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ABSTRACT: Geothermal energy, a form of renewable energy, has been extensively utilized for building heating.
However, there is a lack of detailed comparative studies on the use of shallow and medium-deep geothermal energy in
building energy systems, which are essential for decision-making. Therefore, this paper presents a comparative study
of the performance and economic analysis of shallow and medium-deep borehole heat exchanger heating systems.
Based on the geological parameters of Xian, China and commonly used borehole heat exchanger structures, numerical
simulation methods are employed to analyze performance and economic efficiency. The results indicate that increasing
the spacing between shallow borehole heat exchangers can effectively reduce thermal interference between the pipes
and improve heat extraction performance. As the flow rate increases, the outlet water temperature ranges from 279.3
to 279.7 K, with heat extraction power varying between 595 and 609 W. For medium-deep borehole heat exchangers,
performance predictions show that a higher flow rate results in greater heat extraction power. However, when the
flow rate exceeds 30 m*/h, further increases in flow rate have only a minor effect on enhancing heat extraction power.
Additionally, the economic analysis reveals that the payback period for shallow geothermal heating systems ranges from
10 to 11 years, while for medium-deep geothermal heating systems, it varies more widely from 3 to 25 years. Therefore,
the payback period for medium-deep geothermal heating systems is more significantly influenced by operational and
installation parameters, and optimizing these parameters can considerably shorten the payback period. The results of
this study are expected to provide valuable insights into the efficient and cost-effective utilization of geothermal energy
for building heating.

KEYWORDS: Geothermal heating; shallow borehole heat exchanger; medium-deep borehole heat exchanger; heat
extraction performance; economic evaluation

1 Introduction

Scholars from various countries are committed to finding effective, clean, and sustainable new energy
sources and promoting their efficient utilization [1-3]. Due to its widespread distribution and vast reservoirs,
geothermal energy has garnered substantial interest [4-6]. In recent years, researchers from multiple nations
have consistently focused on the effective use of geothermal energy [7-10]. A common method of geothermal
energy utilization involves circulating a working fluid (usually water) within a closed-loop borehole heat
exchanger (BHE), such as U-tube or coaxial heat exchangers, to absorb heat from the adjacent rock and
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soil and convey it to surface equipment [11-13]. In terms of the burial depth, BHEs in geothermal heating
systems are categorized as shallow BHEs (tens to hundreds of meters) and medium-deep BHEs (2000 to
3000 m) [14,15]. Shallow BHE systems typically use numerous BHEs, ranging from tens to hundreds of meters
in depth. These systems predominantly employ U-tube heat exchangers to transfer heat with subterranean
rock formations, providing heating in winter and cooling in summer. Conversely, medium-deep buried pipes
harness geothermal energy from rock strata located 2 to 3 kilometers below the surface, where temperatures
range from 70°C to 90°C or higher, serving as the thermal source for heat pump systems [16].

Currently, there are various methods for forecasting the efficacy of borehole heat exchangers (BHEs).
These methods can be categorized into analytical methods and numerical methods, such as the finite
element method, finite difference method, and others. Early analytical models for theoretical calculations
can be traced back to 1948, when Ingersoll [17] studied and developed the line heat source model suggested
by Kelvin [18] in 1882, providing a solution for radial heat transfer in BHEs. Claesson et al. [19] were
the pioneers in presenting an analytical solution for a finite line source (FLS). In addition to analytical
solutions, many researchers have employed numerical methods based on discretization and grid division of
the computational domain to study various types of BHEs. For example, Yu et al. [20] established a segmented
numerical calculation model for U-shaped BHEs with large pipe spacing. Their model studied depths of up
to 500 m with pipe spacing of 200 m. Hecht et al. [21] used FEFLOW to model and simulate a group of
25 U-shaped BHEs buried to a depth of 100 m. Gordon et al. [22] proposed a semi-analytical calculation
model for composite cylindrical heat sources. This model is founded on existing cylindrical heat source
theory and interprets the temperature response generated by the heat exchanger as the superposition of three
components: heat conduction in the surrounding ground, the grout layer, and the outer wall of the heat
exchanger, resulting in an overall temperature response. Moreover, the work proposed by Mahariq et al. [23]
suggested that the spectral element method (SEM), a numerical approach integrating spectral methods with
the finite element method, may be utilized in forthcoming investigations owing to its superior accuracy.

