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Abstract

In the context of reducing carbon emission, Deep Borehole Heat Exchanger
(DBHE) array has a large potential in extracting geothermal energy to pro-
vide building heating in densely populated urban areas. To investigate the
thermal interaction among the DBHE, a comprehensive numerical model
has been built with the OpenGeoSys software, and it is validated by moni-
toring data from a pilot project in Xi’an, China. The long-term simulations
manifest that the outlet temperature of the DBHE array has a noticeable
draw-down of 4.70 ◦C over 20 years in comparison to the single borehole
setup. The maximum difference of outlet temperature among individual
DBHE can reach up to 0.88 ◦C over 20 years, which will lead to a shifted
thermal load of 23.35 kW (12.25 % of the designed average value). Based
on the predicted subsurface temperature distribution, a non-linear correla-
tion can be established between the drawdown in working fluid temperature
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and the accumulated amount of extracted heat. The finding of work im-
plies that the thermal interaction among individual DBHE is of significance
for the sustainability of the system, and comprehensive numerical modeling
should be considered in the designing procedure.

Keywords: Deep borehole heat exchanger array, Field test, Long-term
sustainability, Energy analysis, OpenGeoSys

1. Introduction

In order to achieve the goal of limiting global warming to well below 2 ◦C,
preferably to 1.5 ◦C, compared to pre-industrial levels, countries all over
the world are currently pursuing the transition from conventional carbon-
intensive energy system to renewable and decarbonized energy supply [1].
It is worth noting that the building sector for heating, cooling, and light-
ing accounts for about 40 % of the total energy consumption, leading to a
significant environmental impact in CO2 emission [2]. Within the building
sector, the proportions of space heating and domestic hot water consume
more than 75 % [3] and 40 % [4] of the energy consumption in Europe and
China, respectively. For building heating, geothermal energy has attracted
growing applications due to its stability, environmental friendliness and wide
availability [5, 6], which possesses a considerable potential in reducing the
carbon emission.

Traditionally, Ground Source Heat Pumps (GSHP) are coupled with
Borehole Heat Exchangers (BHEs) to extract or inject heat out of or into
the shallow subsurface to provide building heating/cooling. For commercial
projects or residential neighborhoods, the high demand for thermal load
often prevents its application due to the requirement on a large area to
drill hundreds of BHEs, which is often not realistic in densely populated
urban areas. In order to further explore the potential of geothermal energy,
Rybach et al. [7] proposed the concept of Deep Borehole Heat Exchanger
(DBHE) by prolonging the length of the vertical borehole to 2000 m∼3000 m
meter deep, and installing a coaxial pipe in it. A pilot project in Switzer-
land was constructed with this concept and reported by Kohl et al. [8]. By
circulating fluid inside the DBHE, sensible heat stored in the surrounding
rock and soil can be extracted and supplied to the building. Due to its
low requirement on large land area and high thermal output, DBHE cou-
pled heat pump has gained lots of attention throughout the world [9]. This
technology is especially increasing being utilized in northern China recently,
to meet the growing demand for renewable heating sources in the densely

2



populated urban environments. Many pilot building heating projects, ex-
tracting geothermal energy through DBHE and coupled with heat pump,
have been constructed in Shaanxi, China [10].

To investigate the heat extraction performance of DBHE and its sustain-
ability, considerable research work has been carried out in recent years. With
regard to heat extraction performance, the impact of design and operation
parameters has been investigated in the aforementioned studies, involving
borehole depth, geological conditions, circulating flow rate etc [11]. Related
work also aims at the sustainability of DBHE, especially the trend in heat
extraction performance under short [12] and long-term operation period [13].
These studies are often carried out by establishing a heat transport model in-
side and around the DBHE, with either analytical or numerical approaches.
Analytical solutions have a great advantage in calculation speed, but they
may not be able to precisely handle the complex geological conditions in
the deep subsurface [14, 15]. Hence numerical models were chosen by many
researchers in favor of its versatility and flexibility. Numerical models are
usually established with commercial and open-source modeling software, and
they have already been successfully used for the analysis of heat extraction
performance and sustainability of DBHE, such as using MATLAB (Finite
Difference Method [16], Finite Volume Method [17]), COMSOL [18], FLU-
ENT [19], FEFLOW [20] and OpenGeoSys [21]. In order to validate and
calibrate the models, monitoring and case studies have also been carried out.
Wang et al. [22] reported a commercialization project in Xi’an using DBHE
coupled with heat pumps. The field test showed that a single DBHE with
depth of 2000m could extract 286.4 kW of heat during the test period of ca.
5 days. Deng et al. demonstrated a series of experimental tests based on
DBHE projects in Xi’an [23]. The results indicated that the heat transfer
rates per length for DBHE vary from 61 W/m to 144 W/m. Bu et al. [24]
and Huang et al. [25] also reported their data for model validation, which
are in a short time range.

