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Abstract: Deep borehole heat exchangers (DBHEs) extract heat from the medium-depth geothermal
energy with the depth of 2-3 km and provide high-temperature heat source for the medium-depth
geothermal heat pump systems (MD-GHPs). This paper focuses on the heat transfer performance
of DBHESs, where field tests and simulation are conducted to analyze the heat transfer process and
the influence factors. Results identify that the heat transfer performance is greatly influenced by
geothermal properties of the ground, thermal properties and depth of DBHEs and operation
parameters, which could be classified into external factors, internal factors and synergic adjustment.
In addition, the long-term operation effects are analyzed with the simulation, results show that with
inlet water temperature setting at 20 °C and flow rate setting at 6.0 kg/s, the average outlet water
temperature only drops 0.99 °C and the average heat extraction drops 9.5% after 20-years operation.
Therefore, it demonstrates that the medium-depth geothermal energy can serve as the high-
temperature heat source for heat pump systems stably and reliably. The results from this study can
be potentially used to guide the system design and optimization of DBHEs.

Keywords: medium-depth geothermal heat pump system; deep borehole heat exchangers;
numerical simulation; heat transfer performance; long-term operation

1. Introduction

Space heating plays an important role and accounts for nearly 21% of the energy consumption
in buildings [1]. For the energy saving as well as sustainable development, various technologies with
renewable energy has been studied and applied for space heating, especially for the utilization of
geothermal energy [2]. In order to use geothermal energy more rationally and efficiently, the ground-
coupled heat pump systems (GCHPs) have been applied and aroused great interesting in last two
decades [3]. However, with numerous studies carried out to examine the practical energy
performance of GCHPs, various problems have been identified. Among which the occupation of
huge spaces for constructions [4] as well as the thermal imbalance of the ground [5-9] were the two
typical issues thus limiting the application of GCHPs.

To solve these typical issues, a straightforward method is to utilize the deeper geothermal
energy. Recently, the medium-depth geothermal energy, with depth of nearly 2-3 km and
temperature around 70-90 °C, has been exploited and applied for space heating. Different from the
exploiting of underground water to extract geothermal energy straightly, the utilization of medium-
depth geothermal energy in this paper refers to the method that using a closed loop system to extract
heat through heat transfer process. This method was first introduced and carried out in America and
Europe, where the outlet water temperature of deep borehole heat exchangers (DBHEs) could reach
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nearly 98 °C in Hawaii [10] and 40 °C in Switzerland [11]. Besides, this method was successfully used
as heat source in a university in Germany [12]. Recently, this method was applied for space heating
with heat pump systems in China and field test was conducted in previous study [13]. Results
showed that the outlet water temperature from DBHEs with depth of 2500 m could reach 34.7 °C with
heat extraction of 273 kW per DBHE, which provides a stable and high-temperature heat source for
heat pump systems.

As mentioned above, the DBHEs extract heat from medium-depth geothermal energy through
the heat transfer between heat transfer medium and soil and rocks around. Therefore, the studies and
analysis of the heat transfer process and the influencing factors have significant importance, which
determines the heat transfer performance of DBHEs and further influence the energy performance of
heat pump systems. Previous research mainly focused on the simulation and mathematical models.
Ingersoll [14] and Eskilson [15] presented the infinite line source and the finite line source model
respectively to examine the temperature distribution of rock-soil around shallow borehole heat
exchangers (BHEs). Diao [16] and Lamarche [17] improved the finite line source model, which is
easily incorporated into computer programs. As for the numerical simulation of BHEs, finite element
method (FEM) [18], finite volume method (FVM) [19] and finite difference method (FDM) [20] were
the main analysis methods based on discrete method. Then the Laplace transform methods [21] was
used to solve the transient heat conduction equation and analyzed the heat transfer process.

With the simulation, previous research examined the heat transfer performance of DBHEs. Chen
[22] developed a fitted expression based on 3D numerical models to analyze the influence of inlet
water temperature, flow rate and the depth of ground heat exchangers (GHEs) on heat transfer
performance of GHEs. H. Holmberg [23] pointed out that with the increasing of depth and flow rate,
the heat extraction capacity will increase. However, the depth of GHEs in the simulation only varied
from 300-1000 m, which is not deep enough for medium-depth geothermal energy. For DBHEs, Lous
[24] conducted a simulation to analyze the heat transfer performance of a vertical 5 km coaxial DBHE.
Over 25-year periods of operation, the heat extraction could still reach 125-600 kW with flow rate of
150-600 m3/d, which proved the stability and feasibility of DBHEs. However, since the depth of
DBHEs is too deep, the system is hard to be applied widely under the limit of engineering grade and
the great investment costs. L. Fang’s simulation [25] was more close to the practical project where the
depth of DBHE is 2000 m. Results also showed that the increasing of flow rate and depth of DBHE as
well as the geothermal gradient would increase the heat transfer capacity. It also indicated that a
high-resistance inner pipe would improve the overall heat extraction capacity. Besides, the flow
direction of ground water has been discussed, thus the inlet water is suggested to flow through the
outer tube. Kong [26] used both analytical and numerical methods to evaluate the capacity of DBHE
with representative parameters in northern China. Results showed that the sustainable heat
extraction rates in all continuous extraction scenarios are less than 150 W/m. Besides, the sensitivity
analysis indicated that the depth of borehole is not a significant influencing factor to the heat
extraction rate, while the heat conductivity of surrounding formation is critical. This study provide a
scientific method to analyze the performance and its influence factor. However, due to the lack of
engineering experience, the physical parameters of DBHE deviated from the actual values, especially
about the heat conductivity coefficient of the outer pipe, thus the simulation results failed to match
the field test results. Other researchers also focused on the numerical simulation with FVM model to
analyze the heat transfer performance of DBHE [27-29]. Better than previous studies, field tests were
conducted thus the accuracy of simulation could be checked with operational data. Nevertheless, the
filed test was conducted in a steady condition thus the dynamic simulation effect failed to be checked.
Besides, the boundary conditions both for radial direction and depth direction have not been
discussed qualitatively and quantificationally.

