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To reduce carbon emission and achieve carbon neutrality, deep geothermal energy has
been widely extracted for building heating purpose. In recent years, deep borehole heat
exchanger (DBHE) heating system has gained more attention, especially in densely
populated urban areas in Weihe Basin, northern China. The long-term performance
and the economic feasibility are essential for the system application. In this work, the
DBHE model implemented in OpenGeoSys software is verified against an analytical
solution and a comprehensive economic analysis approach is further proposed. Then
the short-term thermal performance tests are conducted to obtain the tentative heat
extraction capacity for long-term simulation. The long-term simulations are further
performed with the heat pump unit under the adjusted tentative heat extraction rate
imposed on the DBHE. Finally, a comprehensive economic analysis is applied to the DBHE
heating system over 15 heating seasons. Results show that the minimum coefficient of
performance value of the heat pump is 4.74 over the operation of 15 heating seasons. With
the increase of depth for the DBHE, the total electricity consumption of heat pumps and
circulation pumps has a prominent promotion. With the comprehensive approach of
economic analysis, the depth of 2,600 m has the lowest levelized cost of total heating
amount, which is the best system design for the application in Weihe Basin. The present
results are specific to the conditions in Weihe Basin, but the proposed economic analysis
approach is generic.

Keywords: deep borehole heat exchanger, heating system, heat extraction performance, economic analysis, Weihe
Basin, OpenGeoSys

Abbreviations: BHE, borehole heat exchanger; COP, coefficient of performance; DBHE, deep borehole heat exchanger; FEM,
finite element method; GSHP, ground source heat pump; HVAC, heating, ventilation, and air conditioning; LCOH, levelized
cost of heating capacity; NPV, net present value.
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1 INTRODUCTION

Considering the restriction of global warming imposed by The
Paris Agreement 2015, countries worldwide are firmly devoted to
pursuing a rapid transition toward renewable energy (De La Pefa
et al., 2022). In recent years, the European Union (Rodrigues
et al.,, 2022), China (Zhao et al., 2022), and many other countries
(Salvia et al.,, 2021) all made ambitious pledges to reach carbon
neutrality by 2060 or earlier. To make sure the carbon emission
target can be achieved, the environmentally friendly, highly
efficient renewable energy solution will play a more crucial
role in the future (Zhao and You, 2020). In view of the high
proportion of building energy consumption within the whole
energy usage worldwide (Urge-Vorsatz et al., 2015), especially the
huge amount of energy consumed for building heating and hot
water supply (about 40% or even more in Europe) (Dias and
Costa, 2018; Lin and Lin, 2019), it is of great importance to
propose more renewable energy solutions for building heating,
especially in cold regions. Compared with other renewable energy
sources, geothermal energy gains lots of attention in serving as a
building heating source for its stability, versatility, and extensive
availability (Anderson and Rezaie, 2019; Lund and Toth, 2021) in
the last few decades.

The history of people directly using geothermal energy could
be traced back to ancient times, and the natural or artificial hot
springs are usually used for baths or heating. Since the concept of
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FIGURE 1 | Schematic diagram of the DBHE heating system.
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ground source heat pump (GSHP) has been proposed in the last
century, the shallow borehole heat exchanger (BHE) is then
introduced to many projects for wide use (Ozgener et al,
2007). The shallow BHE coupled geothermal heat pump
system can extract/inject energy from/to subsurface for
building heating/cooling. One of the advantages of the system
is that it does not rely on the local hydrothermal geothermal
resource due to the closed loop in the subsurface. Thus, this
shallow geothermal utilization technology has had a rapid
development in the last decades. However, in densely
populated regions, several hundreds of BHEs are needed to
meet the large heating demand. This requires a colossal
drilling area (Javadi et al, 2019) on the ground surface.
Besides, due to the unbalanced heating and cooling demand in
cold regions, the soil thermal balance (Soltani et al., 2019) is very
difficult to maintain, making the system unsustainable in long-
term operation (Chen et al., 2020b). These two aspects largely
constrain the system application in a densely populated area
where heating demand is larger. To efficiently utilize the
geothermal energy for heating purposes in densely populated
cold regions, an approach of the deep borehole heat exchanger
(DBHE, see Figure 1) is proposed (Kohl et al., 2002), and several
pioneered projects were executed (Morita et al., 1992; Kohl et al.,
2000) at the end of the last century. The DBHE usually has a
depth of 2,000~3,000m and a coaxial pipe installed in the
borehole (Sliwa and Kotyza, 2003; Chen et al., 2019a), leading
to a large heat exchange surface area with the surrounding
subsurface.

The related pilot applications show that the DBHE heating
system has satisfactory performance, while it has a high initial
drilling cost that may lack economic potential, especially in
Europe (Sapinska-Sliwa et al., 2016).