However, all the above studies are focusing on a single DBHE, which
ignores the thermal interactions that may happen in a typical DBHE array.
In northern China, a typical residential building project has a heated floor
area from 50 000 m2 to 80 000 m2, which translates to 1500 kW to 2400 kW
of total thermal load. In this context, multiple DBHEs have to be linked
through a pipe network, each supplying ca. 250 kW to 375 kW of thermal
load [22]. On the topic of thermal interaction, plenty of work has already
been reported on shallow BHE arrays, including thermal interaction exami-
nation [26], optimization method [27] and thermal performance analysis [28].
It can be clearly seen that the thermal performance of shallow BHE array

3



completely differs from the single BHE, due to the presence of thermal in-
teraction. Likewise, the thermal interaction among DBHEs should not be
neglected. Since the DBHEs are always used for heating only, the thermal
imbalance in the subsurface is hardly avoidable. Thus, a thorough quanti-
fied analysis of the impact on thermal interaction is needed for the long-term
sustainability of the DBHE array. Therefore, a series of scientific questions
arise when a DBHE array is applied for building heating: Does the heat
extraction performance of a DBHE array differ from a single DBHE, when
the thermal interaction among DBHEs is present? If so, will this difference
in heat extraction rate increase over the long-term operation, and how much
thermal load will be shifted within a DBHE array?

In this work, we would like to answer the above scientific questions by
both monitoring data and numerical simulation. On the monitoring side,
a pilot project located in Xi’an, China was closely monitored for an entire
heating season. On the numerical side, a model is first constructed based
on the engineering design of the multi-DBHE array of the pilot project.
The model is then validated against the monitoring data. Next, long-term
simulations are carried out, and the results are compared against the single
DBHE model to reveal the difference in long-term performance. Based on
the simulated results, the outlet temperature drop and thermal interaction
in the DBHE array are analyzed and investigated in detail. The results of
this study can be instructive for long-term sustainability analysis and system
design of a DBHE array heating system.

2. Methodology

In this section, the mathematical background, governing equations and
theoretical method of the DBHE array model are introduced.

2.1. Model description

To investigate the proposed scientific questions, it is essential to con-
struct and validate a numerical model that covers all features of a DBHE
array. Most models mentioned in the introduction is limited to the mod-
eling of a single DBHE. They are usually built in a two-dimensional axial-
symmetric domain, and intrinsically cannot be extended to describe the
thermal interactions inside a large DBHE array. On the other side, if one
chooses a 3D, fully discretized numerical model, considering both the kilo-
meter deep subsurface and millimeter-wise borehole details, the size of the
mesh will explode exponentially at the location inside and near the borehole,
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making it virtually impossible to manipulate the mesh with huge elements
and run long-term simulations, especially for multiple DBHEs in array.

In Heat Transport BHE module of OpenGeoSys (OGS) [29] software,
the Dual Continuum Finite Element Method (DC-FEM) [30, 31] is success-
fully implemented. This numerical approach was proposed by Al-Khoury et
al. [32], and extended by Diersch et al [33, 34]. It has been successfully used
in the analysis of borehole heat exchangers coupled heat pump system, in
which the calculation speed for simulation of long-term operation is kept at
an acceptable level [35]. Following the DC-FEM idea, the model domain is
divided into two different compartments, which consist of the borehole and
the surrounding subsurface.

For the borehole compartment, not all details are discretized and added
into the finite element mesh. The boreholes themselves are treated as line
elements. Hydraulic and heat processes of the borehole, including fluid cir-
culation in the pipe, together with the associated heat transport through
the grout to the soil, are simulated by governing equations on these 1D ver-
tical line elements. For the soil compartment, 3D prism elements are used
to discretize the different sediment layers. There the convective and con-
ductive heat balance equation is solved for the 3D model domain, reflecting
heat dissipation in the subsurface. This makes the number of mesh nodes
in the domain to be dramatically reduced while high-level accuracy is still
achieved, so that the long-term simulation of DBHE array is made possible.

The heat exchange between the borehole and the surrounding soil is
then regulated by the heat flux calculation that depends on the tempera-
ture difference between the two compartments (see Fig. 1). For the BHE
compartment, the heat flux leaving always means that the same amount of
heat will be received by the soil compartment, and vice versa. This setup
assures the overall thermal balance. For interested readers, the governing
equations for heat conduction and convection deployed in the OpenGeoSys
software can be found in our previous publications [36, 21].

In OpenGeoSys, the Heat Transport BHE process has four types of bore-
hole heat exchangers, including 1U (single U-tube), 2U (double U-tube),
CXA (coaxial pipe with annular space as the inlet downwards flow and
the center part as outlet upwards flow) and CXC (coaxial pipe with a re-
versed flow direction). Among these types, the CXA type is proved to
present a higher efficiency than others through analytical and experimental
analysis [22], therefore it is chosen to be the type in our study. For the
Heat Transport BHE process in OpenGeoSys, readers could find further in-
formation and benchmarks in the documentation on our official website [37].
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Figure 1: Heat transfer between the coaxial DBHE in borehole and surrounding subsurface

2.2. TESPy coupling

To depict the heat extraction performance of the DBHE array, an ad-
ditional issue needed to be considered is the thermal interactions between
the DBHEs. Some numerical models simply use the constant inflow tem-
perature or impose an average value of total thermal load among all DB-
HEs as the boundary condition. It might not reflect the reality. In the
OpenGeoSys setup, the inflow temperatures of each DBHE are treated as
Dirichlet-type boundary conditions. These temperature values were cal-
culated by the Thermal Engineering Systems in Python (TESPy) toolkit,
which can simulate the coupled hydraulic-thermal process in the connecting
pipe network. The setup presented in this work allows the evaluation of the
actual heat extraction rate, with the subsurface thermal interaction taken
into account.