The main challenges in geothermal energy development include high initial investment costs. These
costs are particularly evident in the various stages of deep ground layer development, including site
preparation, drilling, and pipeline installation. Therefore, conducting an economic analysis of medium-deep
geothermal heating systems is essential. Lu et al. [24] assessed the economic performance of vertical ground
source heat pump (GSHP) systems in residential settings in Melbourne, Australia, using several economic
indicators. Buonomano et al. [25] researched the design, simulation, and optimization of geothermal and
solar power plants. Their findings demonstrated that the thermal efficiency of geothermal and solar systems
is more contingent upon the availability of geothermal energy than on solar energy. Under the most adverse
operating conditions, the investment payback period was 7.6 years, which is shorter than that of boiler
heating systems. Blum et al. [26] explored the technical and economic parameters affecting the design and
operation of GSHP systems, evaluating their relationship with geographical factors such as geology and
climate. They analyzed data from over 1,100 GSHP systems, concluding that the average capital expenditure
for these systems in Germany is approximately €23,500 + €6,800, with 51% of the cost attributable to drilling
operations. Danilidis et al. [27] developed an economic model for a deep geothermal system. The findings
revealed that the costs of drilling constitute the principal capital outlay, and net present value (NPV) is
significantly influenced by variables such as discount rates and inflation rates. Xia et al. [28] utilized Monte
Carlo simulations and sensitivity analyses to assess the economics of geothermal heating systems. Their
results indicated that the economic viability of geothermal heating systems is mostly affected by heating
revenue, discount rates, and non-depreciable initial investments.
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Due to the high initial investment required for geothermal energy systems, extensive study has been
undertaken on the performance forecasting of BHEs, the factors that influence their efficiency, and their long-
term operational effectiveness. These studies provide a theoretical foundation for the effective utilization
of geothermal energy. Nonetheless, there is an absence of economic analysis regarding geothermal energy
systems, particularly comprehensive studies on the performance and economics of medium-deep and
shallow geothermal systems in specific regions. This gap limits informed decision-making in practical
engineering applications for these two systems.

This paper focuses on a comparative analysis of the thermal and economic performance of shallow and
medium-deep BHE heating systems. Using geological parameters from Xi’an, China, the study examines
the factors influencing performance and the thermal variation patterns of typical-sized shallow U-tube
buried pipes and medium-deep coaxial heat exchangers during long-term operation, through numerical
simulations. The economic analysis covers the investment payback period (PBP) and the levelized cost of
energy (LCOE) over extended operation, emphasizing the thermal and economic trends of both systems.
The suggested optimization strategies for system design aim to serve as a theoretical foundation for
decision-makers choosing between shallow and medium-deep systems. Furthemrore, this work offers a
comprehensive evaluation method that integrates thermal and economic performance considerations.

2 Methods for BHE Thermal Performance Analysis
2.1 Shallow BHE System

In this section, a model incorporating typical geological parameters, structural parameters, and oper-
ating conditions of a shallow BHE array is established. The geological parameters include the soil’s density,
specific heat capacity, and thermal conductivity. The structural parameters encompass the diameter, drilling
depth, and pipe spacing of the BHEs. The operating conditions refer to the fluid velocity within the BHE
and the inlet temperature. The ICEM (Integrated Computer Engineering and Manufacturing) software is
employed to construct the geometric model of the BHE array and generate the mesh. Heat conduction
transpires between the underground pipes and the earth during the heat transfer process, accompanied by
turbulent flow heat transmission inside the working fluid. Simultaneously, heat exchange takes place among
the backfill material, the pipes, and the adjacent soil. To ensure the accuracy of model calculations and reduce
complexity, the following assumptions are adopted:

1. The thermal conductivity, density, and specific heat capacity of the soil and backfill material remain
constant over time and temperature.

2. The initial temperature and thermal characteristics of the soil at the same depth are uniform.

3. Mass transfer between the soil and backfill material is neglected.

As shown in Fig. 1, the buried pipes are arranged in a square layout of 6 x 6, with pipe spacings of 4, 6,
and 8 m. The surrounding soil width of the pipe array is 20 m. For ease of analysis and discussion, the buried
pipes in the upper right corner are numbered sequentially from 1 to 9. The arrangement of the pipe array and
its overall dimensions are summarized in Table 1.
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Figure 1: Diagram of shallow BHE array layout

Table 1: Structural parameters of shallow BHE model structure

Structural parameters Values Unit
Drilling depth 50 m

Pipe outer diameter 32 mm

Pipe inner diameter 25 mm

Horizontal distance between two pipes 55 mm

Backfill material diameter 110 mm

Due to the symmetry of the BHE array distribution, one-quarter of the model shown in Fig. 1 is selected
for meshing. The BHE distances are set to 6 and 4 m, respectively. The mesh for the U-shaped BHE is
illustrated in Fig. 2. Based on engineering experiments, water is designated as the working fluid within the U-
shaped pipe. The flow state within the pipe is turbulent, and calculations are performed using the Realizable
k-&¢ model. The U-shaped pipe is made of PE, and the backfill material is chosen to have properties similar
to those of the surrounding soil. The specific physical property parameters of the model are based on the
shallow soil characteristics in the Xi’an area, as detailed in Table 2. The model’s input parameters comprise
the following:
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 Inlet flow velocity of the circulating water: 0.4 and 0.7 m/s
o Initial inlet water temperature: 6°C