Under the constraints of large building-heating demand and
limited land area in China’s densely populated urban area, the
DBHE heating technology has been widely applied in northern
China. It has gained lots of attention from both the Chinese
government and the heating market in recent years. Starting from
2017, there are a few DBHE heating pilot projects reported in
northern China (Huang et al., 2020), most of which are located in
X{i’an city, Weihe Basin (Wang et al., 2017; Deng et al., 2019). The
related experimental field tests indicated that the average
coefficient of performance (COP) of the DBHE-coupled GSHP
heating system can reach 4.58 (Deng et al., 2020). Considering the
concentrated heating load and low drilling cost in China heating
market, the DBHE heating technology is of good feasibility to
extract deep geothermal energy, serving as the primary building
heating source in the future.

To further investigate the heat extraction performance of the
DBHE heating system, considerable research about the DBHE
system has been conducted in the last few years. With analytical
(Luo et al, 2019; Pan et al, 2019) and numerical approaches
(Kong et al., 2017; Fang et al., 2018; Song et al., 2018), researchers
developed several simulation tools to investigate and quantify the
performance of the DBHE and the response of surrounding soil/
rock. Some commercial software, such as FLUENT (Li et al,
2020) and COMSOL (Hu et al., 2020), are also applied to simulate
the heat transfer process of the DBHE system. Using the FEFLOW
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software, Le Lous et al. (2015) performed a series of detailed
numerical investigations to study the heat extraction performance
of the DBHE under different design parameters and geological
conditions. The results indicated that increasing the drilling depth
of pipe accounts for the considerable heat extraction of the DBHE. By
introducing the Laplace transformation and Stehfest inversion
technology, Beier (2020) proposed a novel analytical method to
simulate coupled thermal-hydraulic process of the DBHE system,
in which the geothermal gradient in the subsurface can be considered.
Nevertheless, the geological properties are the same along the whole
DBHE length in the analytical solution. To investigate the impact of
geological parameters (Liu et al., 2020) on the system’s long-term
sustainability, Cai et al. (2018) developed a 2D numerical model and
validated the model against the field data. Xu et al. (2020) further
conducted a series of scenarios, which demonstrated the impact of
intermittent heating mode on the DBHE heat extraction
performance. Pan et al. (2020) performed an economic analysis
for the DBHE system by using an analytical solution proposed by
Beier et al. (2014), while the variation of heat pump performance was
not taken into account.

Due to the time-consuming simulations in the fully discretized
3D model, most related research on the DBHE system are focused
on the short-term operation (e.g., one heating season or 1 year).
In addition, few studies can be found on the economic analysis of
the DBHE system, which actually largely affects the system
applicability in the long term. Based on the related sensitivity
analysis results of the DBHE, the drilling depth has been proved
by researchers that a more extended depth will bring higher outlet
temperature and higher heat extraction capacity. Nevertheless,
the drilling depth is constrained with higher drilling costs for the
deeper rock. Another critical knowledge gap in simulating the
DBHE is that the simulation of the DBHE only contains the
subsurface part but ignores the corresponding influence on the
heat pump system. In this context, the investigations on heat
extraction performance and sustainability of the DBHE-based
long-term simulations, considering the interaction with heat
pump system, are of great significance for its economic
analysis and the selection of design parameters.

In our previous work (Chen et al., 2019a; Cai et al,, 2021), a
numerical model established by OpenGeoSys (OGS) software was
developed for simulating the coaxial DBHE and surrounding soil.
The model had been validated against experimental data
measured from several pilot projects in Xi’an, Weihe Basin
(Cai et al., 2021). In these studies, the accuracy of our model
simulating the long-term heat extraction performance of a DBHE
and the surrounding subsurface is thoroughly illustrated. In
contrast, further economic analysis with the performance of
the heat pump system involved has not been carried out yet.
In this context, a series of scientific questions are raised for the
DBHE heating system: How can a long-term performance
evaluation be conducted when the heat pump characteristic in
the DBHE heating system is considered? How does a
comprehensive economic analysis affect the decision-making
for the DBHE system in designing the optimal drilling depth?
With the initial and operating costs considered, which depth of
the DBHE is more economically sustainable against others in
Weihe Basin?

Long-term Economic Analysis for DBHE

In this paper, the aforementioned scientific questions were
analyzed by a series of elaborated numerical simulations. The
DBHE system model was constructed with the OpenGeoSys
software (Kolditz et al., 2012) and further deployed based on
the actual geological parameters in Weihe Basin. Through the
constructed numerical model, thermal performance tests of the
DBHE system were carried out, and the tentative heat extraction
capacities of the DBHE were evaluated. After that, the long-term
heat extraction performance of the DBHE system with different
depths was analyzed in detail. In the next step, a comprehensive
economic analysis for the DBHE was investigated during long-
term operation, and the electricity consumption of the heat pump
and circulation pump was also evaluated. At the end of the article,
practical suggestions of drilling depth are made for the design of
the DBHE heating systems.