To be more specific, in realistic DBHE array coupled geothermal heat
pump systems, manifolds are usually installed in the system to distribute the
circulating fluid to each individual DBHE, and they are also used to mix
the outflow from each borehole. Thus, in order to simulate this thermal-
hydraulic feature, the TESPy program has been coupled with OpenGeoSys
and employed in our study. TESPy is an open-source software developed
by Witte [38] that is capable of simulating the coupled thermal-hydraulic
processes in thermal distribution networks. It can be used to calculate the
temperature, pressure and enthalpy at each junction of the network, which is
composed of predefined components such as pipe, pump, heat exchanger, etc.
In TESPy, the non-linear governing equations of mass and energy balances
are solved with Newton-Raphson iterations, in which the fluid properties
are dynamically updated with the CoolProp library [39].
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The coupling logic between OpenGeoSys and TESPy is illustrated in
Fig. 2. After calculation in OpenGeoSys at each iteration in every time
step, the outlet temperature for each individual DBHE Tout will be sent to
TESPy through the pybind11 interface [40]. The TESPy then will update
the current status for all the components in the pipe network based on
the new outlet temperature. The updated results, i.e. the new flow rate
distribution and inlet temperature for each DBHE Tin, will be transferred
back to OGS for the next iteration. If the difference between the results of
the last two iterations is under the preset tolerance value, the convergence is
considered to be achieved. In this study, the OpenGeoSys version 6.3.2 and
the TESPy version 0.3.2 are used accordingly. The coupling of OpenGeoSys
and TESPy has already been verified by analytical solutions (cf. [35]). More
tutorials and documentation could be found on the website of TESPy [41].
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Figure 2: Schematic diagram about calculating logic between OGS and TESPy

3. Pilot project and model validation

In previous published paper[42], a DBHE model established by Open-
GeoSys software was validated by precise test data of a 2044 m single DBHE
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for 60 days. To investigate the heat extraction performance of the DBHE
array system, a pilot project located in the city of Xi’an, China has been
built and closely monitored.

3.1. Project information and monitoring

The pilot project with a DBHE array is built for a residential community
located at 34°17′41.4′′S, 108°42′57.9′′E in Xi’an city, China. The DBHE
array is coupled with two heat pumps to supply heating to a neighborhood
with a total floor area of ca. 56,000 m2. Five deep boreholes were drilled
to a depth of 2000 m and they serve as the heat source. The layout of
the project is illustrated in Fig. 3. The distances among DBHE #2, #3,
#4, and #5 are 15 m, while DBHE #1 and #2 are 30 m apart. All other
detailed parameters of the DBHEs system are summarized in Table 1. The
thermo-physical parameters of each geological stratification are measured
and provided by the building construction company, and they are listed in
Table 2 for reference.
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Figure 3: System layout of DBHE array in the pilot project
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Table 1: Detailed parameters of the DBHE array system

Item Parameter Unit Value

Borehole depth m 2000

Borehole diameter m 0.2159

Outer diameter of inner tube m 0.1100

Borehole Wall thickness of inner tube m 0.0100

Thermal conductivity of inner tube wall W m−1 K−1 0.42

Outer diameter of outer pipe m 0.1778

Wall thickness of outer pipe m 0.0092

Thermal conductivity of outer pipe wall W m−1 K−1 40

Density kg m−3 998

Circulating

fluid

Specific heat capacity J kg−1 K−1 4190

Thermal conductivity W m−1 K−1 0.6

Dynamic viscosity kg m−1 s−1 9.31 × 10−4

Density kg m−3 2190

Grout Specific heat capacity J Kg−1 K−1 1735

Thermal conductivity W m−1 K−1 0.63

Subsurface Geothermal gradient ◦C km−1 33.0

Table 2: Thermo-physical parameters of four geological stratifications

Geological

formation

Depth Thermal Con-

ductivity

Density Specific heat

capacity

m W m−1 K−1 Kg m−3 J Kg−1 K−1

Formation 1 0-500 1.60 1760 1433

Formation 2 500-740 1.63 1860 1025

Formation 3 740-1440 1.70 1920 978

Formation 4 1440-2200 1.81 2070 948

Since this is a pilot project, a Building Energy Management System
(BEMS) was installed to monitor and record all the operational parameters
related to heating, lighting and power consumption in the building. Since
the monitor system was in adjustment during the starting couple of days
of the heating season, monitoring data was only available starting from
Nov.30, 2018 to Mar.15, 2019 (altogether 106 days in total). In this study,
our purpose is to investigate the heat extraction performance of the DBHE
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array. Therefore, only monitored data of inlet and outlet temperature of the
DBHE array and flow rate of the ground circulation recorded at a 10 min
interval was picked up from the BEMS system. This data set was also used
for model calibration and validation in Section. 3.4.

3.2. Initial and boundary condition

For the boundary condition, since the fluctuation of air temperature
at the ground surface barely has an impact on the heat extraction rate of
each DBHE [21], a Dirichlet boundary condition of constant 14.8 ◦C, which
is the average ambient temperature of Xi’an, is set as the top boundary
of the domain. Because the domain size is properly set to avoid that the
thermal plume cased by DBHE operation will touch the side boundary. The
side surfaces of domain could be set as default boundary condition which
is the Neumann boundary with no heat flux. The bottom boundary is set
as Neumann boundary condition with the value of 60 mW/m2, which is
the normal geothermal heat flux in Xi’an. In addition, the monitored inlet
temperature and flow rate are imposed on the inlet of the pipe network
system as part of the boundary conditions of the numerical model. Due to
the lack of monitoring data from Nov.15 to Nov.30, the average values of
flow rate and inlet temperature from the nearest five days (Nov.30 to Dec.4)
are set as boundary values in the numerical model for the first 15 days.