« Initial ground temperature: 14°C

o Operating time: 120 days
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Figure 2: U-shaped heat exchanger mesh establishment

Table 2: Thermal properties of materials and soils

Density (kg/m’) Specific heat capacity Thermal conductivity
(J/(kg'K)) (W/(m-K))
Circulating medium 998.2 4185 0.60
PE pipe 950.0 2300 0.47
Backfill material 1925.0 1600 1.40
Soil 1985.0 1190 1.44

To validate the proposed model, it is compared with the line source analytical solution formulated by
Erol et al. [29]. The initial soil temperature is set at 13.85°C, and the flow rate is 0.5 m/s. Fig. 3 depicts the
comparison of soil temperatures at distances of 1 and 2 m from the BHE. The findings demonstrate that the
predictions from the proposed model align closely with the analytical solution. The maximum deviation is
less than 0.2 K, demonstrating the reliability of the proposed model.
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Figure 3: Validation of the shallow BHE model [29]

2.2 Medium-Deep BHE System

To rapidly predict the performance of a medium-deep BHE, a full-scale model with a variable control
volume is established and solved using the finite volume method (FVM) [30]. The BHE is segmented into
several computational segments from top to bottom, with the segment length varying based on the rate
of change in geological parameters. This approach effectively reduces computation time while maintaining
calculation accuracy. The following assumptions are adopted:

1. The thermal conductivity, density, and specific heat capacity of the soil and backfill material remain
constant over time and temperature.

2. The initial temperature and thermal properties of the soil at the same depth are uniform.

Mass transfer between the soil and the backfill material is neglected.

4. During operation, heat transport in the central pipe and annulus is presumed to be unidimensional
along the axial direction.

5. 'The ground temperature is presumed to depend only on depth. Due to terrestrial heat flow, the
unperturbed temperatures of soil and rock rise with depth; nonetheless, at any given depth, the
temperature distribution remains uniform.

w

The control equations and boundary conditions are defined as follows:

1) The governing equations for the operational state of the BHE are given in [5],

0 (Apw) /ot + 0 (Apwu) [dx =0 1)
0 (Apwu) [0t + 0 (Apyuu) [0x = —d (pA) /dx — AFf + ASu + Apy g (2)
0 (prCp,wT) /ot + 0 (ApwCp,wuT) [0x = ASt (3)

where ¢ is operating time, s. A is the cross-sectional area of the flow part, m?. p,, is the water density, kg/m”.
x is the axial coordinate, m. u is the average flow velocity, m/s. p is the average pressure, Pa. F; is the friction
force, N/m?. S, represents the momentum source term, N/m®. g represents the gravitational acceleration,
m/s*. C,,, denotes the water specific heat capacity, J/(kg-°C). T is the water temperature, °C. Sy represents
the energy source term, W/’
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The boundary condition for heat conduction is expressed as [5],

Qs = (Tbulk - TO,O) / (Rann + Router) x=0,t>0,r= DO,0/2 (4)

where @ is the total heat flux between the water and the surrounding soil in the control volume, W/m?.
Thuik denotes the average temperature of water at the cross-section, °C. T, is the outer wall temperature,
°C. Rynn is the convective thermal resistance, °C/W. Ryyier is the outer tube thermal resistance, °C/W. r
represents the radial coordinate, m. Do , represents the outer diameter of the outer pipe, m. The convective
heat transfer resistance and conductive thermal resistance are calculated using the following two equations,
respectively [5],

Rann = 1/hannAoi x>0, t>0, r=Dg;/2 (5)

Rpipe,O =1ln (DO,O/DO,i) /ZHAkaipe,o x>0, t>0, Do)i/z <r< DO,O/z (6)

where h,,, represents the convective heat transfer coefficient of water, W/(m?-°C). Ag; is the inner wall
surface area of the outer pipe, m*. Do ; represents the inner diameter of the outer pipe, m. kyipe,0 denotes the
heat transfer coefficient of the outer pipe, W/(m?-°C).

The initial temperature condition of the water is as follows:
T=Ts x>0, t=0, r>0 (7)

where the T; represents the ground surface temperature, °C.

The velocity boundary condition of the water is,

u=0 x>0, t=0 (8)

2) The governing equation for the static state of the BHE is [5],
0(pCyT) [0t =0 (ArdT/r) [ror r>0 )

where C, is the heat capacity, J/(kgK). A, is the thermal conductivity, W/(m-K). The physical properties
represent the characteristics of the materials (water, pipe or soil) at different locations. Similarly, these
parameters are calculated sequentially along the depth of the BHE, while neglecting axial thermal diffusion.