In summary, due to lack of detailed field-based measurements and analysis of generation and
conduction process of medium-depth geothermal energy, the physical model in previous research
deviates from practical conditions, thus the calculated results can hardly reflects the actual operation
process. Consequently, this paper analyze the generation and heat transfer process of medium-depth
geothermal energy at first to discuss and determine the boundary conditions. Then based on field
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test results under different operation conditions, a simulation with the FVM is conducted to analyze
the heat transfer process of DBHEs. With the simulation, the influence factors on heat transfer
performance of DHBEs are studied and classified according to their characteristics. Finally the
influence on ground temperature under long-term operation is analyzed to prove the stability and
feasibility of this technology.

2. Methodology

2.1. System Description

The medium-depth geothermal heat pumps system (MD-GHPs) under study is applied for the
residential buildings in Xi’an, northern China and Table 1 lists the basic information. Figure 1 then
shows the system diagram and measuring points. The MD-GHPs consist of the indoor heating
systems, heat pumps, water distribution systems both in user side and ground side and 8 DBHEs
with depth of 2500 m operating in parallel to extract heat from medium-depth geothermal energy.
Among the two heat pumps, 1# heat pump is applied for upper floor with heat capacity of 2180 kW
and 2# heat pump is applied for lower floor with heat capacity of 3500 kW. The field test lasts from
November 15th 2017 to March 15st 2018 with the sample interval of 10 min. Where the water
temperature, water flow rate of user side and ground side, as well as the electricity consumption of
each devices are monitored.

Table 1. Basic information of field tested project.

Building Function Residential Buildings
Designed building area (m?) 133,400
Actual heating area (m?). 53,360
Type of heat pump Screw heat pump
Number of heat pumps 2
Rated heating capacity (kW) 5680
Rated COP 5.68
Number of DBHEs. 8
Depth of DBHEs (m) 2500
Designed water temperature in user side (°C) 45/40
Designed water temperature ground side (°C) 30/20
Terminal device Radiant floor
Operational mode Continuous

Heating season 15th November—15st March
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Figure 1. System diagram and measuring points of medium-depth geothermal heat pumps system
(MD-GHPs).

As shown in Figure 2, the DBHE consists of inner pipe with materials of HDPE and outer pipe
with materials of stainless steel. Then with backfill materials filled in the borehole. Table 2 then list
the physical dimension and thermo-physical property of those materials. During the operation,
ground-side water is pumped down to the DBHE through the outer pipe, extracting heat from
ground. Then it flows upward through the inner pipe, meanwhile the heat is transferred to water in
the outer pipe since the thermal resistance of the inner pipe is not high enough [13].

Outlet water
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7
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Figure 2. A diagram of the deep borehole heat exchangers (DBHEs).
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Table 2. The physical dimension and thermo-physical property of the DBHE.

Parameters Numerical Value
Depth of DBHE (m) 2500
Outside diameter x wall thickness (mm x mm) 159 x 4.5
Thermal conductivity of the outer pipe W/(m-K) 54
Specific heat capacity of the outer pipe kJ/(kg-K) 0.47
Density of the outer pipe kg/m? 7820
Inside diameter x wall thickness (mm x mm) 93 x 3.0
Thermal conductivity of the inner pipe W/(m-K) 0.18
Specific heat capacity of the inner pipe kJ/(kg-K) 21
Density of the inner pipe kg/m3 930
Diameter of backfill materials (mm) 254
Thermal conductivity of the backfill materials W/(m-K) 2.0
Specific heat capacity of the backfill materials kJ/(kg-K) 0.85
Density of the backfill materials kg/m? 2700

2.2. Analysis of Local Geothermal Evaluation

The DBHE extracts heat from the medium-depth geothermal energy, which is the main
difference from the shallow-depth geothermal heat pump systems. Therefore, it is necessary to make
clear the source and heat transfer process of the medium-depth geothermal energy, thus this kind of
heat source can be fully understood.

Previous research [30] showed that the decay of radioactive elements in the core of earth (such
as uranium 238, uranium 235, thorium 232 and potassium 40, etc.) produce approximately 9.5 x 102
J of heat per year and the heat mainly dissipates through the heat conduction of the crust. Thus the
average ground heat flux (gc) with depth of 1-3 km is measured about 60 mW/m? [31]. Due to the
existence of geothermal heat flux, the average geothermal gradient in the ground deeper than 100 m
could reach about 3 °C/hm [31].

As for the geothermal condition in Xi’an, the local heat flux is measured to be 75 mW/m? [32]
and the geothermal gradient is measured to be 2.8-3.5 °C/hm [33]. Besides, according to the well
completion report [34], the geological stratifications of rock—soil in the region of 3000 m underground
are made up of four main layers, Table 3 then lists the thermophysical parameters of different layers.

Table 3. The physical dimension and thermo-physical property of the soil and rocks.

Depthm  Geotechnical Type Thermal Conductivity Density Specific Heat Capacity

W/(m-K) kg/m3 J/(kg-K)
0-636 Clay 1.8 1780 1379
636-1198 Mudstone 2.6 2030 1450
1198-1910 Medium sand 3.5 1510 1300
1910-3000 Standstone 5.3 2600 878

2.3. Methodology of Simulation Analysis

In order to examine the key factors of the heat transfer performance as well as analyze the
feasibility and stability of DBHEs under long-term operation, a numerical simulation is developed.
As shown in Figure 3, the model consists of model assumptions, mathematical equations of heat
transfer process, physical parameters, boundary conditions and model validations. The Input
parameters are the inlet water temperature, water flow rate and the operation time while the output
results are outlet water temperature, total heat extraction and temperature distribution.
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Figure 3. Model of deep borehole heat exchangers (DBHEs).

2.3.1. Model Assumption

As shown in Figure 2, the heat transfer process can be described as a two-dimensional cylindrical
coordinate transient heat transfer process, including the heat convection between inner pipe fluid
and outer pipe fluid, the heat convection between outer pipe fluid and outer pipe, the heat conduction
in the outer pipe wall, the backfill material and the ground. The following assumptions are made to
develop the heat transfer model.

(1) According to previous studies [27-29], the fluctuation of ground surface temperature has little
influence on the thermal performance of DHBEs. Thus the surface temperature is set as 13.0 °C,
which is the annual average ambient temperature of Xi’an. Then the temperature of the ground
rises with the depth following a linear relation with the local geothermal gradient of 2.85 °C/hm.

(2) The thermal properties of DBHE (listed in Table 2) and of ground (listed in Table 3) are applied
and assumed to be constant.

