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Abstract: The heat extraction capacity of the self-circulation wellbore is usually small because of the
limited heat exchange area. In the paper, the cluster horizontal well group technology was proposed
to enhance the heat extraction capacity and decrease the unit cost. Based on the mathematical model
of heat transfer, a numerical simulation model of wellbore self-circulation for heat extraction using
cluster horizontal wells was established to study the influence of main factors on heat extraction
capacity. The economic analysis of heat extraction and power generation was carried out according
to the model of the levelized cost of energy. The results show that the enhancement of heat extraction
capacity is limited after the injection rate exceeds 432 m3/d (1.59 MW/well). The inflection point of
the injection rate can be determined as the design basis for injection-production parameters. When
the thermal conductivity of formation increases from 2 to 3.5 W/(m·K), the heat extraction rate will
increase 1.45 times, indicating that the sandstone reservoirs with good thermal conductivity can
be preferred as the heat extraction site. It is recommended that the well spacing of cluster wells is
larger than 50 m to avoid the phenomenon of thermal short circuit between wells, and the thermal
conductivity of the tubing should be less than 0.035 W/(m·K) to reduce the heat loss of heat-carrying
fluid in the tubing. Compared with a single well, a cluster horizontal well group can reduce the unit
cost of heat extraction and power generation by 24.3% and 25.5%, respectively. The economy can also
be improved by optimizing heat-carrying fluids and retrofitting existing wells.

Keywords: cluster wells; wellbore self-circulation; heat extraction capacity; economic evaluation

1. Introduction

As clean and renewable energy, geothermal resources can be used as one of the impor-
tant alternatives to fossil fuels in the future due to their vast reserves [1,2]. Hot dry rock
(HDR) is widely distributed and has a high temperature, which is the most important field
for future geothermal energy development [3]. The wellbore self-circulation technology
is a potential method to extract heat from HDR. The heat-carrying fluid circulates in the
enclosed space formed by the tubing and the annulus and is not in direct contact with the
formation. It can avoid a series of problems of the EGS (enhanced geothermal system), such
as the geochemical reactions between the heat transfer fluid and the geothermal reservoir
and the fluid loss caused by hydraulic fracturing [4–10].

At present, the technologies for geothermal exploitation using a single well mainly
include U-tube heat exchange technology [11] and wellbore self-circulation heat exchange
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technology (coaxial exchanger) [12]. However, compared with the wellbore self-circulation
heat exchange technology, the U-tube heat exchangers are mostly used in the exploita-
tion of shallow geothermal energy and have many problems such as large footprint, high
thermal resistance, and low heat extraction rate [13]. Therefore, the U-tube heat exchang-
ers are not suitable for the heat extraction of deep geothermal energy. Then, there have
been many studies about the self-circulation wellbore for heat extraction in recent years.
Beier et al. (2013) established an analytical model of a vertical temperature profile for
a coaxial borehole heat exchanger and verified the results with experimental measure-
ments [14]. Holmberg et al. (2016) established a numerical model of a coaxial borehole
heat exchanger and compared the predicted results with the wellbore temperature profiles
measured in the thermal response tests, and the influences of well depth, flow rate, and
flow direction were studied [15]. Cui et al. (2017) analyzed the sensitivity of the new
technology for self-circulation heat extraction in hot dry rock through numerical simulation
and evaluated the economic feasibility of the new technology [16]. Gordon et al. (2018)
built a vertical coaxial borehole heat exchanger using standard geothermal pipes, verified
the semi-analytical model of coaxial heat exchangers, and compared the heat extraction
capacities of heat exchangers with different inner diameters [17]. Dai et al. (2019) used
a deep geothermal well in Tianjin to carry out a field heat extraction test using a coaxial
open-loop design. The results show that the heat extraction capacity of this design was far
greater than the theoretical value calculated by the heat transfer model [18]. Based on estab-
lishing a thermodynamic and economic evaluation model, Yildirim et al. (2019) conducted
a parametric study on the influence of heat insulation tubing, temperature gradient, and
other factors on heat extraction capacity and evaluated its economic performance for power
generation [19]. Wang et al. (2021) proposed a novel multilateral-well coaxial closed-loop
geothermal system (CCGS) that significantly improves the low heat extraction capacity but
did not consider geothermal applications and cost calculations [20]. Pokhrel et al. (2021)
studied the coaxial borehole heat exchanger system for geothermal power generation in
Japan, and the results show that the thermal energy generated changes between 82 MWh
and 194 MWh [21]. Based on the development of geothermal energy, some scholars have
also conducted research on geothermal power generation. Alimonti et al. (2016) studied the
heat extraction capability of water and heat transfer oil as heat-carrying fluids in wellbore
heat exchangers and conducted a feasibility analysis of ORC power generation. The results
show that the maximum thermal power is 1.5 MW and the net electric power is 134 kW [22].
Wang et al. (2019) studied the horizontal well technology for geothermal power genera-
tion, and the results show that the lowest power generation cost using isobutane as the
heat-carrying fluid was 0.187 USD/(kW·h) [23]. Kurnia et al. (2021) studied the organic
Rankine cycle (ORC) with abandoned oil wells to generate power and its economic analysis,
but the cost of electricity was found to be almost double that of conventional geothermal
technologies [24].

In summary, the current research on the wellbore self-circulation heat extraction tech-
nology has considered the influence of various factors, and the mathematical model and
numerical simulation research on improving the heat extraction capacity have been con-
stantly improved. However, the small contact area between wellbore and formation usually
limits the thermal extraction capability. Therefore, a series of measures to improve the heat
extraction capacity have been proposed, such as optimizing the heat-carrying medium
and drilling horizontal wells. In addition, the feasibility analysis of geothermal power
generation was carried out. Due to the high capital investment of wellbore self-circulation
technology in HDR, increasing the heat extraction rate and reducing the unit heat extraction
cost will be the key. However, there are few studies on economic analysis considering
wellbore self-circulation heat extraction and the geothermal power generation of cluster
horizontal wells, and there is no clear conclusion on the determination of wellbore spacing.