When the system is in a static state, the boundary conditions for the energy equation are as follows:

{on r=0

T=T, r— oo (10)

Under static conditions, the initial temperature corresponds to the water temperature at the moment
the system equipment is turned off. Therefore, the initial condition can be expressed as,

T (x,r,t)=T(x,r,t—At) (11)

Based on different operating conditions and durations, the governing equations can be discretized and
solved to determine the outlet water temperature of the heat exchanger and the soil temperature distribution
at various times and locations.

The developed medium-deep BHE model incorporates commonly used equipment structures and
geological parameters specific to the Xian region. The borehole depth is 2500 m, with the first section
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spanning depths from 0 to 500 m and the second section from 500 to 2500 m. The structural parameters for
each section are provided in Table 3. The soil temperature gradient is 0.322 °C/km. The heat capacity, density
and thermal conductivity of soils and rocks in different depths are detailed in Table 4.

Table 3: Structural parameters of medium-deep pipe-in-pipe BHE

Structural parameters  Depth/m  Inner diameter of Outer diameter of  Inner diameter of Outer diameter of

the inner pipe/cm the inner pipe/cm the outer pipe/cm the outer pipe/cm
The first section 0-500 9.38 1 24.27 273
The second section 500-2500 9.38 1 15.94 17.78

Table 4: Ground thermal properties of soils and rocks in different depths [31]

Depth/m  Heat capacity/J-’kg™'K!  Density/kgm™  Thermal conductivity/W-m~-K™!

0-600 1190 1985 1.44
600-1060 1070 1959 1.6
1060-1866 1010 2227 1.81

>1866 1020 2132 177

The model was implemented and solved using MATLAB. The calculation process primarily involves the
following steps:

1. Inputting the BHE structural and geological parameters.
2. Solving the governing equations (Eqs. (1) to (11)).
3. Outputting the BHE performance parameters.

This process is illustrated in Fig. 4.

| Input the BHE structural and geological parameters |
L ]

| Input the BHE operating parameters |
Y

’ Advance the time step to 7 + Af |'<—
¥

l Advance the grid location to i + 1 |

[]

r | Calculate fluid velocity, friction factor and pressure ]
Y

Calculate annular space fluid tem perature,
heat exchange between the inner fluid and the annuli
Equation (1) :
to(ll) =

Calculate inner Pipe fluid temperature, heat exchange
between the annular fluid and the ground

Calculate the temperature, velocity and pressure fields
until convergence

G)mput outlet temperature and heat exchange m19

Figure 4: Flow chart of the medium-deep BHE calculation method
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The variations in outlet water temperature and heat extraction power of the medium-deep BHE with
varying flow rates and operating times are analyzed. The model input parameters include:

«  Working fluid volumetric flow rate: 10 to 60 m’/h, in increments of 5 m*/h
« Daily operating time: 8 to 24 h per day, in increments of 4 h

o Inlet water temperature: 15°C

« Total operating time: 120 days

Each flow rate is evaluated under five different operating time scenarios, resulting in a total of 55
operating conditions.

For validation, the proposed model and calculation methods are compared with experimental results
from a 2600 m BHE in Qingdao, China [5] (as shown in Fig. 5). During testing, the inlet water temperature
was established at 5°C, with a flow rate of 30 m’/h. After 140 days of operation, the comparison indicated
that the model precisely forecasts the outlet temperature, with a Root Mean Squared Error (RMSE) of 0.82.

60
Predicted outlet temperature (modified)
—=— Measured outlet temj by Buet al,
— Measured inlet temperature by Bu et al.
D40+ — Predicted outlet temperature
2
3
"
5]
£
5 -
o 20
0

0 20 40 60 80 100 120 140
Elapsed time(day)

Figure 5: Validation of the medium-deep BHE model [5]

3 Results and Discussion of BHE Thermal Performance
3.1 Shallow BHE System

To investigate the thermal interactions among different pipes and the thermal performance of pipes
located at various positions within the array, FLUENT program simulates the heat exchange process of a

6 x 6 BHE array and the surrounding soil under long-term operation with different pipe spacings. The results
and analysis are as follows:

1) Ground temperature variation characteristics

The heat extraction efficacy of the shallow BHE operating during winter is examined first. The inlet flow
velocity of the circulating water is set to 0.6 m/s, with an initial inlet water temperature of 6°C and an initial
ground temperature of 14°C. The operating period for the 6 x 6 BHE array is 120 days, corresponding to the
heating season in northern China (November 15 to March 15 of the following year). The temperature field
distributions are shown in Fig. 6a to f. The thermal interactions among different BHEs become increasingly
pronounced as the operating time increases. At a BHE spacing of 4 m, no substantial thermal interaction is
detected in the temperature fields after 30, 60, or 90 days of operation. However, after 120 days, as shown
in Fig. 6d, noticeable changes in isotherms are evident. As the spacing between the buried pipes increases, as
shown in Fig. 6e and f, the thermal interactions significantly decrease. Thus, under the same operating time,
increasing the spacing between pipes effectively reduces thermal interactions among BHEs.