(3) The composition of the soil and rocks are so complex to describe, thus four different layer (listed
in Table 3) are applied to represent for the convenience of the simulation. Besides, as studied in
previous research [35], the pure heat conduction model for the rock and soil surrounding the
DBHE has the similar accuracy of the porous medium heat transfer mode. Therefore, the ground
is assumed to be continuity media and only the heat conduction occurred in the ground. In
addition, the contact thermal resistance (Rc) between DBHEs and grout is raised to reflect the
effect of advection caused by underground water and other complex geothermal conditions.
Then the value of R. is adjusted to improve the accuracy of the model compared with field test
results.

2.3.2. Mathematical Description of Heat Transfer Process

In this paper, the FVM with cylindrical coordinate is applied to describe the heat transfer process
between DBHE and ground.

(1) For the inner pipe fluid, since the fluid flows from the bottom to the top of DBHEs and the
temperature of inner pipe fluid is higher than that of the outer pipe fluid, the heat is transferred
from the inner pipe fluid to the outer pipe fluid with Equation (1)

OTrin  O(upm *Trin)  Kix (Tro — Trin)
+ =
Jt 0z pr* Cr* Ay

D

where Ty, and Ty, are the temperature of inner and outer pipe fluid, u;, is the flow velocity of
inner pipe fluid, py is the density of inner pipe fluid, Cf is the heat capacity of inner pipe fluid, 4;,
is the cross-section area of inner pipe with A;, = m*17, 7; is the inner surface radius of inner pipe.
is the time parameter, z is the depth direction parameter and r is the radius direction parameter. K;
is the equivalent thermal conductivity of the unit length of the inner pipe, which is calculated with
Equation (2)

1 1
: ”/(Z*hl*riiJrZ*Amnrii+2*h2*ri0) )
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where 1;, is the outer surface radius of inner pipe, 4;, is the thermal conductivity of the inner pipe.
hy, h, are the convective heat transfer coefficients of the inner surface and outer surface of inner pipe.
The values of hy, h, could be calculated with Equations (3)—(6) [35].

Ny i * Af
h - @’ 3
R ©)

Ny, A
S @

o

Ny ;; = 0.023 = Rgfio * Pr0'4° 5
Nyio = 0.018 = Rg;?oz x p0-52 "

where Af is the thermal conductivity of the water, N,; and N,;, are Nusselt number of inner
surface and outer surface of inner pipe. R, ; and R,;, are Reynolds numbers of inner surface and
outer surface of inner pipe. B is Prandtl number of water, which is set as 6.22 according to the water
temperature. d, is the hydraulic diameter of outer pipe in m, which can be calculated with Equation
(7).

_ 4xA4,
- f

where d, equivalent meter of outer pipe, A, is the cross-section area of outer pipe with 4, = m *

(r% —12), [ isthe wetted perimeter of outer pipe with f = 2 % Tt (r,; + 73,), To; is the inner surface

d, (7)

radius of outer pipe.
(2) For the outer pipe fluid, the heat transfer process can be described with Equation (8)

an,o + a(uo * Tf,o) _ Ki * (Tf,in - Tf,o) Ko * (Tgrout - Tf,o)
Jt 0z pr* Cr A, pr* Crx A,

8)

where u, is the flow velocity of outer pipe fluid, Tgou is the temperature of grout surrounding the
DBHE. K, is the equivalent thermal conductivity of the unit length of the outer pipe, which is
calculated with Equation (9)

1 Too
In-22
7T/(2*h3 *roi+2*lo nrm-

K, = +Ro) 9)
where 7,, is the outer surface radius of outer pipe, 4, is the thermal conductivity of the outer pipe
wall, R, is the contact thermal resistance between DBHEs and grout, h; is the convective heat
transfer coefficients of the inner surface inner pipe, which could be calculated with Equations (10)
and (11) [35].

hy =22 (10)

Ny i = 0.016 * RO-82 pro.sz )

e,oi

where N, ,; and R,,; is Nusselt number and Reynolds numbers of inner surface of outer pipe
(3) For backfill material and the ground, the heat transferred by heat conduction in the same form.
Taking the ground for example, the process can be described with Equation (12)

o 1,0 LAV
pg*Cg*a‘r_r*ar(r*lg*ar)-i_az(lg*az)’ (12)

where T is the ground temperature, p, is the ground density, C; is the ground heat capacity, 4, is
the ground thermal conductivity.

2.3.3. Discretization of the Mathematical Description

Figure 4 shows the meshes discretized in depth direction (z) and radius direction (r).
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Figure 4. Discretization meshes of DBHEs and ground.

where 7, and 7, are the radius of the center and boundary of grout. rs-7y are the radius of the
ground with Equation (13). Where k is the constant coefficient. Besides, Az is the depth of each
mesh. The value of k and Az will be discussed later.

T, =Ty x k1O (13)

Taking the transient heat transfer process in ground with coordinate (7,j) for example, the
equation could be represented as (14)—(19) after discretizing meshes,

A T, j,1)-AG—-1,)*T({—1,j,0)-AG+1,j)*T({E +1,j,7)

=B(,j))*T(,j,t—1)
AW =AG+ L) +AGC-LN+AG+ D+ AGj - 1D +BG)) (15)
mwx(r+1_1) xAzx A
A - 1,)) = (i + 7ia) g (16)
i —Tia
(1 +1i41) xAzx A
A(l + 1’]) — ( L l+1) g (17)
Tiv1 — T
m* A * A
AGj -1 =AGj+1) =—F— (18)
A;ji*xAz*xp, * C,
B(ij) =L Pt (19)
At

where A;; is the cross-section area of ground (i,j) with A;; = 1+ ((r; + 1141)* — (1, + 11-1)?) /4.

2.3.4. Boundary Conditions and Initial Condition

(1) The boundary condition at the surface of the ground is set as isothermal boundary with
temperature of 13.0 °C, which is the annual average ambient temperature of Xi’an.
(2) The boundary condition at the bottom of the ground, as mentioned above, should be set as
constant heat flux condition with Equation (20)
3+ 2 20
* — = —
g 62 |Z=Hb qC ( )
where H, is the depth of bottom boundary, q, islocal ground heat flux, which is measured to be 75
mW/ma2.
(3) Boundary conditions at the bottom of the DBHEs can be described with Equation (21)

Trin = Tro (21)
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(4) As for the radial far boundary, since more than 1 DHBE operate in parallel in practical projects
and the ground between 2 DBHE: is influenced by both DBHESs, thus the temperature fails to
remain constant. Hence, the adiabatic boundary is preferable for the radial far boundary.