Therefore, based on the above problems, this study established a numerical simulation
model according to the mathematical model of a cluster horizontal well for heat extraction.
Secondly, the influence of key factors such as water injection rate, well spacing, and
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formation and tubing thermal conductivity on the heat extraction capacity and formation
temperature field was studied. Finally, the economics of geothermal power generation by
cluster horizontal wells were analyzed and evaluated.

2. Mathematical Model

Based on the principle of wellbore self-circulation for heat extraction, a mathematical
model of unsteady heat exchange in the self-circulation wellbore for heat extraction was
established. It includes wellbore continuity equations, wellbore pressure equations, and
wellbore heat transfer equations. The influence of temperature and pressure changes
on the physical properties of the heat-carrying fluid and the frictional heat between the
heat-carrying fluid and the wellbore wall were also considered in the model.

2.1. Model Assumptions

In the model, it is assumed that only the heat conduction between formation and
wellbore is considered. The initial temperature of the formation near the horizontal well
section is uniform, and the initial temperature at the model boundary is constant. The
influence of the inclined well section is neglected. The schematic of the heat transfer process
in the self-circulation horizontal well is shown in Figure 1.
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Figure 1. Schematic diagram of typical wellbore section and heat transfer process. (a) Horizontal
well; (b) local wellbore.

2.2. Governing Equations
2.2.1. Wellbore Continuity Equations

The heat-carrying fluid does not exchange with the formation fluid as it flows through
the annulus and tubing. Therefore, at the same cross-section, the mass flow rate of the
heat-carrying fluid is constant.

In the tubing, the continuity equation is as follows:

∂qh
∂l

= πr2
tu1

∂(ρhtvht)

∂l
= 0 (1)

where qh is the mass flow rate of the heat-carrying fluid, kg/s; rtu1 is the inner radius of the
tubing, m; l is the length of the well section, m; ρht is the density of the heat-carrying fluid
in the tubing, kg/m3; vht is the flow rate of the heat-carrying medium in the tubing, m/s.

While in the annulus between the tubing and the casing, the continuity equation is
as follows:

∂qh
∂l

= π
(

r2
ca1 − r2

tu2

)∂(ρhavha)

∂l
= 0 (2)
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where rtu2 is the outer radius of the tubing, m; rca1 is the inner radius of the casing, m; ρha
is the density of the heat-carrying fluid in the annulus, kg/m3; vha is the flow rate of the
heat-carrying fluid in the annulus, m/s.

2.2.2. Wellbore Pressure Equations

The temperature and pressure of the heat-carrying fluid vary greatly in the flow, and
the density and other parameters also change accordingly. Therefore, the mass flow rate
of the fluid will also change, and the fluid is considered compressible fluid. According
to the continuity equation and motion equation, the pressure distribution model of the
heat-carrying fluid in annulus and tubing can be obtained, respectively.

In the tubing, the wellbore pressure equation is as follows [25]:

∂pht
∂l

= −ρhtg − f
ρhtv2

ht
2dtu1

− ρhtvht
∂vht
∂l

− ρht
∂vht
∂t

(3)

where pht is the pressure of the heat-carrying fluid in the tubing, Pa; dtu1 is the inner
diameter of the tubing, m; t is the time, s; f is the hydraulic friction coefficient.

While in the annulus, the wellbore pressure equation is as follows:

∂pha
∂l

= −ρhag − f
ρhav2

ha
2(dca1 − dtu2)

− ρhavha
∂vha

∂l
− ρha

∂vha
∂t

(4)

where pha is the pressure of the heat-carrying fluid in the annulus, Pa; dca1 is the inner
diameter of the casing, m; dtu2 is the outer diameter of the tubing, m.

2.2.3. Wellbore Heat Transfer Equations

In the tubing, because the heat loss of the fluid cannot be completely interrupted
by the heat insulation tubing, the heat change of the fluid in the tubing mainly includes:
axially, the heat of the fluid flowing into and out of the control unit; radially, the heat loss
of the fluid through convective heat transfer and the friction heat between the fluid and the
inner wall of the tubing. According to the law of conservation of energy, the heat transfer
equation is as follows:

− 2πrtu1htu1, h(Tht − Ttu) + qh
∂(chtTht)

∂l
+ QF, tu = πr2

tu1
∂(chtρhtTht)

∂t
(5)

where htu1,h is the convective heat transfer coefficient between the inner wall of the tubing
and the fluid in the tubing, W/(m2·K); Tht is the temperature of the heat-carrying fluid in
the tubing, K; Ttu is the wall temperature of the tubing, K; cht is the specific heat capacity of
the heat-carrying fluid in the tubing, J/(kg·K); QF,tu is the heat power per unit length in the
tubing, W [26].

On the tubing wall, the heat transfer equation is as follows:

2rtu1htu1, h

r2
tu2 − r2

tu1
(Tht − Th)−

2rtu2htu2, h

r2
tu2 − r2

tu1
(Tht − Tha) + λtu

∂2Ttu

∂l2 =
∂(ctuρtuTtu)

∂t
(6)

where htu2,h is the convective heat transfer coefficient between the outer wall of the tubing
and the annulus fluid, W/(m2·K); λtu is the thermal conductivity of the tubing, W/(m·K);
Tha is the temperature of the heat-carrying fluid in the annulus, K; ρtu is the tubing density,
kg/m3; ctu is the specific heat capacity of the tubing, J/(kg·K).