As for the initial condition, the initial subsurface temperature profile in
the model follows the local undisturbed geothermal gradient with the value
of 33.0 ◦C/km, and multi-layer thermal properties are set according to the
parameters listed in Table 1 and Table 2.

3.3. Model setup

In order to predict the long-term sustainability of the DBHE array sys-
tem, a numerical model is constructed using the OpenGeoSys-TESPy model.
The finite element mesh used in this model is established based on the di-
mension and layout of the aforementioned project design (cf. Fig. 5). In
order to make sure that the thermal plume cased by DBHE operation will
not interfere with the boundary of the model, the domain size is chosen to be
200 × 120 × 2200 m (as shown in Fig. 5). The mesh is 0.66 m in the vicinity
of the DBHE location, and gradually becoming more sparse in the peripheral
area, following the suggestions of Diersch [33]. A series of independence test
were carried out involving axial and vertical grid density and also time step
in Fig. 4. The results showed that, the change of element size in the axial
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direction does not change the simulated outlet temperature. In the verti-
cal direction, 50 m of mesh density is required. Larger mesh size tends to
produce inaccurate temperature result. For the time step size, a maximum
size of 1 h time is required to generate stable numerical results. Considering
both the calculation cost and accuracy, the maximum size of axial element
was assigned to 8 m while it is refined to 5 m in places close to the boreholes.
(as shown in Fig. 5). The vertical mesh density was selected to be 50 m
while it is refined to 10 m at the top and bottom of the domain (averagely
as 27.16 m) to better quantify the geothermal gradient there. Finally, the
mesh contains a total of 100,607 nodes and 194,070 elements.
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Figure 5: Overall size and mesh density of the modeling domain containing a 5-DBHE

array

With respect to the pipe network, the 5 DBHEs are connected in a fully
parallel manner. The same topology is constructed in the TESPy model so
that the thermal-hydraulic characteristics of the pipe network could be fully
captured. The temporal discretization method for our model is Backward-
Euler Method. The steady-state calculation in TESPy will not be suitable
to capture short-term fluctuation of the system [35] in minutes. Also, con-
sidering the time step independence test results (c.f. Fig. 4), the time step
is set to be 1 h. The simulation of one heating season can be accomplished
within 143 hours using a workstation equipped with a 2.20 GHz CPU and
64 GB of RAM.
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3.4. Model validation

(a)

(b)

Figure 6: (a) Flow rate and overall heating load of the monitored system; (b) Validation

results between monitored data and simulated results.

For the monitored heating season, the measured overall flow rate and
heating load are plotted in Fig. 6(a). The monitored and simulated tem-
perature profiles are compared in Fig. 6(b). In contrast to the monitored
outlet temperature, the simulated values match the measured data quite
well. At the beginning of the heating season, the difference is caused by the
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average setting mentioned in Section. 3.3. In the middle part of the oper-
ation period (from Jan.25 to Feb.15), the simulated results underestimated
the outlet temperature by 2.23 ◦C (9.54 %) in comparison to the monitored
data. This sudden change of working condition is caused by a short period
of trial test for another drilled borehole to assess its thermal performance.
During the test, a constant flow rate was deviated away from the pipe net-
work and used for the test. After circulation in that borehole, the water was
directly discharged to the sewage system and never sent back. The short
time test did not introduce thermal interference so that it was not consid-
ered in our numerical model. Accordingly, the total flow rate during the test
is lowered in the model by 20 m3/h (0.0056 m3/s, the flow rate of that trial
borehole), which produces a best-fitted outlet temperature curve as shown
in Fig. 6(b). The relative difference between monitored and simulated val-
ues is only 1.10 ◦C (5.01 %), which is well below the accuracy of flow rate
sensor. At the end of the heating season (from Mar.10 to Mar.15), due to
the low level of heating demand, the heat pump is frequently switched on
and off. This leads to a strong oscillation in the temperature profile. Yet,
the numerical model is capable of capturing the oscillating feature. For the
remaining majority part of the heating season, the simulated results are in
good agreement with the monitored data, with the difference typically less
than 0.2 ◦C (ca. 1 %) This ensures that the coupled OGS-TESPy model has
enough accuracy and is capable of capturing both the heat extraction char-
acteristic in the subsurface and the hydraulic features in the pipe network.

Fig. 7(a) depicts the 3D cross-section view of the temperature distribu-
tion at the end of the first heating season. In terms of the outlet temper-
ature of each DBHE, Fig. 7(b) presents the difference between the highest
(DBHE #1) and lowest (DBHE #3) outlet temperature values. This sug-
gests that the centered DBHE #3 tends to deliver a lower outlet temperature
than other DBHEs, which is likely to be caused by the cold accumulation
in the center of the array. Since DBHE #1 and #5 are located at the
edge, the subsurface temperature recovers faster so that they have higher
outlet temperatures. Especially for DBHE #1, it has the highest outlet tem-
perature, because it is farther away from other boreholes. It is also worth
mentioning that the absolute difference value for the outlet temperature is
only 0.05 ◦C, which is hardly detectable after one heating season. However,
as an increasing trend has already been observed within one season, it is
unclear to us whether this difference will continue to increase over a longer
operation time.