(5) To confirm the specific depth of the bottom boundary and radius of the radial far boundary, a
simulation of 10-years operation is conducted. In the simulation, the depth of the bottom
boundary is set as 3000 m and the radius of the radial far boundary is set as 100 m. Figure 5
depicts the ground temperature distribution at the depth of 2530-2700 m. It shows that the
ground temperature remains the same along the radial direction at the depth of 2700 m.
Therefore, the depth of bottom boundary is then re-set at 2700 m.

©2530m 2540m 2550m 2600m ® 2700m
91

90 amwees o o o o ] L] L] L] ]
89
88
87
86
85
84 Lugmee® ® °
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Figure 5. The ground temperature distribution at the depth of 2530-2700 m.

Figure 6 shows the ground temperature distribution in radius direction at 2500 m after 10-years
operation. Results indicate that the ground temperature with radius of 50 m is only 0.13 K lower than
the ground temperature with radius of 100 m. Therefore, the radius of the radial far boundary is then
re-set at 50 m.

85
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Figure 6. The ground temperature distribution in radius direction at the bottom of DBHEs.

(6) The initial ground temperature can be calculated with Equation (22)

2.85
= Tg,o + W * Z (22)
where T, is the ground surface temperature with the value of 13.0 °Cin Xi’an, z is the depth of the

ground.

Ty

After getting the coefficient matrix of the heat transfer process, the transient temperature
distribution could be solved by tridiagonal matrix algorithm in Matlab. Thus the transient
temperature distribution in each time could be obtained.
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2.3.5. Analysis on the Mesh Independence

In order to analyze the mesh independence of p, Az and time step At, the simulation with 1-year
operation is conducted. Besides, the p, Az, At are set as 1.1, 1 m and 60 s in base case. Table 4 shows
the outlet water temperature at the end of 1 year with different p, Az and Ar.

Table 4. Mesh independence analysis on space steps and time step

Outlet Water Temperature Az Outlet Water
Outlet Water Temperature (°C) At(s) Temperature
Q) (m)
Q)
1.1 29.714 1 29.714 60 29.714
1.2 29.714 5 29.714 600 29.714
1.3 29.716 10 29.728 3600 29.715
1.4 29.729 25 29.747 7200 29.741
1.5 29.752 50 29.786 18,000 29.832

According to the analysis, the p of 1.3, Az of 5 m and At of 3600 s are chosen as set values in the
simulation, thus the simulation time could be saved when attaining relevantly accurate results.

2.2.6. Model Validation

In order to check the accuracy of the model, the field test is conducted to obtain the operational
data. Figure 7 then presents the field test results from 21st November to 18th December As mentioned
above, 1# heat pump and 2# heat pump operate with the same heat source. However, during the
operation, the heating demand in upper floor is lower than rated value with low occupancy rate, thus
1# heat pump starts and stops frequently with ground side water pump operating continuously,
while 2# heat pump operates continuously. Consequently, the inlet water temperature of DBHEs rises
when 14 heat pump turns off, then drops when 1# heat pump turns on, showing two different lines.
Besides, when the 1# heat pump turns off for a long time, the ground side water pump would also
turn off, then the flow rate of ground side drops rapidly, which also shows two different lines. With
those variable operating conditions, the inlet water temperature varies from 20 °C to 34 °C and flow
rate varies from 10 m%h to 23 m%h. Then we can see that the outlet water temperature declines from
37 °C to 30 °C and also fluctuates with the changing of inlet water temperature and flow rate. From
18th Dec to 21st Dec, the DBHE turns off then turns on again. During the turning-off period of 84 h,
the ground side water continues to extract heat from the ground thus the water temperature rises
gradually. Then when the DBHE turns on again, the outlet water temperature reaches 45.1 °C and
drops gradually with the operation of the systems.

- Flow rate Inlet water temperature + Outlet water temperature
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Figure 7. Field tests result of DBHE.

This long-term operational data of DBHE contains a variety of different conditions with wide
range of inlet water temperature and flow rate during continuous operation and also contains data
during intermittent operation. Thus this operational data could be applied to check the dynamic
response capability of the model. Then the field test flow rate and inlet water temperature are input
to the model to calculate the outlet water temperature, with R, setting as 0.01. Results are presented
in Figure 8.
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Figure 8. Comparison of field test values and simulation values.

The relative error (6) is calculated with Equation (23)
To,s - To,f

5= (23)

To,f,max - To,f,min
where T, ; is the simulation outlet water temperature, T, is the field test outlet water temperature.
To.fmax and T, ¢ min are the maximum and minimum of field test outlet water temperature to reflect
the amplitude of the values during the field test, which are measured to be 45.1 °C and 22.6 °C.

It can be seen that the simulation values nearly equal to the field test results for this transient
operation mode with relative errors between —-10-10%, showing that the model is accurate enough to
analyze the heat transfer process of DBHEs.

3. Results and Discussion

After confirming the accuracy of numerical simulation, the model can be used to analyze the
heat transfer process of the DBHEs. Besides, the influence factors are analyzed for the guidance of
the system design and the optimization of control strategies during the heating season. Furthermore,
the variation of ground temperature and the heat transfer performance under long-term operation
are described. Thus the feasibility and stability of the DBHEs can be proved.

3.1. Heat Transfer Performance of DBHEs in Continuous Operation in a Heating Season

With the simulation, the continuous heat transfer performance of the DBHEs can be calculated
and analyzed. Figure 9 shows the outlet water temperature, inlet water temperature and heat
extraction among the heating season. With the inlet water temperature set at 20 °C and flow rate set
at 6 kg/s, the outlet water temperature reaches 44.6 °C and the heat extraction reaches 619 kW at the
beginning. Then with the operation of the system, the ground temperature declines gradually, thus
leading to the declining of the outlet water temperature and the heat extraction. During the whole
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heating season, the average outlet water temperature reaches 30.4 °C and the heat extraction reaches

263.0 kW. Besides, the total heat extraction reaches 2727 GJ for one DBHE, which is higher than that
of the conventional shallow-depth heat exchangers.
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Figure 9. Continuous heat transfer performance of DBHEs in a heating season.

