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ABSTRACT

The extraction of geothermal energy from hot
dry rock resources has gradually received widespread
attention. How to efficiently extract geothermal energy
has become a key technology to be developed. In this
study, based on 5 existing vertical geothermal wells with
a depth of about 4000 meters in a basin in northwest
China, numerical simulation of the well structure
optimization has been carried out to improve the heat
extraction performance. Research has found that,
compared with a single vertical well, the outlet
temperature of the heat-extraction fluid from a 3-branch
L-shape horizontal well has increased by 74.65°C, with
the corresponding heat extraction rate being increased
by 2.2MW. The outlet temperature of the connecting
well cluster (4 L-shape wells connected to a common
vertical production well) is 8.66°C higher than that of the
vertical well, with the total heat extraction rate being
0.11MW higher than that of the five vertical wells. One
important finding in this case is that, the outlet pressure
of this connecting well cluster is about 4 bars higher than
its inlet pressure, indicating that there is an obvious
thermal siphon effect. This implies that using the
proposed connecting well cluster can greatly reduce the
pump power required for system operation and hence
greatly reduce the operating costs. The results obtained
from this study is of theoretical-guiding significance for
hot-dry-rock geothermal energy exploitation.
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1. INTRODUCTION
In September 2020, China clearly proposed the "dual
carbon" goals of "carbon peaking" in 2030 and "carbon

neutrality" in 2060. Geothermal energy is an important
clean energy source, and the development of
geothermal energy can help achieve the "dual carbon"
goal [1]. In recent years, the extraction and utilization of
geothermal energy has gradually received widespread
attention, and how to efficiently extract geothermal
energy has become an urgent problem to be solved.

Liu et al. [2] established a closed system model and
studied the effects of cement thermal conductivity,
cement thickness, injection temperature, fluid rate, fluid
heat capacity, heat exchanger height and diameter on
the system heat extraction rate. Daneshipour et al. [3]
used nanofluids as circulating fluid and concluded that
using copper oxide water could extract more heat than
alumina water, but the corresponding pressure loss and
required pumping power were large. Wang et al. [4]
found that groundwater flow can accelerate the stability
of heat transfer processes. To further improve the heat
extraction rate, domestic and foreign scholars have
optimized the structure of a single vertical geothermal
well. Kujawa et al. [5] established a bottom connected
double pipe geothermal heat exchanger model and
evaluated the possibility and applicability of obtaining
geothermal energy from the existing production well
Jacho'wka K-2 with a depth of 2870m. Ma et al. [6]
established a U-shaped geothermal well heat extraction
model based on abandoned oil wells and analyzed the
variation of temperature field with time and space. Wei
et al. [7] analyzed the effects of two different working
fluids, water and thermal oil, on the thermal extraction
rate of U-shaped geothermal wells with long horizontal
section. Shi et al. [8] compared the heat extraction
performance of three borehole heat exchangers (single
U-tube, double U-tube and spiral tube).

At present, there is relatively little research based on
practical engineering, especially on well clusters, and the
guiding significance for practical engineering is relatively
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weak. This study is based on the existing 5 vertical
geothermal wells with a depth of 4000m in a basin in
northwest China, studying the impact of mass flow rate
on heat extraction performance, and optimizing the well
structure to improve the heat extraction rate.

2. MODELS
2.1 Model description

Fig. 1 shows the schematic diagram of the wellhead
distribution of five existing wells in a basin in northwest
China, and the five wells are all vertical wells with a depth
of 4000m. The 2-D schematic diagram of their closed-
loop heat extraction model is shown in Fig. 2. The
working fluid flows downward from the annular space,
exchanging heat with the formation, and then it returns
to the wellhead through a circular inner pipe.
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Fig. 1. Schematic diagram of wellhead distribution
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Fig. 2. Closed-loop heat extraction model

In order to improve the heat extraction performance
of existing geothermal wells, the well structure is
optimized and two new geothermal well models are
constructed. The schematic diagrams of the two models
are shown in Fig. 3.

Model 1: A 3-branch L-shaped horizontal well
(hereinafter referred to as a horizontal well), with a
length of 2000m for each branch and 4000m for vertical
section.