2 METHODOLOGY

2.1 Dual Continuum FEM Method in
OpenGeoSys

In the present model framework for DBHE simulation,
many researchers tend to select numerical approaches since
they are more capable of handling the flexible initial and
boundary conditions that emerge from the field study. The
numerical DBHE model used in this study is implemented by
using Dual Continuum Finite Element Method (DC-FEM)
(Al-Khoury et al., 2010; Shao et al., 2016) in the open-source
software OpenGeoSys (OGS) (Kolditz et al., 2012). In the field
of deep coaxial borehole heat exchanger simulation, the
coaxial pipe with an annular inlet (CXA) is recommended
for heat extraction (Chen et al., 2019a). The governing
equations for the fluid inside the centered and annular
borehole read:

pfcf%+pfcfv,--VTi =V.(A;-VT;))+H; (1)
Boundary condition (Robin Type ):
Gnr; = =i (T, = T;) on I (2)
JaT,
pfcf§+pfcfvo~VT0 =V.(A,-VT,)+H, 3)

Boundary condition (Robin Type):
Gnt, = ~Dio (T; = T,) = Doy(Ty = T,) on I, (4)

where prand ¢srefer to the density and specific heat capacity of the
circulation fluid, respectively. The H and I" are the heat sink/
source term and heat transfer boundary. The v; and v,, denote the
flow velocity of fluid in the inner and outer pipes, respectively. @;,
refers to the heat transfer coefficient between inner and outer
pipes while @, denotes the heat transfer coefficient between the
outer pipe and grout (Diersch et al. 2011).

The term of hydrodynamic thermal dispersion tensor A reads:

A= (As+ppcsBylve) ©)

where f3; denotes the longitudinal heat dispersivity and I refers to
the identity matrix. The v is the Darcy velocity of groundwater
flow in the subsurface.
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The governing equations for the grout surrounding the outer
pipe and the soil surrounding the borehole are given as follows:

oT

Poas =V (Ag - VT,)+H, ©)

Boundary condition (Robin Type):
ury = ~Pog(To = Ty) = Pys(Tc = T,) on I, ?)

0T,

Pscsg =V (A;-VT) + H; (8)

Boundary condition (Robin Type):
Gur, = ~Dys(Ty ~T5) on I, 9)

in which the detailed calculation of heat transfer coefficient @
between soil and borehole can be found in Diersch et al. (2011).

Following the DC-FEM approach, the simulation domain is
divided into two compartments, including the line elements
representing boreholes and the 3D prism elements standing
for the surrounding subsurface. All the governing equations
inside the borehole (Egs. 1, 3, 6) are solved on 1D line
elements and the surrounding subsurface equation (Eq. 8) is
solved in 3D prism elements. The heat flux between each
component inside the borehole and between the surrounding
subsurface is calculated by the temperature difference and the
corresponding heat transfer coefficient. They are explicitly
linked and solved together with the governing equations in
the numerical model. Compared with the fully discretized 3D
model, the number of elements can be significantly reduced
through the model implementation with DC-FEM technology
(Al-Khoury et al., 2010). More detailed documentation on
benchmarks and tutorials of DBHE modeling features can be
found on the official website of OpenGeoSys (Bilke et al,,
2020).

2.2 Model Verification

The BHE model implemented in OpenGeoSys software has
previously been verified against analytical solution by Chen
et al. (2020b, 2021) and monitoring data from actual projects
in Europe (Meng et al.,, 2019; Chen et al., 2020a). The related
calculation model is proved to be of the capability to reproduce
the variation of long-term heat extracting performance for the
DBHE system. As for the DBHE model, a thorough model
validation has been conducted based on a multi-DBHE pilot
project in Xi’an (Cai et al., 2021). In this study, the DBHE model
established in OpenGeoSys considering the geothermal gradient
is also verified based on the analytical DBHE solution proposed
by Beier (2020). The setting of related parameters can be found in
Table 1 and the operation time is set as one entire heating season.

The verification results (see Figure 2) show that the circulation
temperatures calculated by the OpenGeoSys match well against
Beier’s model. At the end of the heating season, the maximum
difference between the results calculated by two models is no
more than 0.57°C (less than 2.2%). Throughout the simulation,
the inlet and outlet temperatures calculated by the OpenGeoSys
are slightly higher than Beier’s model, which can be explained by
the different calculation method in non-dimensional number
within the DBHE between the OpenGeoSys and Beier’s model.
This verification ensures that our model has enough accuracy and

Long-term Economic Analysis for DBHE

can be used in investigating the long-term performance of
the DBHE.

2.3 Model Configuration

Based on the parameter settings in Table 1, the models in this
study are then further extended for several different drilling
depths from approximately 2,000 to 3,000m to meet our
purpose in solving the scientific questions proposed in Section
1. According to the published geological data (Ren et al., 2020)
and in situ test results from realistic projects (Cai et al., 2021), the
scenarios are configured based on the geological conditions and
geothermal features in Weihe Basin (see Table 2).