2) Influence of flow velocity on the heat extraction performance
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Figure 6: Variation of ground temperature field for shallow BHEs with different pipe spacings

To clarify the effect of the working fluid velocity within the BHE on the ground temperature field
and system performance, numerical simulations are conducted under different operating conditions. Using
a BHE spacing of 4 m as an example, Fig. 7a and b shows the variation in outlet water temperature at
flow velocities of 0.4 and 0.7 m/s, respectively. As the flow velocity increases, the outlet water temperature
gradually decreases. This is because a higher flow rate leads to greater heat extraction from the soil. As the
BHE absorbs heat from the surrounding soil, the soil temperature diminishes, and heat from the distant high-
temperature soil is conveyed to the adjacent low-temperature soil, a phenomenon termed natural geothermal
recovery. However, if the BHE’s heat extraction rate exceeds the natural geothermal recovery rate, there will
be an insufficient balance of extracted heat, leading to a reduction in ground temperature and a decline in
BHE performance.

Besides, the variations in outlet water temperature among the underground pipelines at various places
are rather minimal. The maximum deviations in outlet water temperature are observed at flow velocities of
0.4 and 0.7 m/s. The simulation results indicate that augmenting the flow velocity has a negligible impact on
the heat extraction efficiency of the BHE. With similar BHE heat extraction rates, the soil temperature field
shows the same trend. Therefore, reducing the flow velocity to decrease thermal interaction is not advisable.
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Figure 7: Impact of flow velocity on outlet water temperatures of different BHEs in the array

To more clearly compare the influence of BHE spacing on BHE performance and to investigate the
variations in outlet water temperature and heat extraction power among BHEs at various positions within
the array, a flow rate of 0.4 m/s is used as an example for analysis. The outlet water temperature and average
heat extraction power over 120 days for different BHE spacings are shown in Fig. 8a and b, respectively. The
heat extraction power is determined as follows:

q=CpwMAT (12)

where M is the mass flow velocity, kg/s. AT is the temperature difference between the inlet and outlet
water, °C.

Fig. 8a and b shows the BHE outlet temperature and heat extraction power at varying flow rates and
pipe spacings. It can be observed that the differences among the various BHEs become more significant
when the pipe spacing is smaller. When the borehole spacing is 4 m, the outlet water temperature of the
BHE:s located at the edge of the array is higher than that at the center, and their heat extraction power is also
greater. As the BHE spacing increases to 6 and 8 m, the outlet water temperatures of the BHEs at different
positions become nearly identical, and their heat extraction powers exhibit a similar trend. Compared to the
outlet temperature, the differences in heat extraction power are more significant when the pipe spacing is
smaller than 6 m. Additionally, the overall thermal performance of the BHEs decreases sharply as the pipe
spacing decreases. When the BHE spacing changes from 4 to 6 m, the outlet water temperature rises, and
the thermal performance improves significantly. However, as the spacing expands from 6 to 8 m, the outlet
water temperature stabilizes around 279.63 K, and the heat extraction power stabilizes around 594.32 W. This
occurs because, as the spacing increases, the thermal influence of each BHE on the others becomes negligible.
Since the pump energy consumption is not considered, the differences in the BHE outlet temperatures are
due to their positions and varying heat exchange rates. Moreover, when the flow rate escalates, the outlet
water temperature shows a decreasing trend, fluctuating between 279.3 and 279.7 K. In contrast, the heat
extraction power rises, ranging from 595 to 609 W.
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Figure 8: Thermal performance of different BHEs in the array under varying pipe spacings

3.2 Medium-Deep BHE System

This section investigates the variation trends of outlet water temperature and heat extraction power in
the medium-deep BHE under different operating modes. The results for various conditions are illustrated
in Figs. 9 to 11.
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Figure 9: Variation of medium-deep BHE outlet water temperature under different daily operating times (7 days
period)
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Figure 11: Thermal performance of a medium-deep BHE under different flow rates over 120 days