3.2. Analysis of the Heat Transfer Process in the DBHESs

In this part, a transient operation condition at the end of heating season (120 days later from the
beginning) is taken to analyze the heat transfer process in the DBHEs, where the inlet water
temperature of the DBHEs is 20.0 °C, the flow rate is 6.0 kg/s and the outlet water temperature is
calculated to be 29.7 °C. Figure 10 depicts the temperature distribution in DBHE.

When pumped down to the DBHE through the outer pipe, the water extracts heat from the
ground and also from the water in the inner pipe since the thermal resistance of the inner pipe wall
is not high enough. Its temperature rises from 20.0 °C to 41.0 °C at the bottom of the DBHE. Then it
flows upward through the inner pipe; with the heat being transferred to the outer pipe water, its
temperature declines to 29.7 °C, almost 11.3 K lower than that at the bottom. Though the heat is not
lost to the ground, it increases the temperature of the outer pipe water, thus reducing the heat
extracted from the ground. Besides, the performance of the heat pump declines with the decreasing
of outlet water temperature. Therefore, the insulation of the inner pipe should be enhanced to reduce
the heat loss. In the meantime, heat transfer performance of the outer pipe should be enhanced to
extract more heat from the ground.
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Figure 10. The calculated water temperature distribution in DBHE.

Figure 11 shows the heat transfer per unit length along the DBHE, with the increasing depth, the
temperature of the ground rises, leading to the increasing of the heat transfer per unit length. The
value reaches 193 W/m at the bottom of the DBHE with average value of 97.8 W/m. However, at the
ground with a depth shallower than 300 m, the temperature of the outer pipe water is higher than
that of ground, thus the heat is transferred from the outer pipe water to the ground. Therefore, for
the optimization of outer pipe, more works should be done to enhance the heat transfer performance
in deep part but for the shallow part, the insulation performance should be enhanced instead to
decrease the heat loss.
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Figure 11. Heat transfer per length of the DBHE.

3.3. Analysis on the Influence Factors of Heat Transfer Performance

In order to optimize the system design and control strategies of DBHEs, the influence factors of
heat transfer performance should be analyzed and studied. As shown in Figure 12, the influence
factors could be classified into 3 categories: (1) External factors for the geothermal properties,
including thermal conductivity of ground and geothermal gradient;( 2) Internal factors for the
DBHEs, including the thermal property and depth of DBHEs; (3) Synergic adjustment for operation
during the heating season, including the adjustment of inlet water temperature and flow rate, which
are field tested to be key factor influencing the heat transfer performance of DBHEs [13].

1) Thermal conductivity of ground
2) Geothermal gradient

internal fact 1) Thermal property of DBHEs: Thermal conductivity of inner tube and outer tube
nternal factor | 2) Depth of DBHEs

Influence
factor

2) Flow rate

- - 1) Inlet water temperature
Synergic ad]ustment‘

Figure 12. Influence factors of heat transfer performance.

3.3.1. Effect of Geothermal Properties on the Heat Transfer Performance



Energies 2020, 13, 754

14 of 28
In this section, the effect of ground thermal conductivity and geothermal gradient on the heat
transfer performance of the DBHEs are examined.

With the inlet water temperature set as 20 °C and the flow rate set as 6 kg/s, Figure 13 shows the
water temperature distribution in DBHEs at the end of heating season under different ground
thermal conductivity. It can be seen that with the increasing of ground thermal conductivity, the heat
transfer between outer pipe water and the ground is enhanced, thus the temperature rise of outer

pipe water increases obviously. However, the temperature difference between inner pipe water and
outer pipe water increases at the same time, thus more heat is lost from inner pipe water to the outer
pipe water, leading to increasing of temperature drops of inner pipe water. As shown in Figure 14,

since the outer pipe water temperature rises more than the water temperature drops in the inner pipe,

the temperature difference between outlet water and inlet water increases, leading to the increasing
of average heat extraction during the heating season (Figure 15).
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Figure 13. The water temperature distribution under different ground thermal conductivity.
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Figure 14. Effect of ground thermal conductivity on the water temperature difference.
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Figure 15. Effect of ground thermal conductivity on the heat extraction of DBHEs.

As for the geothermal gradient, Figure 16 presents its effect on the water temperature difference.
Also, with the inlet water temperature set as 20 °C and the flow rate set as 6 kg/s, it can be seen that
with the increasing of geothermal gradient, the ground temperature increases, thus the temperature
difference between outer pipe water and the ground increases, therefore, the heat transferred from
ground to the outer pipe water increases, leading to the increasing of water temperature rise in outer
pipe. Also since the outer pipe water temperature rises more than the water temperature drops in the
inner pipe, the temperature difference between outlet water and inlet water increases, leading to the
increasing of average heat extraction during the heating season (Figure 17).
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Figure 16. Effect of geothermal gradient on the water temperature difference.
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Figure 17. Effect of geothermal gradient on the heat extraction of DBHEs.

Consequently, the ground thermal conductivity and geothermal gradient have a significant
influence on the heat transfer performance of DBHEs. These two index reflect local geothermal
properties and can be regarded as external factors. Before the construction of DBHES, the geothermal
properties should be investigated and analyzed to guide the system design of DBHEs.

3.3.2. Effect of Thermal Conductivity of Inner Pipe

Apart from the external factor, the thermal properties and size of DBHEs, so called internal
factors, also have obvious influence on the heat transfer performance of DBHEs. As mentioned above,
when the water flows upward through the inner pipe, its temperature declines since the thermal
resistance of the inner pipe wall is not high enough. Figure 18 shows the water temperature
distribution in DBHEs at the end of heating season under different thermal conductivity of inner
pipe, it can be seen that with the increasing of thermal conductivity of inner pipe, more heat is
transferred from inner pipe water to the outer pipe water, leading to the increasing of water
temperature rise in outer pipe. However, as shown in Figure 19, with the increasing of outer pipe
water temperature, the temperature difference between the outer pipe water and the ground
decreases. Consequently, the heat extracted from the ground decreases, then the average heat
extraction during the heating season decreases.
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Figure 18. Effect of thermal conductivity of inner pipe on the water temperature distribution.
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Figure 19. Effect of thermal conductivity of inner pipe on the heat extraction of DBHEs.

The insulation of the inner pipe should therefore be enhanced to reduce the heat transferred
from the inner pipe water to the outer pipe water, thus the outlet water temperature and heat
extraction could be increased. When the inner pipe reaches adiabatic, the heat extraction reaches the
max value under current operation mode. Thus, the insulation of inner pipe is an important index to
evaluate the design of the DBHEs.

