 

Fig. 15 Scheme  of  single  fracture  with  proppant  in
geothermal reservoir
 

From  an  engineering  perspective,  if  hydraulic
fracturing  results  in  a  less  connected  fractured
reservoir,  the  addition  of  proppant  should  not  be
considered  as  the  method  to  increase  production
capacity since it may impair heat extraction perfor-
mance. Conversely, if a fractured reservoir exhibits
sufficient  connectivity  and  a  high  coefficient  of
convective  heat  transfer,  the  addition  of  proppant
could be considered to maintain fracture space and
achieve  high  connectivity.  However,  given  the
complex  structure  of  real  fracture  networks  gov-
erning CO2 flow and heat  transfer,  the  quantity  of
proppant  should  be  determined  through  detailed
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Fig. 13 Density difference with or without proppant during 30 years
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numerical simulations.

 4  Conclusions

This paper presents a combined method to address
CO2 flow  and  heat  transfer  in  fracture  reservoirs
for  EGS.  The  approach  integrates  the  Lattice
Boltzmann Method (LBM) for solving the continu-
ity  equation  and  momentum  equations  of  CO2

flow,  and  the  Finite  Volume  Method  (FVM)  for
handling energy conservation equations. The study
investigates the  effects  of  Re  in  geothermal  reser-
voirs and  the  impact  of  proppant  on  the  perfor-
mance of  geothermal  reservoirs.  The  key  conclu-
sions are summarized as follows:

(1)  Higher  Re  values  of  3,000  and  8,000  result
in  increased  heat  extraction  rates  in  geothermal
reservoirs. However, elevated Re levels may accel-
erate  the  time  to  reach  thermal  breakthrough,
which  is  detrimental  to  EGS  operation.  In  the
initial stages, a smaller Re of 100 exhibits a higher
heat extraction rate in fractures.

(2)  In  geothermal  reservoirs  with  a  small  Re of
100,  non-equilibrium  of  density  in  fractures  be-
comes  more  pronounced  towards  the  end  of  EGS
operation.  Conversely,  as  Re  increases  to  3,000
and  8,000,  density  distribution  gradually  becomes
more uniform, and buoyancy effects diminish. Non-
Darcy flow becomes more significant for CO2 flow
at higher Re values such as 3,000 and 8,000.

(3)  Density  stratification  induced  by  buoyancy
effects significantly  influences  temperature  distri-
bution  in  fractured  reservoirs.  Buoyancy  force

impact  should  be  considered,  especially  if  forced
convection  is  insufficient  to  ensure  uniform
density distribution.

(4) The addition of proppant negatively impacts
geothermal reservoirs,  particularly  in  single  frac-
tures where heat transfer is significantly weakened.
From  an  engineering  perspective,  the  quantity  of
proppant  should  be  determined  through  detailed
numerical simulations to optimize reservoir perfor-
mance.
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