Fig. 7(c) illustrates a 2D cross-section of soil temperature distribution
at the bottom of the DBHE array at the end of this heating season, and
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the detailed 1D profile at 2000 m depth can be seen in Fig. 7(d). There
are clear temperature drops in the vicinity of each DBHE. Moreover, the
DBHE #2,#3,#4,#5 have close distance among each other so that their
thermal plumes show interference with each other. Although it is only on a
small scale, the thermal interference results in the different outlet tempera-
tures of the DBHEs, as discussed above. In order to evaluate the long-term
sustainability of the system, we should investigate whether the thermal in-
teraction will enhance itself and affect the thermal performance in the long-
term operation.
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Figure 7: (a) Soil temperature field in the section view for the modeling domain; (b)
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field at bottom of subsurface; (d) Soil temperature curve after the first heating season at

the depth of 2000 m
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3.5. Extended scenario description

Since a typical HVAC system has a service life of ca. 15 to 20 years,
the modeling scenario has to be simulated for the same period of time to
investigate the long-term sustainability of the DBHE array. Therefore, the
above-mentioned model in Section. 3 is adjusted for the long-term simula-
tion. First, the original mesh is extended to the size of 300 × 200 × 2200
m to avoid any interference between the growing thermal plume and the
horizontal no-flux boundary. And the same mesh density is also applied in
the extended scenarios. Second, the hourly-wise load curve is being aver-
aged over the entire heating season. The calculation method of total heat
extraction amount for one heating season Qt (in kWh) and average load of
DBHE array Q̇t (in kW) are following Eq. (1) and Eq. (2), respectively.

Qt =

∫ th

0
ρfcf v̇(Tin − Tout)dt, (1)

Q̇t =
Qt

th
(2)

where ρf and cf are respectively the density and specific heat capacity
of the circulating fluid. v̇ is the volumetric flow rate of circulating fluid. th
is the hours of heating season which is set as 2880 h.

Then, the average thermal load is imposed on the DBHE array as a
power boundary condition. To be more specific, the average thermal load is
set as 955.38 kW per DBHE, which corresponds to a specific heat extraction
rate of 95.54 W/m. The average flow rate for DBHE array is also specified
as 114.89 m3/h (0.032 m3/s). With the above treatment, the same amount
of heat is extracted from the subsurface each year, and the numerical model
can then be accelerated to run for 20 years.

To numerically evaluate the impact of thermal interference on the per-
formance of DBHE array, a single DBHE is chosen to be a baseline model, as
also simulated for 20 years. For this baseline model, the initial and bound-
ary condition are kept identical to the DBHE array model, with the same
initial geothermal gradient and geotechnical parameters. The same average
specific heat extraction rate, i.e. 95.54 W/m, is also imposed on the single
DBHE as the power boundary condition. The time step of the simulation is
first set as 1 h in the heating season and increase to 6 h in the recovery season
in order to reduce the calculation time. These two scenarios are all run for
20 years to investigate the differences in their heat extraction performance
and long-term sustainability.
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4. Results and interpretation

Because of the one-way heat extraction over years, the working fluid
temperature will suffer an attenuation, for which the DBHE system might
not sustain a stable operation. Thus, the evaluation of long-term behavior
for DBHE is crucial for its sustainability. In this section, the heat extraction
performance of a DBHE array is compared with a single DBHE in the long-
term operation. Working fluid temperature, subsurface soil temperature
distribution and heat extraction capacity between these two systems are
investigated.

4.1. Circulation temperature

Fig. 8 compares the circulation temperatures between the DBHE array
system and the single DBHE system. According to Fig. 8, it can be found
that the two sets of circulation temperatures are only comparable in the first
few years. With the increasing operation time, temperature from the DBHE
array is consistently lower than those from the single DBHE. Also, the dif-
ference is increasingly enlarged, from 0.14 ◦C in the first year to 4.70 ◦C at
the end of the 20th year. To maintain stable operation of the building heat-
ing system, the circulation temperature from the ground side should be no
less than a critical threshold temperature, so that the freezing of circulating
fluid can be avoided. Since water is usually used in the DBHE array, we
set this threshold to be 0 ◦C. In the single DBHE scenario, the minimum
inlet temperature after the 20-year operation is 6.71 ◦C at the end of the
20th heating season, which is acceptable for system operation. It is worth
noting that the minimum inlet temperature for DBHE array at the 20th
year is just 2.01 ◦C, which is decreased significantly compared to the single
DBHE scenario. In other words, with the same specific heat extraction rate,
the single DBHE is able to maintain a higher working fluid temperature
than the DBHE array. The thermal interaction among multiple boreholes
in the DBHE array appears to have a negative impact on the overall outlet
temperature. It can also be expected that if identical specific heat extrac-
tion rates are imposed both on the single DBHE and the DBHE array, the
DBHE array system will suffer a lower heat pump efficiency, caused by the
lower circulation temperature. Although the simulated temperature in the
current model is higher than the 0 ◦C threshold, it should be noticed that
if a higher specific heat extraction rate were imposed, this may lead to a
further deterioration of the heat pump COP and an increasing risk of system
collapse.
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Figure 8: Overall inlet and outlet temperature for DBHE array and single DBHE for