Model 2: A connecting well cluster, with 4 L-shape
injection wells connecting to a common vertical
production well (hereinafter referred to as connecting
well cluster).
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Fig. 3. Schematic diagram of two new geothermal well
models

In this study, the inlet temperature is set to 60°C. The
surface of the formation takes constant temperature
boundary conditions, and the temperature is set at 0 °C,
the formation temperature profile is shown in Fig. 4. The
adiabatic boundary condition is selected for the outer
boundary of the whole -calculation domain. The
formation properties used in the simulation are shown in
Table 1. The parameters of the coaxial heat exchangers
used in Model 1 are shown in Table 2, and the
parameters of the pipes in Model 2 are based on the
outer pipe in Table 2. The operation time of all models in
this study is 120 days.
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Fig. 4. Formation temperature profile
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Table. 1. Properties of the formation [9]

Density  Specific heat capacity  Thermal conductivity
(kg-m?3) (J-kg™K?) (W-mK?)

2820 1170 2.8




Table. 2. Main parameters of the coaxial heat exchangers used in the simulation [9]

Name Size Length Thermal conductivity Density Specific heat capacity
(mm) (m) (W-m™K™) (kg-m™ (J-kg™K?)
Inner pipe 2110x10 3998 0.02 950 2300
Outer pipe 2177.8x9.19 4000 40 7850 498

2.2 Model validation

Here, a single vertical well model was validated with
on-site test data in Hebei. Fig. 5 shows the fitting curve
between the measured outlet temperature and the
simulated outlet temperature. The comparison between
simulated and measured values is shown in Table 3, and
the relative error after 47 hours is 2.9%. Therefore, the
vertical well model is relatively reliable.

Since the models of horizontal well and connecting
well cluster agree with vertical well in the same modeling
method and solution method, it is assumed that all the
models used in this study are reliable.

Table. 3. Comparison between measured and simulated

values
Region Value
Well depth (m) 1400
Flow rate (m3-h%) 46
Measured outlet temperature (°C) 18
Simulated outlet temperature (°C) 17.47

Inlet temperature

Measured outlet temperature

—— Simulated outlet temperature

Temperature(°C)

ob e w0 e e e
0 10 20 30 40 50

Operation time(h)
Fig. 5. Fitting curve between measured outlet temperature
and simulated outlet temperature

3. SIMULATION RESULTS

Fig. 6 shows the variation of outlet temperature and
heat extraction rate with mass flow rate for a single
vertical well. It can be seen that the outlet temperature

gradually descends with the increase of mass flow rate,
but the magnitude becomes smaller. The heat extraction
rate rises with the increase of mass flow rate. Taking into
account the outlet temperature and heat extraction rate
of the working fluid, the optimization of the well
structure in this study will be carried out with a mass flow
rate of 7kg/s. After 120 days of operation, the outlet
temperature of a single vertical well is 90.99 °C, and the
heat extraction rate is 0.91MW.
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Fig. 6. Outlet temperature and heat extraction rate
variations of vertical well with mass flow rate

As can be seen from Fig. 7, the outlet temperature of
the horizontal well has increased by 74.65 °C compared
to a single vertical well, and the heat extraction rate has
increased by 2.2MW. This is because compared to a
vertical well, the total length of a horizontal well is
longer, then the heat exchange area and time between
the working fluid and the formation is increased. As a
result, the working fluid fully exchanges heat with the
formation, and the heat extraction rate is increased.

The total length of a horizontal well is 10000m, with
a linear meter heat extraction rate of 0.31kW/m, while
the total length of a vertical well is 4000m, with a linear
meter heat extraction rate of 0.23kW/m. This indicates
that the heat extraction rate does not increase in
multiple with the length of the well, and constructing
horizontal sections in the underground high-
temperature area can improve the heat extraction
performance of geothermal wells.



350 3.5
[ ]Outlett t 3.11
300 L utle empfera ure 450
|:| Heat extraction rate
O 250 k 125 2
o S
2 T
: -+
200 | 20 €
5 c
o 165.64 2
£ kot
o 150 | 415 ©
+ +—
+ x
<2 ]
5 ©
3 100 | 90.99 0.91 410 &
T
50 4 0.5
0 . 0.0
Vertical well 3-branch horizontal well

Fig. 7. Outlet temperature and heat extraction rate of
vertical well and horizontal well at the end of 120 days