3.3.3. Effect of Heat Transfer Performance of Outer Pipe

The thermal conductivity of the outer pipe influences the heat transfer from the ground to the
outer pipe water. Figures 20 and 21 depict the calculated results. However, among the heat transfer
process between outer pipe water and the ground, the thermal resistance of ground plays a dominant
role, accounting for nearly 90% of the total thermal resistance, thus the thermal conductivity of outer
pipe has little effect on heat transfer performance of DBHEs when the thermal conductivity of outer
pipe reaches higher than 10 W/(m-K). In practical project, carbon steel is used as outer pipe with the
thermal conductivity of 54 W/(m-K). Therefore, there is no need to improve the thermal conductivity
of outer pipe in the optimization.
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Figure 20. Effect of thermal conductivity of outer pipe on the water temperature difference.
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Figure 21. Effect of thermal conductivity of outer pipe on the heat extraction of DBHEs.

As mentioned above, since the outer pipe water temperature is higher than ground temperature
at 0-300 m, the thermal conductivity of outer pipe at 0-300 m should be decreased to avoid heat loss.
Then a simulation is conducted to analyze the effect of this optimization method. Results are shown
in Figure 22.
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Figure 22. Effect of thermal conductivity of outer pipe at 0-300 m on the heat extraction of DBHEs.

It can be seen that this method has nearly no influence on the total heat extraction of DBHE. On
the one hand, the temperature difference between ground and outer pipe water at 0-300 m is smaller
than that at deeper place. Besides, during the operation, the ground at 0-300 m is warmed up
gradually thus the temperature deference further decreases. On the other hand, since the thermal
resistance of ground plays a dominant role, there is no need to change the thermal conductivity of
outer pipe or use different materials at different depth.

Therefore, as for the optimization of outer pipe, attentions should be paid to increase the heat
transfer area, where increasing the depth is a most straightforward method. Figure 23 shows the
water temperature distribution in DBHEs at the end of heating season under different depth of
DBHE. It can be seen that with the increase of depth, the ground temperature at the bottom increases
at the same time, thus leading to obvious increasing of outer pipe water temperature. Though the
water temperature drops in the inner pipe increases at the same time, the total effect is that the
average heat extraction increases rapidly with the increase of the DBHEs depth (Figure 24).
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Figure 24. Effect of DBHEs depth on the heat extraction.
3.3.4. Effect of Operation Parameters

Apart from the design parameters, the operational parameters —like inlet water temperature and
flow rate—can be adjusted to meet the heat extraction demand. Figure 25 demonstrates the effect of
inlet water temperature and flow rate on the average heat extraction during the heating season of
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Figure 23. Effect of DBHEs depth on the water temperature distribution.
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Figure 25. Effect of inlet water temperature and flow rate on the heat extraction.

The abscissa shows the flow rate of DBHESs from 10 to 40 m3/h, the ordinate shows the inlet water
temperature of DBHEs from 5 to 25 °C. The color scale represents the average heat extraction of
DBHEs from 100 to 500 kW. According to the simulation results, it can be seen that the heat extraction
increases with the decrease of inlet water temperature and increase of flow rate. When the inlet water
temperature decreases and flow rate increases, the temperature difference between outer pipe water
and the ground increases, thus the heat extraction will increase.

Therefore, at the beginning and ending of heating season with lower heating demand, the inlet
water temperature of DBHESs can be increased and the flow rate can be decreased. Also, the supply
water temperature in user side can be decreased, thus the energy efficiency of MD-GHPs can be
improved. Then at the peak-load period, the inlet water temperature of DBHEs can be decreased and
the flow rate can be increased to realize higher heat extraction from DBHESs to meet the higher heat
demand for the system.

3.3.5. Empirical Equations Fittings of Influence Factors

As studied above, the heat transfer performance is greatly influenced by geothermal properties,
design and operation parameters of DBHESs. In order to quantitatively reflect the effect of each factor,
empirical equations were fitted from simulation results with Equations (24)—(28).

Taking the influence of A, for example, the average Q during the heating season with 4, of 3.0
W/(mK) is set as basic value then the changing ratio of Q with other values of 1, could be described
with Equation (24)

. ng 2 .
Ratioy = ——=g*A; +h*A; +1i (24)
9 Qa0
Then the average Q with geothermal gradient (D) of 3 °C/hm and the depth of DBHEs (HE) of
2500 m are respectively set as basic values to calculate the changing ratio with Equations (20) and
(21).

Rati0D=5—D=j*D+k (25)

D.0

Ratioy, =QQHi= l*Hg> +m+*Hg? +n (26)
EO

Besides, the average Q with different inlet water temperature and flow rate under basic Ag, D
and He is calculated with Equation (27).
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Q=a+b*xG*+c*G+d*Typ> +e*Ty +fxG*Ty (27)
Therefore, the joint influence of all factors could be calculated with Equation (28)
Q = Ratioy, - Ratiop " Ratioy,, - Qy

=(g*22+hxAy+i)x(G*D+k)«(IlxH* +m=Hg +n) (28)
x(a+b*G?+c*G+dxTyp > +exTy +xG*Ty)

where D is the geothermal gradient, Hy is the depth of DBHESs, G is the flow rate of DBHEs, Ty, is
the inlet water temperature. The coefficients a to n are calculated by regression from the simulation

results and the values are listed in Table 5. Besides, the ranges of each independent variables are
listed in Table 6.

Table 5. Constant coefficients by regression from simulation results.

a b c d e f g
78.78 -0.2339 20.67 1.32x10-10 —-4.363 -0.169 -0.0244
h i j k l m n
0.3317 0.2069 0.4214 -0.1989 2.0 x107 2.0 x 105 -0.0596

Table 6. The ranges of each independent variables.

Variables Suggested Min Suggested Max The value Used in This
Value Value Paper
Ay (W/(m'K)) 2.0 4.5 3.0
D (°C/hm) 1.5 4.0 3.0
Hy (m) 1000 3000 2500
G (kg/s) 2.0 12.0 6.0
Tin (°C) 5.0 30.0 20.0

The empirical equation of influence factors can be used to guide the system design and operation
control. During the system design period, the local geothermal properties should be invested to get
the ground thermal conductivity and the geothermal gradient. Then the depth and numbers of
DBHEs could be determined according to the heat extraction demand. During the operation period,
the inlet water temperature and flow rate can be adjusted to meet the practical demand. Through
delicate design and management, the medium-depth geothermal energy can be used fully and
efficiently.