long-term operation

4.2. Subsurface temperature distribution

Fig. 9 depicts the simulated subsurface temperature distribution at the
2000 m depth, with a cross-comparison between the DBHE array and single
DBHE system, as well as the dynamics at the end of the heating (after the
first 4 months for a year) or recovery season (at the end of a year). At the
end of the heating season (Fig. 9(a) and (b)), the soil temperature profiles
in both the DBHE array and single DBHE shows a sharp funnel-shaped,
with the lowest soil temperature in the vicinity of the borehole location.
By comparing the sub-figure (a) and (b), it is clear that the minimum soil
temperature for the DBHE array is consistently lower than the single DBHE.
The drop in soil temperature will be more obvious over time, which could
be seen in the development of gray line (1-st year), blue line (10th year) and
red line (20th year). In terms of Fig. 9(c) and (d), the Y-axis temperature
range is narrowed for a better comparison. It is interesting to notice that
the thermal plume keeps expanding even after the heating season, caused
by the thermal conduction process driven by the lower temperature zones
created during the heating season.
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Figure 9: Soil temperature curves at 2000 m depth for DBHE array and single DBHE;(a)

DBHE array after every heating season;(b) Single DBHE after every heating season;(c)

DBHE array after every recovery season;(d) Single DBHE after every recovery season.

Moreover, another phenomenon that can be observed in Fig. 9(c) and
(d) is that the DBHE array produces a larger temperature drop and broader
impact scope than the single DBHE setup after every recovery season. At
the end of the first year, the difference in the soil temperature profile is not
significant between the DBHE array and the single DBHE. As time goes
on, the difference tends to increase. At the end of the 20-year operation,
the difference is very obvious. As for the DBHE array, the funnel-shaped
soil temperature curve becomes wider and deeper, which is caused by the
overlap of the thermal plume of individual DBHE in the array. In terms of
the soil temperature decrease, the soil temperature at the middle location
(DBHE#3) is 8.71 ◦C lower than the same location of the single DBHE.
In other words, the heat interaction among individual DBHE in the array
produces a stronger cold accumulation in the subsurface. Also, due to the
increased distance, the soil temperature drawdown at DBHE #1 does not
merge with the main drawdown area created by the other four DBHEs.
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4.3. Individual outlet temperature and heat extraction amount

As for the simulated result of the DBHE array, Fig. 10(a) illustrates
the outlet temperature for each individual DBHE in the array. Due to the
presence of pipe network, the inlet temperatures for all DBHE are always
kept at the same value. Fig. 10(b) depicts the maximum outlet temperature
difference at the end of each heating season over the entire simulation period.
To be more specific, the maximum outlet temperature usually occurs on
DBHE #1, while the minimum can be found on DBHE #3, with the former
at the edge of the array and the latter at the middle. In Fig. 10(b), the
temperature difference also tends to increase over time. In the beginning, the
maximum temperature difference is negligible. For instance, the maximum
outlet temperature differences in the first 3 years are only 0.05 ◦C, 0.12 ◦C
and 0.22 ◦C. Till the end of the 20th heating season, the outlet temperature
for each individual DBHE can be clearly distinguished and the maximum
temperature difference has reached 0.88 ◦C.
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(a)

(b)

Figure 10: (a) Outlet temperature for each individual borehole in DBHE array;(b) Vari-

ation of maximum temperature difference between DBHE#1 and #3 in DBHE array.

The above phenomenon is caused by the cold accumulation in the sub-
surface after long-term heat extraction. In the middle location of the array,
the soil temperature reduction is more severe than at the edge (cf. Fig. 9(c)).
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At the end of the first recovery season, the soil temperature in the middle
of the array is only 3.94 ◦C lower than the initial value, which is hardly no-
ticed. Over two decades, the cold accumulation enhances itself, leading to
a severe drawdown of 17.37 ◦C compared to the initial value. This indicates
that the drop in outlet temperature is directly controlled by the amount of
soil temperature decrease, which determines the long-term sustainability of
the DBHE array.

Because of the funnel-shaped soil temperature distribution, the temper-
ature of surrounding soil for each DBHE in DBHE array differ from each
other significantly. Thus, with the same inlet temperature, the actual heat
extraction rate for each DBHE will not be the same. This observation is in
line with the finding in our previous work (Chen et al. [35]), which showed
that thermal load will gradually be shifted from the center to the periphery
of the array over time in 100 m shallow BHE arrays. To show this effect, the
amount of shifted load Qs (in kW) along with its proportion Ps is quantified
(following Eq. (3) and Eq. (4), respectively) and plotted for each DBHE in
Fig. 11.

Qs = Qi −Qb, (3)

Ps =
Qi −Qb

Qb
× 100% (4)

where Qi (i = 1, 2, 3, 4, 5) and Qi are respectively the actual and designed
value of heat extraction rate for each DBHE in the DBHE array.