In the annulus, the heat change of the fluid mainly includes: axially, the heat of the
fluid flowing into and out of the control unit; radially, the heat obtained by convection heat
transfer between fluid and casing wall and tubing outer wall, and the friction heat between
the fluid in annulus and wellbore wall. The heat transfer equation is as follows:

2πrca1hca1, h(Tca − Tha) + 2πr2h2(Ttu − Tha)− qh
∂(chaTha)

∂l
+ QF, an = π

(
r2

ca1 − r2
tu2

)∂(chaρhaTha)

∂t
(7)
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where hca1,h is the convective heat transfer coefficient between the inner wall of the casing
and the annulus fluid, W/(m2·K); Tca is the temperature of the casing wall, K; cha is the
specific heat capacity of the heat-carrying fluid in the annulus, J/(kg·K); QF,an is the heat
power per unit length in the annulus, W.

In the cement sheath, there is no fluid flow between the cement sheath and the
formation, and the main way of heat exchange is heat conduction. The heat transfer
equation is as follows:

− 2πλca, ce(Tce − Tca)

ln[(rce1 + rca2)/rca2 + rca1]
+ λceπ

(
r2

ce1 − r2
ca2

)∂2Tce

∂l2 +
2πλce,r

(
Tf 1 − Tce

)
ln[(rce2 + rce1)/rce1 + rca2]

= ρcecceπ
(

r2
ce1 − r2

ca2

)∂(Tce)

∂t
(8)

where rce1 is the inner radius of the cement sheath, m rce2 is the outer radius of the cement
sheath, m; Tce is the temperature of the cement sheath, K; ρce is the density of the cement
sheath, kg/m3; cce is the specific heat capacity of the cement sheath, kJ/(kg·K); λca,ce is
the thermal conductivity of the casing and cement sheath, W/(m·K); λce,r is the composite
thermal conductivity of cement sheath and formation, W/(m·K).

In the formation, the heat conductivity equation is a three-dimensional unsteady heat
conductivity equation in cylindrical coordinates. When the thermal physical property
parameters of the formation rock are constant, it is considered that the formation heat is
mainly transferred to the wellbore in the radial direction. The heat transfer equation is
as follows:

ρrcr

λr
· ∂Tr

∂t
=

∂2Tr

∂r2 +
1
r
· ∂Tr

∂r
(9)

where Tr is the formation temperature, K; r is the radius of the formation around the
wellbore, m; ρr is the formation density, kg/m3; cr is the specific heat capacity of the
formation, kJ/(kg·K).

2.3. Initial and Boundary Conditions

In the real formation, the geothermal gradient is not constant. The geological model in
this paper is simplified, assuming that the formation temperature increases linearly along
the vertical direction. The initial formation temperature distribution is as follows:

Tr(z) = T0 + Gz (10)

where T0 is the ground surface temperature, ◦C; G is the geothermal gradient, ◦C/m; z is
the vertical depth, m.

The formation boundary temperature is constant, and the boundary conditions of the
formation are as follows:

Tb = Tconst (11)

where Tb is the boundary temperature of the formation around the wellbore and is
constant, ◦C.

The contact surface between the casing wall and annulus fluid satisfies the following
boundary conditions. In the circulation stage, the heat obtained through the annulus is
equal to the heat conduction through the casing:

λca
∂Tca

∂r

∣∣∣∣
r=r3

= hca1, h(Tca − Tha) (12)

In the heat recovery stage, the heat flow out through the casing surface is equal to the
heat flow into the annulus:

λca
∂Tca

∂r

∣∣∣∣
r=rca1

=
2πλca, 2

ln[(rca1 + rca2)/rtu2 + rca1]
(Tca − Tha) (13)
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λca,2 =
λcaλhaln[(rca1 + rca2)/(rtu2 + rca1)]

λcaln[2rca1/(rtu2 + rca1)] + λhaln[(rca1 + rca2)/2rca1]
(14)

where λca is the thermal conductivity of the casing, W/(m·K); λha is the thermal conductivity
of the heat-carrying fluid in the annulus, W/(m·K).

2.4. Solution and Validation

The heat exchange of a self-circulation wellbore in a single well can be calculated
using a numerical solution method [22,27]. However, the solution cannot investigate
the interaction of the near-wellbore temperature field between different wells in a well
group. Hence, this study adopted the reservoir numerical simulation method, that is, the
flexible well model of the CMG star module. This reservoir simulation module has the
advantages of geological modeling and wellbore heat exchange calculation of multiple
wells, which can simulate the inter-well interference on formation temperature [28]. To
verify the prediction accuracy of the self-circulation wellbore using the flexible-well model,
the HGP-A geothermal well in Hawaii, the United States, was selected for simulation and
fitting [29]. The wellbore self-circulation for heat extraction in the HGP-A well was tested
in 1991. The depth of the well was 876.5 m, the thermal conductivity of the formation
was 1.6 W/(m·K), and the geothermal gradient is shown in Figure 2a. A heat insulation
tubing was used in the wellbore, and its thermal conductivity was 0.06 W/(m·K). The water
injection rate was 80 L/min, and the injection temperature was 30 ◦C. The measured and
predicted wellbore temperatures after 93 h of fluid circulation are shown in Figure 2b. It
can be seen that the simulated water temperature in the tubing fits well with the measured
results by logging. The simulated and measured water temperatures at the wellhead are
46.27 ◦C and 45 ◦C, respectively. The error is 2.8%, indicating that the prediction accuracy
of the simulation model is high.
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Figure 2. Fitting result of the wellbore temperature profile in geothermal well HGP-A. (a) Geothermal
gradient; (b) wellbore temperature profile.