For the boundary conditions of the model, the average
ambient air temperature of 14.8°C (Dirichlet type) and typical
geothermal heat flux 65 mW/m” (Neumann type) are imposed at
the top and bottom surface of the domain, respectively.
Moreover, based on the assumption of homogeneous media in
the subsurface, the typical linear geothermal gradient in Xi’an is
set as 35.0°C/km (Ren et al., 2020), serving as the initial condition
of the model. To prevent the thermal plume from interfering with
the domain boundary, the domain size is set to be 300 x 300 x
(depth + 200) m. The mesh density and time step size of the
simulation are chosen based on our previous work (Cai et al,
2021), in which the time step size of the simulation is first chosen
to be 1 h in the heating season and later increased to 6 h during
the recovery period. Furthermore, the heat pump and water
pump units are introduced to our model. The performance
curve of the heat pump is selected from a reference sample of
heat pump manufacturer (Hein et al, 2016), which will be
explained in detail in the next section. All the aforementioned
simulation scenarios are all run for 15 years, which is the typical
life-cycle span of an HVAC (heating, ventilation, and air
conditioning) system in China (Chen S. et al,, 2019).

3 LONG-TERM ECONOMIC EVALUATION
APPROACH

In this section, a comprehensive approach for the long-term
economic evaluation of the DBHE heating system (see Figure 1)
is proposed, in which the heat extraction performance, electricity
consumption of heat pump and circulation pump, and initial
costs are all taken into account.

To facilitate the economic analysis and not hinder the
correctness of the main conclusion, several assumptions made
in this study are listed as follows:

e The economic analysis of the DBHE heating system will
just focus on the variation of performance of heat source side,
which contains the DBHE, circulation pump of heat source,
and heat pump. The range of drilling depth is set from 2,000 to
3,000 m in corroding to the technical regulation for DBHE
heating system in Shaanxi Province (DBJ61/T166, 2020).
Also, the prescriptive heating season for Weihe Basin,
Shaanxi, lasts 4 months, from November 15 to the next
March 15.

e The circulation temperatures for user side and building
heating load are supposed to be constant so that the performance
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TABLE 1 | Detailed parameters of the simulated DBHE for both OpenGeoSys and Beier’'s model

Item Parameter

Borehole Borehole depth

Borehole diameter

Outer diameter of inner tube

Wall thickness of inner tube

Thermal conductivity of inner tube wall
Outer diameter of outer pipe

Wall thickness of outer pipe

Thermal conductivity of outer pipe wall
Heat extraction capacity

Soil Density

Specific heat capacity
Thermal conductivity

Grout Density
Specific heat capacity

Thermal conductivity

Circulating fluid Thermal conductivity
Specific heat capacity
Density

Dynamic viscosity

60

®  Beier's model_inlet
®  Beier's model outet

—— OGS _inlet
OGS _outlet

Temperature [ ° C]

2000y -
e @"W'ﬂ"c"er"ems'“w
g g genens

20

10+ T T T T
0 20 40 60 80

Time [days]

100

120

FIGURE 2 | Verification of the proposed DBHE model based on
OpenGeoSys against Beier’s analytical solution.

TABLE 2 | Detailed geophysical parameters of Weihe Basin, China

Geological formation Depth (m) Geophysical parameters’

A pCp «
Clay 0~500 16  252x10° 2.85x107°
Gravel 500~1,300 1.8 191 x10° 339x10°
Mudstone 1,300~2,000 2.0 1.88x10° 3.84x10°
Sandstone >2,000 2.5 1.96 x 10° 459 x 107°

\ denotes the thermal conductivity (W m™" K™'); pCy, is the volumetric heat capacity (J
m=3 K™'); ais the thermal diffusivity (m?/h).

of heat pump will be just in correlation to the inlet temperature of
heat pump on the source side. According to the reference sample
(Hein et al., 2016), the COP of heat pump is defined as

Value Unit
2,500 m
0.2413 m
0.1100 m
0.0100 m
0.42 Wm K
0.1778 m
0.0092 m
40 W m K
250 KW
1.76 x 10° kg m™3
1.43 x 10° Jkg KT
2.2 Wm™ K
2.19 x 10° kg m™
1.73 x 10° Jkg ' KT
1.4 Wm K
06 Wm K
419 x 10° Jkg T KT
998 kg m™
9.31 x 107 kgm™ s’
COPhp =a; + bl X Tin,hp (10)

where a; and b, are the coefficients, which are 3.925 and .083,
respectively.