Fig. 8 demonstrates that the outlet temperature of
the connecting well cluster is 8.66 °C higher than that of
a vertical well, and the total heat extraction rate is
0.11MW higher than that of the five vertical wells. This
indicates that although the connecting well cluster
sacrificed one well as a production well, due to its
connection at the bottom of the well, four horizontal
sections were constructed in high-temperature
formations, resulting in an increase in heat extraction
rate compared to five vertical wells.
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Fig. 8. Outlet temperature and heat extraction rate of

vertical well and connecting well cluster at the end of 120
days

Especially, the simulation found that due to the
energy loss of the working fluid flowing in the pipe, the
outlet pressure of vertical well and horizontal well is
lower than the inlet pressure. But the outlet pressure of

the connecting well cluster is about 4 bar higher than the
inlet pressure. This implies that there is a thermal siphon
phenomenon in the connecting well cluster, which will
greatly reduce the pump power required for system
operation and then reduce operating costs.

4. CONCLUSIONS

In order to improve the heat extraction
performance of geothermal wells, two new well models
are constructed based on the five existing geothermal
wells in the basin in northwest China. The simulation
results of two new models and existing vertical wells are
compared, and the main conclusions are as follows:

(1) The outlet temperature of the working fluid is
inversely proportional to the mass flow rate, and the
heat transfer rate is directly proportional to the mass
flow rate. Taking the outlet temperature and heat
extraction rate into account, a mass flow rate of 7kg/s is
set for subsequent simulations in this study.

(2) After 120 days of operation, the outlet
temperature of the vertical well is 90.99 °C, and the heat
extraction rate is 0.91MW. The outlet temperature of the
horizontal well has increased by 74.65 °C compared to
the vertical well, and the heat extraction rate has
increased by 2.2MW. The linear meter heat extraction
rate of horizontal well is 0.31kW/m, while that of vertical
wells is 0.23kW/m. This indicates that the heat
extractionrate does not increase in multiple with the
length of the well.

(3) The outlet temperature of the connecting well
cluster is 8.66 °C higher than that of the vertical well, and
the total heat extraction rate is 0.11MW higher than that
of the five vertical wells. Specifically, the outlet pressure
of the connecting well cluster is approximately 4 bar
higher than the inlet pressure. This indicates that there
is a thermal siphon phenomenon in the connecting well
cluster, which will greatly reduce the pump power and
then reduce operating costs.

ACKNOWLEDGEMENT

This work was supported by the National Key
Research and Development Program of the 13th Five-
Year Plan of China (No. 2021YFB1507402).

REFERENCE

[1] Wang JY, Kong YL, Duan ZF, et al. Geothermal energy
exploitation and storage in coal field under the dual
carbon goal. Coal geology and exploration,2023,51(2):1-
11.



[2] Sai Liu, Arash Dahi Taleghani, Factors affecting the
efficiency of closed-loop geothermal wells, Applied
Thermal Engineering, Volume 222, 2023, 119947, ISSN
1359-4311.

[3] Daneshipour M, Rafee R. Nanofluids as the circuit
fluids of the geothermal borehole heat exchangers[J].
International Communications in Heat and Mass
Transfer, 2017, 81: 34-41.

[4] Wang D, Lu L, Zhang W, et al. Numerical and analytical
analysis of groundwater influence on the pile geothermal
heat exchanger with cast-in spiral coils[J]. Applied
Energy, 2015, 160: 705-714.

[5] Kujawa T, Nowak W, Stachel A A. Analysis of the
exploitation of existing deep production wells for
acquiring geothermal energy[J]. Journal of Engineering
Physics and Thermophysics, 2005, 78(1): 127-135.

[6] Yuanyuan Ma, Shibin Li, Ligang Zhang, Songze Liu,
Ming Wang, Heat extraction performance evaluation of
U-shaped well geothermal production system under
different well-layout parameters and engineering
schemes, Renewable Energy, Volume 203, 2023, Pages
473-484, ISSN 0960-1481.

[7] Changjiang Wei, Liangjie Mao, Changshun Yao,
Guijian Yu, Heat transfer investigation between wellbore
and formation in U-shaped geothermal wells with long
horizontal section, Renewable Energy, Volume 195,
2022, Pages 972-989, ISSN 0960-1481.

[8] Shi Y, Song X, Li G, et al. Numerical investigation on
heat extraction performance of a downhole heat
exchanger geothermal system. Applied Thermal
Engineering, 2018,134:513-526.

[9] Wang G, Song X, Shi Y, et al. Comparison of
production characteristics of various coaxial closed-loop
geothermal systems. Energy Conversion and
Management, 2020,225:113437.