1) Medium-deep BHE performance affected by daily operating time

To facilitate observation, the variation curves of outlet water temperature over a 7-day operation of the
BHE are summarized in Fig. 9. The outlet water temperature exhibits a pattern of fast escalation followed by
a slow decline during each operational cycle (1 day). On the first day of operation, the curves for the same
flow rate under different operating times overlap, indicating that the outlet water temperatures are identical
for all cases. However, starting from the second day, differences in outlet water temperatures emerge as the
daily operating time changes. Specifically, for conditions with longer operating durations, the outlet water
temperature on the second day is lower. This is because the longer operating time allows the BHE to extract
more thermal energy from the soil, while during non-operating periods, the ground temperature is not fully

recovered. As the daily operating time increases, the differences in outlet water temperatures for different
conditions become more significant.
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The variation of BHE outlet water temperature over a 120-day heating season under different operating
modes is then analyzed. For ease of observation, the outlet water temperatures recorded at the last time step of
each day are selected as the representative temperature for each day. The curves illustrating the fluctuations in
outlet water temperature and heat extraction power over 120 days across various operation modes are shown
in Figs. 10a and b, respectively. The outlet water temperature demonstrates a consistently decreasing tendency
under various scenarios. During the first ten days of operation, the temperature decreases rapidly, after which
the rate of decline significantly slows down and gradually stabilizes. The larger the daily operating time, the
lower the outlet water temperature becomes. Under an 8-h daily operation condition, the final outlet water
temperature is 38°C, while continuous (24-h daily) operation results in a final outlet water temperature of
only 31°C. This is because, with a constant flow rate, shorter operating times lead to less total heat extraction
from the soil. During non-operational periods, the soil receives more heat from the surrounding geological
formations and geothermal flow, allowing for more significant recovery of the soil temperature, which in turn
ensures the stability of subsequent heat extraction and outlet water temperature. Additionally, throughout
the 120-day operation period, the heat extraction power also shows a decreasing trend, with a gradually
diminishing rate of decline. Conditions with longer daily operating times experience a faster reduction in
heat extraction power. However, it is essential to recognize that reducing the daily operating hours may result
in a decrease in total heat extraction. Therefore, it is necessary to reasonably design the daily operating time
based on actual load requirements.

2) Medium-deep BHE performance affected by working fluid flow rate

Taking the 16-h daily operating time as an example, Fig. 11a and b illustrates the variation in outlet water
temperature and heat extraction power over 120 days under different flow rates, respectively. Throughout
the 120-day operational period, the outlet water temperature consistently demonstrates a declining tendency
across all situations. There is a fast decrease in temperature during the first 5 days, after which the rate of
decline significantly slows, and the outlet water temperature gradually stabilizes. The larger the flow rate,
the lower the outlet water temperature. For a flow rate of 10 m>/h, the outlet water temperature at the end
of the heating season is 34°C, while for a flow rate of 60 m?/h, the outlet water temperature drops to 21°C.
This occurs because, with the same daily operating time, a higher flow rate results in a larger convective heat
transfer coefficient, enabling the BHE to absorb more heat from the soil. However, the heat recovery during
idle periods becomes insufficient. Additionally, over the 120-day operation period, the heat extraction power
also shows a decreasing trend. There is a rapid decline in the first 10 days, followed by a significant slowdown
in the rate of decline. The larger the flow rate, the higher the heat extraction power. For a flow rate of 10 m/h,
the final heat extraction power is 200 kW, while for a flow rate of 60 m*/h, the final heat extraction power
reaches 300 kW.

In summary, the heat extraction power of the medium-deep BHE diminishes progressively with
extended daily operational duration. A higher working fluid flow rate leads to greater heat extraction
power. However, beyond a flow rate of 30 m®/h, additional increases have a minimal impact on the
BHE’s heat extraction power. This flow rate is already close to the peak heat extraction power under ideal
model conditions.

3.3 Comparison of Shallow and Medium-Deep BHE Systems

The results indicate that, in Xian, the stabilized heat extraction capacity of shallow BHEs varies from 595
to 609 W, contingent upon the pipe spacing. For the medium-deep BHE, under different operating modes
and flow rates, the heat extraction power ranges from 200 to 400 kW. In practical applications, when there
is sufficient space and simultaneous heating and cooling are required, tens to hundreds of shallow BHEs can
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be used. For buildings with a cooling load significantly larger than the heating load, medium-deep BHEs can
be selected, as they occupy less area, or they can be combined with shallow BHEs.

4 Economic Efficiency Analysis

To further evaluate the economic viability of the two types of geothermal systems in practical appli-
cations, this section assesses the levelized cost of energy (LCOE) and the payback period (PBP) as key
economic indicators.