Based on the definition of COP, the hourly electricity cost of
heat pump is calculated as

QDBH E

__<DBHE 11
COP,, - 1 (1)

Chp,h = X At X E p
where Qpgpr is the heat extraction rate of the DBHE (kW). At is
the operation time, and the interval used in this work is 1 h. E, is
the electricity price, which is set to 0.7669 Yuan/kWh (Shaanxi,
2018).

e The DBHE will suffer a performance attenuation during
long-term operation. Therefore, for the DBHE heating system
equipped with different depths of boreholes, the index used in this
study is to let the COP of the heat pump be at the same level at the
end of the running period. Also, to prevent pollution on deep
groundwater resources, the anti-freeze solution is not allowed to
add to the DBHE system (DBJ61/T166, 2020). Thus, the inlet
temperature of the DBHE should not fall below 0°C to prevent
freeze in pipes. With these assumptions, the maximum heat
extraction capacity will be obtained for the convenience of
further economic analysis.

¢ The geological conditions for simulation are set as the typical
values of Weihe Basin. Based on our previous work (Chen C.
etal., 2019), the existence of groundwater flow does not provide a
notable increase of heat extraction for the DBHE so that the
groundwater flow is not introduced. The drilling cost data are
acquired from a local drilling company in Xi’an and summarized
to a quadratic polynomial form according to the suggestions from
Lukawski et al. (2014). The estimation of drilling cost (unit: Yuan)
reads:
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Caritling = @2 + by X D + ¢, x D* (12)

where D is the drilling depth (m). a,, b,, and ¢, are the
coefficients, which are 850,909, —890, and 0.536, respectively.

e The electricity consumption of circulation pump is
calculated based on the flow friction of the DBHE, which is
determined by the Darcy-Weishbach equation. The pump
efficiency is set as 85%.

2
FDBHE:fXdBeXP% (13)
in which d, is the equivalent diameter of pipe.

Based on the classic calculation method in hydrology, the
equivalent diameter of pipe is determined by

44

d.
X

(14)
where A and X are the flow cross-sectional area and perimeter of
the flow area, respectively.

The Darcy friction factor f is calculated by Churchill
correlation (Churchill, 1977):

1/5
10

! _— [2.21<ln ¥)] (15)

(@) +9")] ’

Based on the similar concept of levelized cost of energy and
evaluation criterion in shallow GSHP system (Cui et al,
2019), a novel index of levelized cost of heating capacity
(LCOH) is proposed for the DBHE heating system in this
study. The heat extraction capacity of the DBHE and
electricity consumption of corresponding heat pumps and
water pumps are all involved in this index, in which the
dynamic COP of heat pump and circulation resistance are
considered. The definition of LCOH index for the DBHE
heating system reads:

fr=

. + X
_ : =1 (14r)'
LCOH = 7ZN O
i=1 (1+r)

where C;,,; and C,,,,, are initial cost and annual cost of the DBHE
heating system, respectively. N is the typical operation period of
HVAC system, which is set to 15 years (Chen S. et al., 2019). r is
the discount rate, which is 6% for typical HVAC system (Khadra
et al., 2020). Qyy. is the total heating amount supplied from the
DBHE heating system to the building sector, including the heat
extraction of the DBHE, and the power consumed by heat pumps
and circulation pumps. Based on this economic evaluation
approach and related index, the economic analysis for the
DBHE heating system in Weihe Basin will be carried out in
the next section.

(16)

4 RESULTS

In this section, the long-term heat extraction performance of the
DBHE with different depths will be assessed and thorough

Long-term Economic Analysis for DBHE

—— 2000 m
281 —— 2200m

— 2400 m
—— 2600 m

—— 2800 m
— 3000 m

Outlet temperature of DBHE [ ° C]

0 20 40 60 80 100 120
Time [days]

FIGURE 3 | Thermal performance test of heat extraction capacity for the
DBHE with different drilling depths.

economic analysis for the DBHE heating system will be
executed following the approach proposed in Section 3.

4.1 Determination of Tentative Heat
Extraction Capacity for Different Depths

Generally, there are two types of boundary conditions imposing
on the DBHE, including fixed inlet temperature and fixed heat
extraction rate, which correspond to the so-called thermal
performance test and thermal response test (Choi et al., 2019).
For a certain depth of the DBHE, to quantify its tentative heat
extraction capacity, the boundary condition of fixed inlet
temperature is chosen for the DBHE in this section. All inlet
temperatures are fixed at 4°C, which is the threshold of circulation
temperature in the heat pump unit (Cai et al., 2021). The flow rate
of circulation fluid is 0.01 m?/s for different depths of the DBHE,
including 2,000, 2,200, 2,400, 2,600, 2,800, and 3,000 m. The other
DBHE parameter setting and subsurface properties are listed in
Table 1 and Table 2.

The outlet temperature evolution of six DBHEs with different
depths over the first heating season is presented in Figure 3. For
all the tentative tests with the chosen parameters for the DBHE
with different depths, the outlet temperatures tend to have a rapid
dropdown at the first couple of days. For example, the outlet
temperature of the DBHE with 3,000 m decreases by 10.85°C in
the first 60 days, while the temperature drop is only 0.95°C in the
next 60 days. The trend of outlet temperature variation indicates
that the heat extraction rate of the DBHE after 60 days does not
change too much, from 587.02 to 548.45 kW for the DBHE with
3,000 m depth.