3. Numerical Simulation Model
3.1. Model Parameters

To investigate the feasibility and heat extraction characteristics of cluster horizontal
well technology in deep geothermal energy development, a field-scale geological model
was established according to the physical properties of a deep geothermal reservoir to
simulate the wellbore self-circulation for heat extraction in HDR. In the geological model,
there are two rock types. The upper part is a mudstone caprock with a thickness of 1500 m
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and a small thermal conductivity of 2.1 W/(m·K). The lower part is the HDR formation
with a thickness of 2200 m and a large thermal conductivity of 3.2 W/(m·K). The porosity
in the geological model was set to be 10%, and the permeability was set to 20 md. Other
rock parameters of the formation are shown in Table 1.

Table 1. Thermal physical properties of rock in the geological model.

Rock Type Depth Range, m Thermal Conductivity,
W/(m·K)

Heat Capacity,
J/m3/K

Mudstone 0–1500 2.1 2.0 × 106

Granite 1500–3700 3.2 2.1 × 106

The geological model size is 4500 m × 4500 m × 3700 m, which is divided into
67 × 67 × 49 grids. To accurately simulate the temperature field around the wellbore, the
grids around the vertical wellbore and the horizontal wellbore are subdivided, and the
grid size of the other parts is 100 m × 100 m × 100 m (Figure 3a). In the basic condition,
there are four horizontal wells. The vertical well section is 3500 m with a spacing of 50 m.
The horizontal well section is 2000 m and is perpendicular to each other (Figure 3b). The
ground surface temperature in the model is 15 ◦C, the geothermal gradient is 0.06 ◦C/m,
and the formation temperature near the horizontal well section is 221 ◦C. For each well,
water was selected as the heat-carrying fluid, and the injection temperature and rate are
25 ◦C and 432 m3/d, respectively. The other parameters in the model are shown in Table 2.
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Table 2. Parameters of wellbore self-circulation model.

Parameter Value Parameter Value

Inner diameter of tubing, m 0.076 Heat capacity of casing, J/m3/K 3.63 × 106

Outer diameter of tubing, m 0.114 Thermal conductivity of cement
sheath, W/(m·K) 1.366

Inner diameter of casing, m 0.158 Thermal conductivity of tubing,
W/(m·K) 0.035

Outer diameter of casing, m 0.178 Thermal conductivity of casing,
W/(m·K) 45.023

Thickness of cement sheath, m 0.04 Relative roughness of pipe inside
surface 0.001
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Table 2. Cont.

Parameter Value Parameter Value

Heat capacity of cement sheath,
J/m3/K 1.85 × 106 Running time, year 10

Heat capacity of tubing, J/m3/K 3.63 × 106

3.2. Simulation Scheme

To assess the heat extraction performance of the self-circulation wellbore of cluster
horizontal wells, the simulation scheme was designed. Sensitivity analysis of influencing
factors such as injection rate, formation thermal conductivity, well spacing, and thermal
conductivity of tubing was studied. The specific simulation scheme is shown in Table 3.

Table 3. Numerical simulation scheme of self-circulation.

No Injection Rate, m3/d
Thermal Conductivity of

Formation, W/(m·K) Well Spacing, m Thermal Conductivity of
Tubing, W/(m·K)

1 43.2, 216, 432 *, 864,
1296 3.5 50 0.035

2 432 2, 2.5, 3, 3.5 * 50 0.035
3 432 3.5 10, 20, 30, 50 *, 100 0.035
4 432 3.5 50 0.0035, 0.035 *, 0.35, 3.5
5 432 3.5 50 0.035

Note: the data marked by * are the basic conditions of the simulation model.

4. Simulation Results and Analysis
4.1. Water Injection Rate

Due to the symmetrical distribution of the four horizontal wells, only one well was
taken as an example to analyze the heat extraction performance. The temperature dis-
tribution along the wellbore, the outlet temperature, and heat extraction rate at different
injection rates are shown in Figure 4. It can be seen from Figure 4a that the injected water
extracts heat from the geothermal reservoir in the annulus, and the water temperature
gradually increases and reaches a peak at the bottom of the well. When the water returns
to the surface through the tubing, a part of the heat in the water is lost to the annulus,
and the wellhead temperature decreases. At a low injection rate, the outlet temperature
is higher, but the heat loss in the tubing is relatively large. In contrast, an excessive water
injection rate will lead to a lower outlet temperature, which is not conducive to geothermal
utilization such as power generation. In addition, the outlet temperature drops rapidly in
the initial stage and then tends to be stable, as shown in Figure 4b. The outlet temperature
and heat extraction rate of a single well with an injection rate of 432 m3/d are 100.9 ◦C and
1.59 MW, respectively. When the injection rate exceeds 432 m3/d, the heat extraction rate
increases slowly with the increase in the injection rate, indicating that there should be a
reasonable fluid injection rate for heat extraction. The conclusion obtained is consistent
with Cui’s research rule; that is, the heat extraction rate is essentially stable when the
injection rate increases to a certain inflection point [16]. An excessive water injection rate is
not necessary.

Figure 5 shows the formation temperature around the horizontal well after ten years
of heat extraction at an injection rate of 432 m3/d. It can be seen that the formation
temperature around the wellbore drops significantly, and the affected range is about 40 m.
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distribution; (b) outlet temperature; (c) heat extraction rate.
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4.2. Thermal Conductivity of Formation