1) Levelized Cost of Energy (LCOE)

The LCOE is determined by dividing the overall expenditures incurred throughout the project’s lifecycle
by the total amount of energy produced over its lifespan. It represents the cost per unit of energy generated.
This value accounts for factors such as time, the residual value of fixed assets, and depreciation of fixed assets.
It can be calculated using the following formula [8]:

TosMm Toam
LCOE =Py~ ) D4Rex/(1+Ra)"+ > Posm (1-Rux) /[ (1+Ra)" = Vi/ (1+ Rd)TO&M] (13)
n=1 n=1
Toam

Z E./(1+ Rd)n

where the Py is the construction cost, RMB. Tog is the life cycle, year. D4 represents the asset depreciation
rate, %. Ry, is the tax, %. Ry is the depreciation rate, %. Pogw is the operating costs, RMB. V; is the residual
value, RMB. E, represents the annual heat extraction, kW.

2) Payback period (PBP)

In the BHE system project, the payback period (PBP) refers to the number of years required for the
net present value of the project’s cash flows to equal zero, after discounting the annual net cash flows at
a predetermined benchmark rate of return. This benchmark rate accounts for various factors, including
inflation and depreciation. The PBP can be approximately determined by the duration required to recoup
the initial investment expenditure [8].

4.1 Shallow BHE System

For the shallow geothermal system, the average cost of obtaining thermal energy per kWh over its
lifecycle (25 years) is investigated. The variations in LCOE across various operational situations are simulated
and shown in Fig. 12a. It is evident that the LCOE decreases monotonically as the flow rate rises. Specifically,
as the flow rate changes from 0.4 to 0.7 m/s, the LCOE drops from 0.70 to 0.54 RMB/kWh. Additionally, when
the BHE spacing expands from 4 to 6 m, the LCOE decreases by approximately 1.59% to 2.06%. However,
when the spacing expands from 6 to 8 m, there is no significant change in the LCOE. Fig. 12b shows that as
the flow rate escalates, the PBP decreases from 11 to 10 years. Under constant flow conditions, the PBP for a
borehole spacing of 6 m is lower than that for 4 m, with the maximum reduction across different flow rates
ranging from 4.22% to 4.34%. The PBP for an 8 m spacing BHE array is slightly higher than that for a 6 m
spacing. These results indicate that changes in PBP for shallow BHE systems are not significantly affected by
medium flow rates or borehole spacing. The PBP is approximately two-fifths of the lifecycle.
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Figure 12: LCOE and PBP of shallow geothermal heating systems over 25 years of operation

4.2 Medium-Deep BHE System

Fig. 13 illustrates the trends in LCOE and PBP for a medium-deep geothermal system over 25 years.
The yellow bars represent the maximum reduction in LCOE resulting from increased daily operating hours
under different flow rates. From Fig. 134, it can be observed that the LCOE initially decreases with increasing
flow rate, reaches a minimum, and then rises again. Specifically, the LCOE is excessively high at flow rates of
10 and 60 m®/h. Within the range of 20 to 40 m?/h, the LCOE reaches lower values. When the flow rates is
between 10 and 50 m*/h, larger daily operating hours result in a lower LCOE. This indicates that extending
operating hours benefits the reduction of LCOE for medium-deep BHEs, particularly at smaller flow rates.
For larger flow rates, the overall trend remains consistent. The flow rate corresponding to the minimum
LCOE varies with different daily operating hour conditions. Notably, as daily operating hour increase, the
flow rate that results in the minimum LCOE decreases. For instance, with 24 h of daily operation time, the
flow rate corresponding to the minimum LCOE is 25 m’/h, with an LCOE value of 0.40 RMB/kWh. Thus, it
is crucial to set operating hours and flow rates according to actual conditions to achieve the lowest LCOE.

As shown in Fig. 13b, the PBP for other operating modes exceeds the lifecycle of the BHE (25 years),
so only the results for 8- and 12-h daily operations are presented. The figure indicates that the PBP initially
decreases and then increases with rising flow rates. At a constant flow rate, shorter daily operating hours
lead to a smaller PBP, suggesting that extending operating hours is detrimental to reducing the system’s PBP.
Specifically, when operating for 8 h a day, the minimum PBP can reach as low as 3 years, while for 12 h of
daily operation, the minimum PBP is 12 years. Therefore, a well-considered design of flow rates and operating
modes is essential to significantly reduce the PBP of the medium-deep BHE system.