When looking into the outlet temperatures among DBHEs
with different depths, it has a higher value with deeper depth.
While reaching the end of the heating season (marked in
Figure 3), the outlet temperatures for six different depths are
9.87, 11.15, 12.51, 13.95, 15.47, and 17.06°C, respectively. In a
conservative way of calculating tentative heat extraction capacity,
the corresponding values are calculated according to the
temperature difference at the end of heating season in
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Figure 3. It is found that the calculated tentative heat extraction
capacity increases with the increment of drilling depth of the
DBHE. From the depth of 2,000-3,000 m, the tentative heat
performance capacity (black numbers above the bar) increases
by 122.3%, from 246.72 to 548.45 kW. This implies that a deeper
DBHE has a more considerable heat extraction potential.

4.2 Long-Term Heat Extraction
Performance of the DBHE With Different
Depths

In a more practical case, the inlet temperature of DBHE cannot be
fixed in long-term operation, while the heating demand is usually
kept fixed. Therefore, for long-term simulation of the DBHE, the
fixed heat extraction rate is imposed to mimic real-world projects.
In this section, the fixed heat extraction rate is imposed according
to the calculated tentative heat extraction capacities from short-
term thermal performance tests in the previous section. If the
temperature drop of circulation temperature after the long-term
operation is too large (below 0°C and have a risk of freeze) or too
small (the DBHE can provide higher heating capacity), the heat
extraction capacity will be adjusted until a proper value is
obtained. It also needs to be mentioned that the flow rate for
each DBHE with different depths is not the same. It is designed
based on both the heat extraction rate and the typical temperature
difference consumed by evaporator in heat pump. By adopting
the official engineering standard in China (GB50189, 2015), the
typical temperature difference of heat exchanger (evaporator)
equipped in the heat pump unit is set to 10°C.

The variation of circulation temperature of the DBHE with
different depth under 15-year operation is presented in Figure 4.
It is worth noting that the temperature dropdown of several
scenarios in Figure 4A is too large (below 0°C) to maintain the
system operation, which means the tentative heat extraction
capacities are slightly overestimated by the short-term thermal
performance test. Therefore, the heat extraction rates used in
long-term simulation for the DBHE with shallower depths are
conducted with a slight reduction (no more than 5%; see the red
values in Figure 6) of original tentative values. The evolution of
circulation temperature with the adjusted heat extraction capacity
is depicted in Figure 4B.

In Figure 4A, the inlet temperatures for scenarios with the
depth from 2,000 to 2,800 m have a quick drop-down to under
zero and the system will not work anymore due to the freezing of
circulation fluid. As for the scenario with 3,000 m depth of the
borehole, the long-term performance of the DBHE system under
its corresponding tentative heat extraction capacity just reached
0°C inlet temperature threshold at the end of the 15th heating
season. This indicates that the corresponding heat extraction rate
has reached the upper limit of heat extraction potential. However,
for the other five scenarios, this tentative heat extraction rate is
beyond these upper potentials and is unsustainable in 15 years.

To make all the scenarios fully conform to the inlet
temperature and COP index, Figure 4B presents the
circulation fluid temperature evolution with adjusted heat
extraction rate. Under the adjusted heat extraction rate, the
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inlet temperatures at the end of the last heating season are
higher than 0°C for all six scenarios.

Furthermore, Figure 5 illustrates the soil temperature profiles
at the depth of 200 m above each DBHE bottom for all the six
scenarios at the first and 15th year. As shown in Figure 5A,B, the
soil temperature in the subsurface surrounded the DBHE suffers
severe drop-down compared with the initial value, which is
caused by the heat extraction of the DBHE. After 15-year
operation, the thermally affected radius of every DBHE is
about 60 m. In every year, the heating season lasts 4 months,
then another 8 months to recovery. Figure 5C,D shows the
temperature distribution after the first and last year. It can be
seen that the soil temperature around each DBHE has a recovery
effect. For example, for the 2,000 m DBHE, the soil temperature at
the end of the last recovery season is 69.8°C, which is 51.9°C
higher than the temperature value at the end of the last heating
season.

For the six scenarios, the adjusted heat extraction rates
presented in Figure 6 can be regarded as the upper limit of
the heat extraction capacity. For the DBHE with depth of 2,000 m,
the adjusted heat extraction rate is 5% lower than the tentative
value predicted by the short-term thermal performance test. With
the increased depth, the tentative heat extraction rate is more
close to the upper limit of heat extraction potential. The reduction
proportion of tentative heat extraction rate is gradually decreased
from 4 to 1% for the depth varied from 2,200 to 2,800 m. Finally,
by applying this adjusted heat extraction rate, all the circulation
temperatures under different drilling depths of DBHE are at the
same level, which is of an excellent agreement to the inlet
temperature and COP criterion.