The HDR is widely distributed, and its lithology is mainly metamorphic rock or crys-
talline rock. Different types of HDRs have different thermal conductivity, which has an
important effect on heat transfer. Figure 6 shows the wellbore temperature distribution,
outlet temperature, and heat extraction rate at different formation thermal conductivity.
With the increase in the formation thermal conductivity, the outlet temperature and heat
extraction rate increase accordingly. The reason is that the formation with better thermal
conductivity can timely replenish the lost heat around the wellbore. When the formation
thermal conductivity is 2 W/(m·K), the outlet temperature and the single-well heat ex-
traction rate are 77.9 ◦C and 1.1 MW, respectively, which are much lower than those at
3.5 W/(m·K) (100.9 ◦C and 1.59 MW). The heat extraction rate of the latter will be about
1.45 times the former. Figure 7 shows the formation temperature field at typical formation
thermal conductivity. It can be seen that the formation with better thermal conductivity has
a greater temperature drop around the wellbore. In a previous study, Song et al. compared
the effect of formation rock thermal conductivity on geothermal exploitation [30]. The
conclusion is that the thermal power of granite (4 W/(m·K)) is 132.35% higher than that of
shallow soil (1 W/(m·K)), which indicates that the CBHE (coaxial borehole heat exchanger)
system is more suitable for the development of deep geothermal resources. Therefore,
according to the results in this section, it is feasible to develop HDR geothermal reservoirs
with good thermal conductivity by using cluster horizontal wells.
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Figure 6. Influence of formation thermal conductivity on heat extraction performance. (a) Wellbore
temperature distribution; (b) outlet temperature; (c) heat extraction rate.
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4.3. Well Spacing

Well spacing is a critical factor affecting the interference of the inter-well temperature
field. As shown in Figure 8, the wellbore temperature will increase with the increase in
the vertical wellbore spacing. The outlet temperature and single-well heat extraction rate
with a well spacing of 10 m are 92.9 ◦C and 1.42 MW, respectively. When the well spacing
is increased to 50 m, the outlet temperature and single-well heat extraction rate can reach
100.9 ◦C and 1.59 MW, respectively. It can be seen that the heat extraction rate can be
increased by 12% (10 m to 50 m) with different well spacing. If the well spacing is small, the
temperature range of the formation around the vertical wellbores will overlap after a short
time of heat extraction, leading to a thermal short circuit of the inter-well. With the increase
in the heat extraction time, the inter-well interference effect caused by the thermal short
circuit becomes more significant, which has an important impact on the outlet temperature
and the heat extraction rate. However, as the well spacing gradually increases, the effect of
the thermal short circuit gradually decreases. The thermal-short-circuit effect with a well
spacing of 30 m is relatively weak. When the well spacing is increased to 50 m, there is no
effect on the heat extraction rate (Figure 9). Therefore, a reasonable well spacing should be
determined according to the specific field conditions.
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Figure 8. Influence of well spacing on heat extraction performance. (a) Wellbore temperature
distribution; (b) outlet temperature; (c) heat extraction rate.
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4.4. Thermal Conductivity of Tubing

The tubing thermal conductivity is an important factor to reduce water heat loss. As shown
in Figure 10, when the thermal conductivity of the tubing is lower than 0.0035–0.035 W/(m·K),
the temperature drop of water to the ground surface is small, indicating that heat loss in the
tubing is lower. If the tubing thermal conductivity increases to 0.35 W/(m·K), the temperature of
the water in the tubing will decrease sharply to 86.9 ◦C at the outlet from 128.9 ◦C at the bottom.
When the tubing with thermal conductivity of 3.5 W/(m·K) is used, almost all the extracted
heat is lost. In the previous study, Song et al. found that the length of the heat insulation
tubing has a significant effect on the heat exchange of the circulation fluid and also found the
phenomenon of “thermal short circuit” [30]. The heat exchange between the low-temperature
fluid in the annulus and the high-temperature fluid in the tubing signally increases heat loss;
thus the heat insulation tubing is necessary. Figure 11 is the formation temperature field around
the wellbore at typical tubing thermal conductivity. Compared with heat insulation tubing,
the thermal insulation performance of the oil pipe with better thermal conductivity is worse.
Therefore, the heat loss ratio from the bottom of the well to the surface is larger, and the heat
is not effectively extracted. Accordingly, the temperature change of the formation around the
wellbore is not obvious. In summary, it is recommended to use heat insulation tubing with
thermal conductivity below 0.035 W/(m·K) to prevent heat loss in the tubing.
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Figure 10. The influence of tubing thermal conductivity on heat extraction performance. (a) Wellbore
temperature distribution; (b) outlet temperature; (c) heat extraction rate.
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5. Economic Evaluation
5.1. Economic Evaluation Model

An economic evaluation model of wellbore self-circulation for heat extraction using a
cluster well group was established based on the single-well economic evaluation model.
The main difference is the calculation method of drilling cost. The cluster well group
uses mobile drilling rigs for batch drilling. Many examples have proved that optimizing
drilling operations through the accumulation of learning curves by repeated operations can
significantly improve drilling efficiency and reduce construction costs [31]. To reduce the
single-well cost, the cluster well group is the key factor to improve the economic feasibility
of the technology using wellbore self-circulation for heat extraction in an HDR reservoir.

5.1.1. Levelized Cost of Energy (LCOE)

The levelized cost of energy (LCOE) is a common calculation method for the economic
evaluation of geothermal projects. It is expressed by the ratio of cost to output power [32].
The cost of DHR geothermal development mainly includes initial investment cost, operation
cost, and maintenance cost [33]. The equation for calculating LCOE is as follows:

LCOE =
Atotal

Ea
=

Oa + Ia

Ea
(15)

where Atotal is the annualized total cost, USD; Ea is the average annual energy supply, kW·h;
Oa is the annualized operation and maintenance cost, USD; Ia is the annualized initial
investment cost, USD. Ia can be expressed as:

Ia =
i(1 + i)L

(1 + i)L − 1
Itotal (16)

where i is the annual interest rate of bank loans; L is the geothermal project duration, years;
Itotal is the total initial investment cost, including well construction cost and ground surface
equipment cost, USD.