3.4. Analysis of Performance Stability under Long-Term Operation

To investigate the heat transfer performance of DBHEs under long-term operation, the
simulation is conducted for 20 years with 120-days continuous operation and 245-days turning off.
During the operation, the inlet water temperature is set as 20 °C and the flow rate is set as 6 kg/s.

Figure 26 presents the heat transfer performance of DBHE under 20-years operation. It can be
seen that the outlet water temperature and the heat extraction decreases with the operation year
increases. For the first heating season, the average outlet water temperature reaches 30.4 °C and the
heat extraction reaches 263.0 kW. With the long-term operation, the average outlet water temperature
drops 0.31 °C at the second year, 0.14 °C at the third year and then the descend range becomes lower
than 0.1 °C per year. At the 20th heating season, the average outlet water temperature remains 29.4
°C, only 0.99 °C lower than that of the first year. In the meantime, the average heat extraction drops
3.0% at the second heating reason with the value of 254.0 kW, then drops 1.4% at the third heating
season with the value of 250.3 kW. Later the descend range becomes lower than 1.0% per year. At the
20th heating season, the value remains 236.8 kW, only 9.5% lower than the value of first heating
season.
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Figure 26. Variation of outlet water temperature and heat extraction in 10-years of operation.

The simulation results demonstrate that the DBHEs can provide a high-temperature heat source
for heat pump systems stably and reliably under long-term operation, thus it can be a good choice
for space heating. Besides, as studied above, the inlet water temperature and flow rate have great
influence on the heat extraction, thus the inlet water temperature can be decreased and flow rate can
be increased to increase the heat extraction after long-time operation to attain nearly the same value
as the first heating season.

Since the DBHEs extract heat from the ground through heat conduction, the ground temperature
is the key influence of the heat extraction. Therefore, the simulation is conducted to analyze the
temperature variation of ground under long-term operation. Figure 27 depicts the temperature
variation of ground at different depth after 10-years and 20-years operation.

85

——H=2500mt=0
80 H=2500mt=10years
75

H=2500m,t=20years

-~
o

——H=2000mt=0

&
'

- —— H=2000m,t=10years
H=2000m,t=20years

=—e—H=1500mt=0

\

—— H=1500m,t=10years

Ground temperature (°C)
[=2]
o

50 ——H=1500m,t=20years

45 ——H=1000m,t=0

40 ——H=1000m,t=10years

35 ——H=1000m,t=20years
0 10 20 30 40 50

Radius (m)

Figure 27. Ground temperature variation after 20-years of operation.

First, the ground temperature drops greater when it is closer to the DBHEs. After 20-years of
operation, the ground temperature at depth of 1000 m and radius of 0.2 m drops from 41.5 °C to 39.1
°C with descent amplitudes of 2.4 °C. While the ground temperature at depth of 1000 m and radius
of 22.5 m drops from 41.5 °C to 40.6 °C with a descent amplitude of 0.9 °C. Secondly, the temperature
descent amplitude increases with the increase of depth. After 20-years operation, the ground
temperature at depth of 2500 m and radius of 0.2 m drops from 84.3 °C to 77.6 °C, with the descent
amplitude of 6.6 °C, which is 4.2 higher than the ground temperature at depth of 1000 m. This is
because the temperature difference between the outer pipe water and the surrounding ground
increases with the increase of the DBHE depth, which increase the heat transferred from the ground,
thus the temperature descent amplitude increases. Furthermore, the temperature descent amplitude
decreases with operation time increases. For the ground temperature at depth of 2500 m and radius
of 0.2 m, the temperature descent amplitude reaches 5.6 °C from beginning to the first 10-years
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operation, then drops only 1.0 °C after second 10-yeats operation. This phenomenon also respond to
the declining trend of water temperature and heat extraction.

3.5. Comparison of Different Boundary Conditions on Simulation Results Under Long-Term Operation

In this paper, the constant heat flux condition is set at the bottom of the ground and the adiabatic
condition is set at the radial far boundary. In order to analyze the influence of boundary condition
on heat transfer performance of DBHEs. Simulations are conducted with different boundary
conditions, while the inlet water temperature and flow rate are set the same as in Section 3.3. Figure
28 shows the variation of average heat extraction in long-term operation under different boundary
conditions and the relevant condition sets are listed in Table 7.
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Figure 28. Variation of heat extraction in long-term with different boundary conditions.

Table 7. Boundary condition set of radial far boundary and bottom boundary.

Conditions Radius Radial Far Depth from Bottom Bottom Boundary
(m) Boundary Condition of DBHE (m) Condition

1 100 Isothermal condition 200 Isothermal condition
2 100 Adiabatic condition 200 Isothermal condition
3 100 Adiabatic condition 200 Constant heat flux
4 30 Isothermal condition 200 Constant heat flux
5 30 Adiabatic condition 200 Constant heat flux
6 30 Adiabatic condition 50 Isothermal condition
7 30 Adiabatic condition 50 Constant heat flux

It can be seen that, at the early stage, there is no obvious difference in heat extraction between
those 7 different boundary conditions. However, since the 6th year, the difference becomes obvious
gradually. Then at the end of 10-years operation, the annual average heat extraction of DBHE under
condition 4 is the highest among those 7 different conditions. Then comes to the heat extraction under
conditions 1-3 with nearly the same values. And the heat extraction under conditions 5-7 with nearly
the same values are the lowest. The results show that the boundary condition of radial far boundary
has more influence on heat transfer performance than boundary condition at bottom. As for the radial
far boundary, if the radius of boundary is long enough, like 100 m or more, there is no obvious
difference in the heat extraction between isothermal condition and adiabatic condition. However, in
the practical project, there are more than one DBHE operating in parallel and the distance between
adjacent DBHEs are lower than 50 m under the limit of space. Under this situation, the adiabatic
condition is preferable.