4.3 Comparison of Shallow and Medium-Deep BHE Systems

A comprehensive comparison of the economic indicators for both systems reveals that the PBP for
the shallow geothermal system typically ranges from 10 to 11 years. In contrast, the PBP for the medium-
deep geothermal system shows a much wider variation, ranging from 3 to 25 years, with some conditions
even exceeding the lifecycle (25 years). By adjusting system operating parameters, the LCOE for the shallow
geothermal system can decrease by up to 22.86% (from 0.70 to 0.54 RMB/kWh). For the medium-deep
geothermal system, the maximum reduction in LCOE can reach 52.94% (from 0.85 to 0.40 RMB/kWh). This
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indicates that the economic viability of the medium-deep geothermal heating system is more significantly
influenced by operating parameters compared to the shallow system. Thus, through careful planning aligned
with actual load requirements, there is considerable potential to significantly shorten the PBP of medium-
deep BHE systems.
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Figure 13: LCOE and PBP of medium-deep geothermal heating systems over 25 years of operation

5 Conclusion

This study examines the thermal efficiency and economic viability of shallow and medium-deep
geothermal heating systems. Based on geological parameters in the Xi'an region and typical borehole heat
exchanger (BHE) structures, a comprehensive analysis is initially performed to examine the performance
of shallow U-shaped BHEs under various spacing arrangements and operating parameters. The long-term
performance and influencing factors of medium-deep coaxial BHEs are also analyzed. Finally, a comparative
analysis of the economic aspects of the two systems is performed, intending to establish a theoretical
foundation for the selection of heating systems and the optimization of their operational efficiency in actual
applications. This study uses typical BHE systems, including a 50 m depth shallow BHE and a 2500 m depth
medium-deep BHE, in Xi’an. The principal conclusions are as follows:

(1) For the shallow BHE system, increasing the BHE spacing reduces thermal interaction between
boreholes. When the spacing increases to 6 m, the performance of the BHEs at different positions becomes
independent of one another. With an increase in flow rate, the outlet water temperature ranges between 279.3
and 279.7 K, while the heat extraction power varies from 595 to 609 W.

(2) After 120 days of operation (the heating period in Northern China), the medium-deep coaxial BHE
attains a heat extraction power of 245 kW when the system operates 8 h per day. In contrast, continuous
operation (24 h a day) results in a heat extraction power of only 165 kW upon completion of the process.
Moreover, the heat extraction power escalates with larger working fluid flow rates. However, once the flow
rate exceeds 30 m’/h, further increases have a minimal influence on the heat extraction power. At this flow
rate, the heat extraction power is close to the peak limit under ideal model conditions.

(3) The Levelized cost of energy (LCOE) for the medium-deep BHE system reaches a minimum value of
0.40 RMB/kWHh. For the shallow BHE system, the LCOE decreases from 0.70 to 0.54 RMB/kWh as the flow
rate increases. Moreover, the payback period (PBP) for the shallow system diminishes from 11 years to 10 years
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with increasing flow rates. In contrast, the PBP for the medium-deep system exhibits a more pronounced
variation, ranging from 3 to 25 years. Thus, there is a greater potential for economic optimization in the
medium-deep geothermal systems compared to the shallow systems. The findings offer theoretical insights
for the assessment and optimal design of BHE systems.

(4) Considering both thermal performance and economic results, it is recommended to use shallow
BHEs for buildings with both heating and cooling demands. The occupied area will be much larger than
for medium-deep BHEs with the same heating load, but they can also be used in summer, and the PBP is
relatively stable (10 to 11 years). For buildings with a greater emphasis on heating load, medium-deep BHEs
are more appropriate because they occupy much less area. However, the PBP is highly sensitive to operating
parameters. Thus, the optimal design of medium-deep BHEs is more critical.
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Nomenclature

A Cross-sectional area of the flow section, m?
Ao Inner surface area of the outer pipe, m?
Gow Water specific heat capacity, J/(kg-°C)

Dy Asset depreciation rate, %

Do Inner diameter of the outer pipe, m

Do, Outer diameter of the outer pipe, m

E, Annual heat extraction amount, kWh

Fr Flow friction, N/m?

g Gravitational acceleration, m/s>

hann Convective heat transfer coefficient, W/(m?-°C)

kpipe,0 Thermal conductivity of the outer pipe, W/(m?-°C)
LCOE Levelized cost of energy, RMB/GJ

M Mass flow rate of the working fluid, kg/s
PBP Payback period, year

p Pressure, Pa

Py Construction cost, RMB

Pogm Operating cost, RMB
q Heat extraction power, W
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Q, Total heat flux, W/m?

r Radial coordinate, m

Runn Convective thermal resistance, °C/W

Ry Depreciation rate, %

Ryipe,0 Convective thermal resistance of the outer pipe, °C/W

Rix Tax rate, %

St Energy source term, N/m’

Su Momentum source term, N/m>

t Time, s

AT Inlet and Outlet temperature difference, °C

Thulk Average temperature of the water in the cross-section, °C

ToaMm Full lifecycle, year

Too Outer wall temperature of the outer pipe, °C

Ts Ground surface temperature, °C

u Average flow velocity of the water, m/s

V. Salvage value, RMB

x Axial coordinate, m

Pw Water density, kg/m®
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