Here, the designed value of 191.08 kW for each individual DBHE is set
as the baseline. The results shown in Fig. 11 suggest that the DBHE array
will present the same load shifting behavior over long-term operation. In
a shallow BHE array, the shifted load may even be larger than the base-
line value, causing some BHEs to turn from thermal extraction to thermal
recharge. Unlike the shallow BHE array, the load shifting in the simulated
DBHE array is not that strong over the long-time operation. It may due to
the fact that there are only five boreholes and a simple line layout for the
array, which leads to relatively mild thermal interaction. In the given DBHE
array, the maximum difference of heat extraction rate between DBHE #1
and #3 is 16.80 kW at the end of the 10-year operation, which is 8.8 % of
the baseline value. To the end of the 20-year operation, a larger difference in
heat extraction rate between DBHE #1 and #3 is estimated to be 23.35 kW,
which is 12.25 % of the baseline value. It shows that, for the analysis of heat
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extraction performance of DBHE array, the load shifting behavior is still
existing but relatively mild.
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Figure 11: Load shifting behavior in DBHE array system after long-term operation

5. Discussion

5.1. Thermal plumes and design criterion

In GSHP systems coupled with shallow BHE arrays (less than 150 m
deep), the thermal plumes in the subsurface often result from energy imbal-
ance during the period of heat injection/extraction [43]. In contrast, DBHE
array is only used for building heating and thus cold accumulation over the
long-term is inevitable. It is hence necessary to constrain the impact of
thermal plume interactions so that the negative impact on heat pump ef-
ficiency can be mitigated. In previous researches [44, 42] on DBHE, the
existence of thermal plume and its impact has already been demonstrated.
However, these studies do not explicitly specify the temperature threshold to
define the boundary of the thermal plume. Given a preset temperature drop
threshold, the boundary of the thermal plume can also vary dramatically.
For example, in the single DBHE scenario simulated in this work, using
1.0 ◦C, 0.1 ◦C or even 0.01 ◦C of temperature threshold will yield completely
distinct sizes of the thermal plumes, which range from 35 m, 60 m to 90 m,
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respectively. For system designers, what needs to be estimated during the
designing procedure is to identify an optimal distance among the DBHEs,
so that the drop in working fluid temperature caused by the thermal plume
overlapping will not severely hinder the efficiency of the heat pump. Some
researchers hold the view [24]that the design criterion for a DBHE array is
to adopt a proper inter-borehole distance that the thermal plume interac-
tion is completely avoided. Following this idea, the temperature threshold
of thermal plume should be as low as possible (e.g. 0.01 ◦C), which will re-
sult in a very large distance between the DBHEs (e.g. 90 m as shown in the
simulation result).

However, DBHE arrays are mostly advantages in urban neighborhoods
for building heating, where the space available for borehole drilling is very
limited. Such a large inter-borehole distance proposed above is not realis-
tic for suiting the property line of most of the DBHE projects. Actually,
it is nearly impossible to completely avoid thermal plume interference in a
DBHE array installed in the urban environment. A realistic target should
be to identify an inter-borehole distance, that guarantees the drop of cir-
culating fluid over the long-term is constrained in an acceptable range, and
the resulting efficiency drop of heat pump is not too far away from the ini-
tial design. Following the design criterion, in which the thermal interaction
is thoroughly quantified by executing comprehensive simulations and the
attenuation of working fluid temperature is carefully forecast, the DBHE
system will retain sustainability for long-term operation and also maintain
tech-economic availability. Further research about the specific operation and
workflow of this design criterion for a DBHE array system will be investi-
gated in the future.

5.2. Energy perspective analysis

In a recent study [45], the temperature drop in circulating fluid was
linked with the amount of accumulated energy in the subsurface. They
revealed that a linear relationship can be established between these two fac-
tors, the former of which is critical for the long-term sustainability of the
shallow BHE array system. In DBHE arrays, the top soil (typically 10 to
15 m deep) that is susceptible to air temperature fluctuation is negligible in
comparison to the depth of the subsurface (2 km in this pilot project). As a
result, the thermal recharge at the top surface can be safely neglected in nu-
merical modeling. At the bottom of the model domain, a Neumann bound-
ary condition is imposed in our studied model, with a constant geothermal
heat flux (e.g. 60 mW/m2,cf. Hein et al. [36]). Based on results from the
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aforementioned single DBHE scenario, the total amount of heat extracted
from the subsurface over a heating season accounts for 550.30 MWh, which is
orders of magnitudes higher than the natural geothermal recharge provided
by the preset geothermal heat flux on the bottom of the domain (3.89 MWh).
It manifests that the source of extracted heat comes mainly from sensible
heat stored in the soil and rock surrounding the DBHEs. As discussed
above, the drop in circulation temperature is critical to the long-term sus-
tainability of the DBHE array. Thus, the relationships between temperature
drop and the accumulated amount of extracted heat are plotted in Fig. 12.
There, the average inlet temperature at the end of the first heating season
is used as a baseline, and the trends in both the average inlet temperature
∆Tin,average and annual minimum inlet temperature ∆Tin,min are revealed.
It could be found that the working fluid temperature reduction over long-
term operation follows an exponential curve with the accumulated amount
of extracted heat. The temperature drop is fast in the starting couple of
years and approaches a fixed value over the long-term.
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Figure 12: Non-linear correlation between the working fluid temperature decrements and

the accumulated amount of extracted heat during the long-term simulation of DBHE array

Furthermore, the parameters in this exponential correlation can be well
fitted. R-squared values of 99.432% and 99.551% can be achieved with the
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coefficients a1 = 11.617, b1 = −1.061×10−5, c1 = −10.983 and a2 = 11.384,
b2 = −1.010 × 10−5, c2 = −15.154, respectively. It could be seen that the
fitted curve is flattening over time, because with the increase of time, the
size of thermal plume also extends, leading to an enhanced thermal recharge
from the surrounding soil. Eventually, the amount of thermal recharge will
reach an equilibrium with the temperature drop, which the latter will be
stabilized at a fixed value. Although this is just a preliminary result, the
influential factors for this interesting correlation, involving geotechnical pa-
rameters and system layout, are quite worthy to investigate in the future.
This proposes another perspective that it could be possible to forecast the
long-term sustainability for DBHE array by annual heat extraction amount.