Figure 29 then depicts the ground temperature distribution at the depth of 2500 m. It can be seen
that the isothermal condition leads to the higher ground temperature, which then contributes to the
higher water temperature and heat extraction of DBHEs. But when DBHEs operate in parallel, the
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ground temperature between the adjacent DBHEs will declines gradually as the DBHE continuously
extract heat from the ground. Thus the isothermal radial far condition fails to depict the situation and
adiabatic condition is closer to the practical situation. However, as for the boundary condition at the
bottom, since the temperature of ground in depth direction from the bottom of DBHE is almost
unaffected by other DBHEs, so the depth of boundary could be set deep enough, thus the constant
flux boundary and isothermal condition have no obvious difference. But the former is closer to the
practical physical process.
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Figure 29. Ground temperature distribution at the depth of 2500 m with different boundary
conditions.

This also shows that directional drilling can be adopted to increase the distance between each
DBHE, especially for the distance at deeper depth, thus the interaction effect could be reduced to
attain higher heat extraction, as well as save space and cut rig cost.

4. Conclusions

In this paper, the heat transfer performance of DBHE are analyzed based on filed test and
simulation results. The key conclusions are summarized as follows:

(1) The influence factors on heat transfer performance of DBHEs could be classified into external
factors, internal factors and synergic adjustment. The external factors refers to the local
geothermal conditions, which could not be changed but should be investigated during the
design period. As for the internal factors, the thermal conductivity of inner pipe should be
decreased to avoid the heat loss and temperature drops. Besides, there is no need to improve the
thermal conductivity of outer pipe when it is higher than 10 W/(m-K) or use different materials
at different depth since the thermal resistance of ground plays a dominant role. Instead, the heat
transfer area of outer tube should be increased to reduce the thermal resistance of the ground,
where the increasing of depth has significant effect since the ground temperature rises at the
same time. Then during the operation, the flow rate and inlet water temperature have great
influence on heat extraction, which also influence the energy performance of MD-GHPs.
Therefore, during the peak load period, the flow rate could be increased and inlet water
temperature could be decreased to obtain higher heat extraction. Then during the part load
period, the flow rate could be decreased to reduce the energy consumption of water pumps.
Meanwhile, the inlet water temperature could be increased to increase the energy performance
of heat pumps.

(2) After 20-years operation, the average outlet water temperature drops only 0.99 °C and the
average heat extraction drops only 9.5% with constant inlet water temperature and flow rate.
Moreover, during practical operation, the operation parameters could be adjusted to increase
the heat extraction to attain nearly the same value with the first heating season. Therefore, the
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medium-depth geothermal energy can serve as the high-temperature heat source for heat pump
systems stably and reliably under long-term operation.

(3) Under long-term operation, the ground temperature drops more at deeper place, thus
interaction effect between adjacent DBHEs is more obvious at deeper place. Consequently,
directional drilling can be applied to increase the distance between each DBHE at deeper place,
thus the interaction effect could be reduced to attain higher heat extraction, as well as save space

and cut rig cost.

The results from this study can be potentially used to guide the design and optimization of
DBHESs of MD-GHPs. In summary, the MD-GHPs has a high-temperature and stable heat source,
which saves the space occupation of DBHEs greatly and improves the performance of the system
obviously. However, there are still a lot of work to do about this space heating technology from
system design to the operations and managements, thus it can be regarded as a potentially efficient

and economic approach for space heating in cold regions.
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Nomenclature

a-n Constant coefficient

App Cross-section area of inner pipe, m?

Ayj Cross-section area of ground (i,j), m?

4, Cross-section area of outer pipe, m?

G Heat capacity of inner pipe fluid, kJ/(kg*K)
Cy Ground heat capacity, kJ/(kg-K)

d, Equivalent meter of outer pipe, m

D Geothermal gradient, °C/hm

f Wetted perimeter of outer pipe, m

G Flow rate, m3/h

h Convective heat transfer coefficients of the
! inner surface of inner pipe, W/(m?K)

0 Convective heat transfer coefficients of the
’ outer surface of inner pipe, W/(m?K)

0 Convective heat transfer coefficients of the
’ inner surface of outer pipe, W/(m?K)

Hg Depth of DBHEs, m

H, Depth of bottom boundary, m

K Equivalent thermal conductivity of the
' unit length of the inner pipe, W/(m-K)

" Equivalent thermal conductivity of the

unit length of the outer pipe, W/(m-K)

Ty

T5—Ty

Rc

Re,ii

Re,io

Re,oi

Tf,in
Tro

Ts

Terout

Inner surface radius of inner pipe, m
Outer surface radius of inner pipe, m
Inner surface radius of outer pipe, m
Outer surface radius of outer pipe, m
Radius of the center of grout, m
Radius of the ground, m

Contact thermal resistance, W/(m-K)
Reynolds numbers of inner surface of
inner pipe

Reynolds numbers of outer surface of
inner pipe

Reynolds numbers of inner surface of
outer pipe

Inner pipe fluid temperature, °C
Outer pipe fluid temperature, °C

Ground temperature, °C

Temperature of grout surrounding the
DBHE, °C

Ground surface temperature, °C

Inlet water temperature. °C

Field test outlet water temperature, °C
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Nusselt number of inner surface of inner
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Maximum of field test outlet water

Nu,ii . To,f,max
pipe temperature, °C
N Nusselt number of outer surface of inner Minimum of field test outlet water
u,io . o,f,min
pipe temperature, °C
Nusselt number of inner surface of outer . .
Nyoi . Tos Simulation outlet water temperature, °C
pipe
P Constant coefficient Upp Flow velocity of inner pipe fluid, m/s
12 Prandtl number of water U, Flow velocity of outer pipe fluid, m/s
ge Ground heat flux, W/m? z Depth direction parameter, m
r Radius direction parameter, m Az Depth of each mesh, m
Tgo Radius of the boundary of grout, m
Greek Letter
Th 1 ivity of th i
Pr Density of inner pipe fluid, kg/m? Ao wa?lr, H‘:s / (:zz(d)uctlwty of the outer pipe
Py Ground density, kg/m3 T Time parameter, s
2 Thermal conductivity of the water, Ar Time step. s
T W/mK) P
Ag Ground thermal conductivity, W/(m-K) § Relative error, %
2 Thermal conductivity of the inner pipe,
" W/(m-K)
Abbreviations
BHEs Borehole heat exchangers FVM Finite volume method
cor Coefficient of performance GCHPs Ground-coupled heat pump systems
DBHEs Deep borehole heat exchangers GHEs  Ground heat exchangers
MD- Medium-depth geothermal heat pumps
FDM Finite difference method
GHPs system
FEM Finite element method
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