4.3 Variation of COP in Long-Term
Operation

To conduct a comprehensive economic analysis for the DBHE
heating system, the variation of performance of heat pump is of
significance to be evaluated. Based on the assumption in Section
3, the COP of heat pump is only changed according to the outlet
temperature of DBHE.

With the adjusted heat extraction rate imposed on the DBHE,
the heat pump COP values over 15 heating seasons are presented
in Figure 7 for the six different DBHE depths. In the first year of
operation, the DBHE heating system with a deeper drilling
borehole has a higher COP value of the heat pump. The COP
for the scenario with 3,000 m depth of DBHE is 5.95, while the
COP for the system with 2,000 m depth of DBHE is just 5.59. As
the operation goes on, the COP values among the DBHE heating
system with different drilling depths tend to be identical. The
DBHE heating system with a deeper drilling depth maintains a
larger COP in a couple of days at the beginning of every heating
season. At the last heating season, the COP value for DBHE depth
from 2,000 to 3,000 m increases from 5.56 to 5.87. Over the
operation of 15 heating seasons, the minimum COP value of the
heat pump is 4.74 for all six scenarios. It proved that using the
DBHE heating system can have very high efficiency. Nevertheless,
the applicability of the DBHE heating system in Weihe Basin is
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FIGURE 4 | Long-term heat extraction performance of the DBHE (A) with the tentative heat extraction capacity (B) with the adjusted heat extraction capacity.

not only determined by the high efficiency of the system but also
the sustainable economic feasibility.

4.4 Variation of Operational Costs and
Overall Economic Analysis for the DBHE
Heating System

Based on the long-term heat extraction capacity determined in
Section 4.2, economic analyses for the DBHE heating system are
performed over long-term operation. In this section, according to
the calculation method stated in 3, the consumption of heat pump
and circulation pump can be addressed based on the circulation

temperature variation of the DBHE and electricity price. The
corresponding parameters of Weihe Basin in 3 are used for the
calculation of consumption. The total accumulated electricity
consumption of heat pump and circulation pump during 15
heating seasons and also the average COP of heat pump are
presented in Figure 8.

It can be seen in Figure 8 that the total electricity consumption
of the circulation pump considerably rises with a deeper drilling
depth of the DBHE. For the DBHE heating system with depth of
2,000 m, the total electricity consumption of heat pump and
circulation pump is 2.40 x 10°kWh and 1.35 x 10°> kWh, while
for the 3,000 m DBHE, it was 5.48 x 10° kWh for the electricity
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consumption of heat pump and 2.09 x 10°kWh for the
circulation pump. The total electricity consumption by heat
pump and circulation pump increases by 2.28 and 15.5 times,
respectively. The significant increment of electricity consumed by
circulation pump can be explained by the higher circulation flow
rate (0.013 m>/s) for the 3,000 m DBHE, compared with flow rate
(0.0056 m®/s) of 2,000 m DBHE. In addition, the reason for
higher total electricity consumption by heat pump is the outlet
temperature from the DBHE. As indicated by Figure 4B, after

operation of 15 heating seasons, the average outlet temperature of
3,000 m DBHE is a little higher than the others, leading to about
one times increase based on the 2,000 m DBHE. Also, the black
line gives the variation of COP of the DBHE heating system with
different drilling depths. The DBHE system with deeper depth
produces a higher heat extraction amount and has a similar
variation trend of circulation temperature. The slight increment
of outlet temperature will result in higher COP for the heat pump
and less power consumed. This phenomenon can also explain the
slow increase in the total electricity consumption of heat pumps
from the aspects of COP. In total, the consumption of heat pumps
and circulation pumps has a prominent promotion with a deeper
drilling depth of the DBHE.

From the aforementioned investigation, it is clearly known
that the DBHE heating system with deeper drilling depth has
higher considerable heat extraction rate while it assumes more
electricity on heat pump and circulation pump. Therefore, a
combined economic analysis for the DBHE heating system
during long-term operation is necessary to illustrate the
system applicability. Figure 9A depicts the LCOH and net
present value (NPV) for the DBHE heating system with
different depths. With deeper depth of the DBHE, the LCOH
of the DBHE heating system tends to decrease from 0.594 Yuan
(2,000 m) to 0.568 Yuan (2,600 m). Then the LCOH shows a slow
increase to 0.573 Yuan (3,000 m), which means that the DBHE
heating system with a drilling depth of 2,600 m has the slowest
LCOH. For the DBHE heating system with depth of 2,600 m, its
levelized cost of total heating amount is lower than other systems
with shallower or deeper depths, which can give reference to
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parameter design in applying the DBHE heating system in Weihe
Basin. Figure 9B illustrates the NPV variation over long-term
operation of the DBHE with the depth of 2,600 m. It can be seen
that the NPV value shows an approximate-linear increase over
the operation of 15 years. After 10-year operation, the NPV turns
to be higher than zero, which illustrates that the pay-off time of
the 2,600 m DBHE is around 10 years.