The average annual energy supply Ea is divided into Eah and Eap considering the
two situations of heating and power generation. Under the heating condition, Eah can be
expressed as:

Eah = Q × 365 × 24 (17)

where Q is the heat extraction rate in field conditions, kW.
There are two types of geothermal power generation, using a single working fluid

(direct power generation system) and double working fluids (binary cycle power generation
system). The schematic diagrams of these two power generation systems are shown in
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Figure 12. The single working-fluid power generation equipment is relatively simple. It
requires a higher geothermal temperature and has a higher power generation efficiency.
Dual working-fluid power generation equipment requires two working fluids. One fluid
(e.g., water) obtains heat from the geothermal reservoirs and transfers heat to another
fluid (e.g., organic working fluid). Then, the organic working fluid will expand and drive
the turbine to generate electricity. The dual working-fluid power generation technology
requires a low geothermal temperature and can generate electricity when the geothermal
fluid temperature reaches 90 ◦C. Most of the temperatures from the simulation results
in this article are not high. Therefore, the second type of a power generation system can
be considered.
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When the water is used as the heat-carrying fluid, the outlet temperature of the
self-circulation of the cluster well group may be lower than 100 ◦C. Therefore, the dual
working-fluid power generation system was selected to calculate the power generation. Eap
can be expressed as:

Eap =

[
qh(hb,1 − hb,2)ηoiηmeηpg −

qo(hb,4 − hb,3)

ηpump

]
× 365 × 24 (18)

where hb,1 is the specific enthalpy at the inlet of the turbine, kJ/kg, and is calculated
according to the fluid temperature and pressure by REFPROP software; hb,2 is the specific
enthalpy at the outlet of the turbine, kJ/kg; qh is the mass flow rate of the heat-carrying
fluid (water), kg/s; qo is the mass flow rate of the organic working fluid, kg/s, assuming the
same as the mass flow rate of water; hb,3 is the specific enthalpy at the inlet of the booster
pump, kJ/kg; hb,4 is the specific enthalpy at the outlet of the booster pump, kJ/kg; ηoi is
the relative internal efficiency of steam turbine, fraction; ηme is the mechanical efficiency
of steam turbine, fraction; ηpg is the efficiency of power generation, fraction; ηpump is the
efficiency of the pump, fraction. The efficiency of each component in the power generation
system is shown in Table 4.

Table 4. Efficiency of each component in the power generation system.

Component Efficiency Value

Relative internal efficiency of steam turbine, ηoi 0.85
Mechanical efficiency of steam turbine, ηme 0.97

Efficiency of power generation, ηpg 0.98
Efficiency of pump, ηpump 0.8
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5.1.2. Well Construction Cost

(1) Drilling cost

Drilling operation is a complicated and costly project. Drilling cost increases signifi-
cantly with drilling depth. The single-well drilling cost can be calculated using the Fisher
exponential function model [34]. The fitting relationship between drilling cost and well
depth is as follows.

y = 7.77 × 105
(

e0.3789x − 1
)

(19)

where y is the drilling cost, USD; x is the well depth, km.
Drilling cost usually consists of two parts: material cost and construction cost. Drilling

material cost includes drilling fluid cost, drill bit cost, drilling tool cost, cement cost, cement
additives cost, casing cost, casing accessories cost, oil cost, and other material costs. For the
batch drilling of the cluster well group, it can be assumed that the material cost is equal
to that in a single-well drilling case. However, the construction cost of batch drilling will
be reduced as the number of drilled wells increases. Therefore, the drilling cost of batch
drilling can be expressed as follows:

yn = 7.77 × 105
(

e0.3789x − 1
)
× f + 7.77 × 105

(
e0.3789x − 1

)
× (1 − f )× F(n) (20)

where yn is the drilling cost of the nth well in batch drilling, USD; f is the ratio of single-well
material cost to drilling cost; F(n) is the ratio of the construction cost of the nth well to the
construction cost of the first well.

Material cost accounts for a large proportion of drilling costs. Relevant drilling data
show that material cost accounts for about 60% of the entire drilling cost on average.
Therefore, the ratio of material cost to drilling cost (f ) was set to 0.6. The learning curve of
drilling operation can refer to the fitting curve of BP’s drilling operation in Atlantis, USA
(Figure 13). The drilling operation time is equivalent to the construction cost during the
drilling process, and the fitting relationship between F(n) and the well number is as follows:

F(n) = 1.068n−0.463 (21)
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According to Formulas (19) and (20), the relationship between the drilling cost and
the well depth of the nth well in the cluster well group is as follows:

y = 1538.46 ×
(

303.1 + 215.8n−0.463
)(

e0.3789x − 1
)

(22)
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(2) Heat insulation tubing cost

After drilling and completion, the heat insulation tubing should be installed to reduce
the heat loss of the heat-carrying fluid from the bottom of the well to the wellhead. Com-
pared with the common tubing, the cost of heat insulation tubing is higher. In this study,
the price of heat insulation tubing is 70.77 USD/m [35].

(3) Other costs

Other costs of well construction mainly include the initial exploration costs and the
design costs of the entire project, which are set at 10% of the total drilling costs in this study.

5.1.3. Construction Cost of Ground Equipment

(1) Ground power generation equipment

The ground power generation system is mainly composed of turbines, evaporators,
condensers [36], and booster pumps. The initial investment cost can be expressed as
follows [37]:

Mplant = Mevap + Mcond + Mtu + Mpump (23)

where Mplant is the total cost of ground power generation equipment, USD; Mevap is the
evaporator cost, USD; Mcond is the condenser cost, USD; Mtu is the steam turbine cost, USD;
Mpump is the booster pump cost, USD. The capital cost calculation model of each component
is shown in Table 5:

Table 5. Cost calculation model of main components of power generation system [37].