5.3. Future work

As pointed out in the introduction part, the DBHE-based building heat-
ing system was first proposed and reported by Prof. Rybach and Prof. Kohl
in Europe. There have been several pilot projects in Germany, Switzerland,
and the US. In recent years, this technology is getting popular in China due
to the high demand for building heating in the newly developed urban area
and the low drilling cost there. Although the monitoring data presented in
this work is located in Xi’an, China, the underlying physical processes and
the validated numerical modeling tools, are universal and can be applied in
many places of the world.

As for the future work in the field of DBHE array heating technology,
further analysis of the potentially influential factors on the heat extraction
performance, including the geotechnical parameters of the subsurface and
load characteristics of the building side, should be investigated in order to
accurately assess the heat extraction capacity of the DBHEs array heating
system in different regions. Furthermore, the discussed scenarios in this
study are based on a pilot DBHE heating project, for which the layout
and ground load are all strictly set up according to the real project. The
optimization of borehole distance and pipe network layout is also worthy
of investigating, so that specific guidance can be given regarding how to
properly choose these parameters in design.

6. Conclusion

In this study, a comprehensive numerical model is constructed to sim-
ulate the long-term behavior of a DBHE array installed in Xi’an, China.
Monitoring data from the pilot project was recorded over one entire heating
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season and used for model validation. The modeling results are evaluated to
reveal the long-term heat extraction performance and system sustainability
of the DBHE array, and they are compared to the single DBHE. To be more
specific:

• The thermal interaction in DBHE array at the end of the first year
is minor. After one heating season, the maximum outlet temperature
difference among individual DBHEs in the array is about 0.05 ◦C. The
thermal interaction among different DBHEs can hardly be observed.
In one-year short period operation, the thermal interactions among
individual DBHE in the array can be neglected.

• After 20 years, the differences in outlet and soil temperature are con-
siderably different between the single DBHE and array setup. Based
on the simulation results, the difference in overall outlet temperature is
up to 4.70 ◦C, and the maximum soil temperature difference is 8.71 ◦C
at the end of the 20-year period. In a regular arrangement with a
15 m distance, the DBHE array suffers more attenuation in heat ex-
traction performance than the single DBHE in the long-term. There-
fore, the thermal interactions in DBHE array cannot be ignored in the
long-term, and it should be carefully considered when designing the
system.

• The heat extraction performance of individual DBHE differs from each
other at different locations of the array. The maximum temperature
difference of individual DBHE can reach 0.88 ◦C, which is observed on
boreholes located in the middle and at the edge of the array. This
deviated outlet temperature yield a shifted thermal load of 23.35 kW,
which accounts for 12.25 % of the average design value. As a result,
long-term thermal interaction induced load shifting behaviors in the
DBHE array are not severe but can not be ignored.

• A non-linear correlation can be well established between the working
fluid temperature decrements and the accumulated amount of the ex-
tracted heat. This correlation can be applied to forecast the long-term
sustainability of DBHE array.

In the current designing procedure of DBHE array, most engineers as-
sume that there exist no thermal interactions among the multiple DBHEs.
With this assumption, it is safe to evenly distribute the total thermal load
from the building side to each DBHE. However, with the monitoring data
from Xi’an and the data validated numerical model, we have shown in this
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study that thermal interactions do exist and lead to about 12 % shifted
thermal load. This implies that, with different inter-borehole distances,
amount of thermal load, and subsurface properties, the amount of perfor-
mance reduction can also be different. Therefore, numerical models such
as OpenGeoSys should be employed during the design procedure to predict
the long-term sustainability of DBHE array. The drop in working fluid tem-
perature should be simulated beforehand to make sure that it is maintained
above a threshold value to make the system economically available.
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et al, Opengeosys: an open-source initiative for numerical simulation of
thermo-hydro-mechanical/chemical (thm/c) processes in porous media,
Environmental Earth Sciences 67 (2012) 589–599.

[30] H.-J. G. Diersch, FEFLOW: finite element modeling of flow, mass and
heat transport in porous and fractured media, Springer Science & Busi-
ness Media, 2013.

[31] H. Shao, P. Hein, A. Sachse, O. Kolditz, Geoenergy Modeling II: Shal-
low Geothermal Systems, Springer, 2016.

32



[32] R. Al-Khoury, T. Kölbel, R. Schramedei, Efficient numerical modeling
of borehole heat exchangers, Computers & Geosciences 36 (2010) 1301–
1315.

[33] H.-J. Diersch, D. Bauer, W. Heidemann, W. Rühaak, P. Schätzl, Finite
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