Components Equation of Capital Cost, USD

Evaporator Mevap = 1461.54 × A0.89
evap

Condenser Mcond = 1461.54 × A0.89
cond

Steam turbine Mtu = 4608.31 × W0.89
net

Booster pump Mpump = 1171.69 × W0.8
p

The heat exchange area in Table 5 can be calculated using the following equation [38]:

Aevap or cond =
Qevap or cond

k∆tm
(24)

where Aevaporcond is the heat exchange area of the evaporator or condenser, m2; k is the total
heat transfer coefficient, W/(m2·K); ∆tm is the average temperature difference of the heat
exchanger, K; Qevaporcond is the heat absorbed by the cold fluid or the heat released by the
hot fluid, W; Wnet is the net power output, W; Wp is the power of the pump, W.

(2) Ground heat exchange equipment

For the direct use of geothermal energy, water has the advantages of high heat extrac-
tion rate, economical availability, safety, and stability. The ground equipment includes the
heat exchange station and the heating pipe network. Considering that the heating pipe
network can use the coal-fired heating pipe network system that has been built in the city,
the capital cost of the former is mainly considered in this study.

5.1.4. Operation and Maintenance Cost

Operation and maintenance costs mainly include personnel costs, material consump-
tion costs, equipment maintenance costs, and other maintenance costs. In this study, the
average annual operation and maintenance cost is 2% of the initial investment cost.

5.1.5. Investment Payback Time

(1) Geothermal heating
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Assuming that the annual interest rate of a bank loan i is 0.05, according to the above
investment cost analysis and Equation (14), the calculation formula of heat extraction cost
LCOEah is as follows:

LCOEah =
ya + Iatu + 0.1ya + Iahe + 0.02Itotal

Eah
=

0.05×1.05Jah

1.05Jah−1
(1.1y + Itu + Ihe) + 0.02Itotal

Eah
(25)

where LCOEah is the annualized heat extraction cost, USD/(kW·h); ya is the annualized
drilling cost, USD; Iatu is the annualized heat insulation tubing cost, USD; Iahe is the annual-
ized heat exchange equipment cost, USD; Jah is the investment payback time of geothermal
heating, years; Itu is the total cost of heat insulation tubing, USD; Ihe is the total cost of heat
exchange equipment, USD.

(2) Geothermal power generation

Assuming that the annual interest rate of bank loan i is 0.05, the calculation formula of
power generation cost LCOEap is as follows:

LCOEap =
ya + Iatu + 0.1ya + Maplant + 0.02Itotal

Eap
=

0.05×1.05Jap

1.05Jap−1

(
1.1y + Itu + Mplant

)
+ 0.02Itotal

Eap
(26)

where LCOEap is the annualized power generation cost, USD/(kW·h); Maplant is the annual-
ized cost of ground power generation equipment, USD; Jap is the investment payback time
of geothermal power generation, years.

After the project scheme is determined, the levelized cost (LCOEah or LCOEap) of the
expected payback period (Jah or Jap) can be calculated according to the above formula. If the
levelized cost in the expected payback time is lower than the price of geothermal heating
or power generation, the project scheme is reasonable.

5.2. Heat Extraction Cost of Cluster Well Group

To evaluate the economic benefits of single-well self-circulation for heat extraction by
the cluster well group, water is selected as the heat-carrying fluid, and a horizontal section
is used. The length of the horizontal section is 2000 m. The injection rate is 5 kg/s, and the
drilling cost of the horizontal section is twice that of the vertical section [39]. The operating
time of the heating system is 30 years, and the bank loan interest rate is 5%. The calculation
of heat extraction cost considers the two situations of unlimited well site area and limited
well site area.

Figure 14 shows the unit heat extraction cost with different well spacing and well
number. The number of wells is constant in Figure 14a, and the unit heat extraction cost
decreases with the increase in the well spacing. However, the cost of heat extraction tends
to be stable when the well spacing exceeds 30 m. In addition, increasing the number of
wells in an unlimited well site area can also reduce the cost of drilling and reduce the
cost per unit of heat extraction. Compared with a single well, the unit heat extraction
cost can be reduced from 0.0303 USD/(kW·h) to 0.0229 USD/(kW·h), and the reduction is
24.3%. In Figure 14b, when the area of the well site is less than 200 m × 200 m, the cost of
heat extraction decreases with the increase in the well number. If the area of the well site
expands, the heat extraction cost first decreases and then slowly increases with the increase
in the well number. It indicates that there is an optimal well number or well spacing when
the well site area is constant. Table 6 shows the heat extraction costs of different expected
investment payback times in typical well spacing and well numbers. It can be seen from the
table that the cost decreases with the increase in the expected payback time. At present, the
heating cost is about 0.0308 USD/(kW·h) in China; thus this technology has good economic
benefits for heating.
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Figure 14. Heat extraction cost of cluster wells with different spacing and well numbers. (a) Unlimited
well site area; (b) limited well site area.

Table 6. Heat extraction costs of different expected investment payback times (USD/(kW·h)).

Pattern
of Wells

Well Spacing, m 10 10 10 30 30 30 50 50 50
Well Number 5 20 100 5 20 100 5 20 100

Investment
payback

time,
years

5 0.0889 0.0790 0.0716 0.0810 0.0720 0.0653 0.0792 0.0705 0.0639
10 0.0530 0.0471 0.0427 0.0483 0.0429 0.0389 0.0472 0.0420 0.0381
20 0.0356 0.0316 0.0286 0.0324 0.0288 0.0261 0.0317 0.0282 0.0255
30 0.0302 0.0268 0.0243 0.0275 0.0244 0.0221 0.0269 0.0239 0.0217

5.3. Power Generation Cost of Cluster Well Group

Figure 15 shows the unit power generation cost with different well spacing and well
number. The thermal short-circuit effect of small well spacing is serious, and thus the
heat extraction rate is small. The well spacing of five heat extraction wells is increased
from 1 m to 50 m, and the unit power generation cost is reduced from 0.385 USD/(kW·h)
to 0.311 USD/(kW·h). Compared with a single well, the unit power generation cost can
be reduced from 0.355 USD/(kW·h) to 0.265 USD/(kW·h), and the reduction is 25.5%
(30 m well spacing, 50 heat extraction wells). Table 7 shows the power generation costs of
different investment payback times in typical well spacing and well numbers. It can be
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seen that the cost of power generation decreases with the increase in the expected payback
time. At present, the cost of various clean power generation in China is 0.062 USD/(kW·h)
for hydropower, 0.138 USD/(kW·h) for nuclear power, and 0.077 USD/(kW·h) for wind
power. According to the above analysis, the unit cost of power generation using water as
the heat-carrying medium is higher. In 2019, Wang et al. compared the cost of water and
isobutane as the heat-carrying fluid for geothermal power generation, and the results show
that isobutane has a lower power generation cost than water, with the lowest cost being
only 0.187 USD/(kW·h) [23]. To sum up, using an organic medium as the heat-carrying
fluid has a lower heat extraction rate, but it is more economical for power generation. Based
on the above analysis, we can consider retrofitting the existing wells, using circulation
organic fluids and extending the project time appropriately to save construction costs and
reduce power generation costs.
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Table 7. Power generation costs of different expected investment payback times (USD/(kW·h)).

Pattern
of Wells

Well Spacing, m 10 10 10 30 30 30 50 50 50
Well Number 5 20 100 5 20 100 5 20 100

Investment
payback

time,
years

5 1.0324 0.9167 0.8249 0.9393 0.8337 0.7496 0.9221 0.8184 0.7358
10 0.6150 0.5461 0.4914 0.5595 0.4966 0.4466 0.5493 0.4875 0.4383
20 0.4123 0.3661 0.3295 0.3752 0.3330 0.2994 0.3683 0.3269 0.2939
30 0.3498 0.3107 0.2796 0.3183 0.2825 0.2540 0.3125 0.2774 0.2494

6. Conclusions

(1) The use of clustered horizontal well groups for geothermal production can enhance
the heat extraction capacity of the self-circulating wellbore and reduce the drilling
cost per well. A numerical simulation model of the self-circulation wellbore for heat
extraction in hot dry rocks using cluster horizontal wells was established based on
the mathematical model. The reliability of the model has been validated by fitting the
published geothermal test data.

(2) With the increase in water injection rate, the heat extraction rate of cluster wells will
increase first and tend to be stable. The water injection rate is stable at 432 m3/d/well;
the outlet temperature and the heat extraction rate per well after 10 years are 100.9 ◦C
and 1.59 MW, respectively. When the thermal conductivity of formation increases
from 2 to 3.5 W/(m·K), the heat extraction rate will increase 1.45 times. The thermal
conductivity of tubing has important effects on the heat extraction rate. The instal-
lation of heat insulation tubing is necessary. The reasonable well spacing and well
number should be determined according to the field conditions.

(3) The use of a cluster well group can reduce the unit costs of heat extraction and power
generation. Compared with a single well, the unit heat extraction cost can be reduced
by 24.3% from 0.0303 USD/(kW·h) to 0.0229 USD/(kW·h), and the unit power gener-
ation cost can be reduced by 25.5% from 0.355 USD/(kW·h) to 0.265 USD/(kW·h).

(4) If cluster horizontal wells are used for heat extraction on site, it is recommended
to prioritize the location of areas with better formation thermal properties, and the
inflection point of injection rate can be determined as the basis for the working system.
In addition, the thermal conductivity of the tubing should be less than 0.035 W/(m·K)
to reduce heat loss. In addition, the well spacing of cluster wells is recommended
to be larger than 50 m to avoid thermal short-circuiting between wells. Geothermal
power generation is feasible, but the cost of power generation can be further reduced
by retrofitting existing wellbores and optimizing the heat-carrying fluids.
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Abbreviations
Nomenclature
q mass flow, kg/s
l length of the well section, m
r radius, m
ρ density, kg/m3

v flow rate, m/s
g acceleration of gravity, m/s2

f hydraulic friction coefficient
d diameter, m
t time, s
T temperature, ◦C
Q heat flux, W
c specific heat capacity, J/(kg·K)
h convective heat transfer coefficient, W/(m2·K)
λ thermal conductivity, W/(m·K)
G geothermal gradient, ◦C/m
z vertical depth, m
A annualized cost, USD;
E energy supply, kW·h
O operation and maintenance cost, USD
I initial investment cost, USD
i annual interest rate of bank loans
Qe heat extraction rate under field conditions, kW
η efficiency, fraction
y drilling cost, USD
x well depth, km
F(n) the ratio of the construction cost of the nth well to the construction cost of the first well
M cost, USD
A heat exchange area, m2

W power, kW
k total heat transfer coefficient, W/(m2·K)
J investment payback time, years
Subscripts
h heat-carrying fluid
tu tubing
ca casing
ht heat-carrying fluid in the tubing
ha heat-carrying fluid in the annulus
tu1 inner wall of the tubing
tu2 outer wall of the tubing
ca1 inner wall of the casing
ca2 outer wall of the casing
F, tu per unit length of the tubing
F, an per unit length of the annulus
ca, ce casing and cement sheath
ce cement sheath
ce2 outer wall of the cement sheath
r formation
ce, r cement sheath and formation
s surface
b boundary of formation
const constant
a annualized
to total
ah considering heating
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ap considering power generation
o organic working fluid
b, 1 inlet of the turbine
b, 2 outlet of the turbine
oi internal of steam turbine
me mechanical
pg power generation
pump pump
plant all the ground power generation equipment
evap evaporator
cond condenser
net net
he heat exchanger
n the nth well
atu annualized heat insulation tubing
ahe annualized heat exchange equipment
he heat exchange equipment
Superscripts
L geothermal project duration
Abbreviations
LCOE levelized cost of energy
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