5 DISCUSSION

5.1 Comparison With Other Published DBHE
Models

In comparison with other two-dimensional DBHE models (Nian
etal., 2019; Brown et al., 2021), the 3D DBHE model presented in

this work is also well applicable in modeling the heat extraction
performance of the DBHE (Kong et al., 2017), especially for the
flexible boundary conditions and segmented soil properties.
Furthermore, the proposed model has been validated by
several experimental data, including northwestern and
northeastern China (Huang et al., 2020; Cai et al., 2021), and
other regions (Chen et al., 2020a).

It is worth noting that there are no hydraulic governing
equations in the current DBHE model, which means the
thermal properties of the circulation fluid cannot be
changed according to the pressure values. This assumption
is reasonable for a DBHE system with a depth shallower than
3 km under a normal geothermal gradient as concluded by
Chen etal. (2019). For a DBHE system with a depth more than
3 km and a very high geothermal gradient (Doran et al., 2021),
the pressure- and temperature-dependent heat transfer
coefficients have to be taken into account in the DBHE
simulation. However, this is not the case discussed in this
work in Weihe Basin. In Weihe Basin, the average geothermal
gradient is lower than 0.04°C/m (Ren et al., 2020). For a
specific case with a very higher geothermal gradient, e.g., in
Tibet, China, the system utilized for geothermal heat
extraction could be hydrothermal system or enhanced
geothermal system instead of a closed-loop system to have
better performance and efficiency.

5.2 Replicability and Applicability of the

Proposed Evaluation Method

Although this study presents a thorough and comprehensive
approach to evaluate the economic feasibility for the DBHE
heating system, the related conclusion is very site specific,
totally based on the local parameters in Weihe Basin. For
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other regions, a similar approach should be performed
according to the local conditions, most notably the drilling
cost, geological properties, and operation period. In addition,
with the urgent need for the reduction of carbon emission, the
carbon trade market will make a difference in evaluating the
economic feasibility of renewable energy technology. Using
geothermal energy as its energy source will profit more
because it can earn an extra carbon index sold in the
carbon trade market.

6 CONCLUSION

In this study, a series of numerical models based on the typical
geological conditions in Weihe Basin, China, have been carried
out to simulate the long-term heat extraction performance. The
economic feasibility of the DBHE heating systems with different
drilling depths has been evaluated as well. Short-term thermal
performance tests have been conducted to get the tentative heat
extraction capacity and the adjusted heat extraction rates used for
long-term performance simulation of the DBHE. Then, according
to the local electricity price and calculation of power assumed by
the heat pump and circulation pump, a combined economic

Long-term Economic Analysis for DBHE

analysis for the DBHE heating system is performed based on the
long-term simulation results. To be more specific:

e For a deeper DBHE, the calculated tentative heat extraction
rate by thermal performance test is much higher. The tentative
heat performance capacity increases from 246.72 kW of 2,000 m
DBHE to 548.45 kW of 3,000 m DBHE.

o The tentative heat extraction slightly overestimates the upper
limit of heat extraction potential of the DBHE. A slight reduction
(no more than 5%) gives a more reasonable heat extraction rate
for the long-term operation of the DBHE.

e With the adjusted heat extraction rate imposed on the
DBHE, the DBHE heating system with a deeper drilling
borehole has a higher COP value of the heat pump in the first
year of operation. Over the operation of 15 heating seasons, the
minimum COP value of the heat pump is 4.74 for all six scenarios.

e The total electricity consumption of heat pumps and
circulation pumps have a prominent promotion with a deeper
drilling depth of the DBHE. For the depth of 2,600 m, its LCOH is
lower than other systems with other depths, so that it is the better
choice for application in Weihe Basin.
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NOMENCLATURE

A flow cross-sectional area (m?)
C economic cost (Yuan)

¢ specific heat capacity (Jkg™' K™)
D drilling depth (m)

d, equivalent diameter of the pipe (m)
E, electricity price (Yuan/kWh)
F flow friction (Pa)

f Darcy friction factor

H heat sink/source term (W m™)
I identity matrix (-)

K roughness of pipe (mm)

L length of pipe (m)

N integer (-)

P power (kW)

Q heat extraction amount (kW)
q» heat flux (Wm™)

t discount rate

Re Reynolds number (-)

T temperature (°C)

t time (h)

V vector of flow velocity (m sh

X perimeter of the flow area (m)

« thermal diffusivity (m*h™)

Long-term Economic Analysis for DBHE

P longitudinal heat dispersivity (m)

I’ boundary

A thermal conductivity (W m 'K

A thermal hydrodynamic dispersion tensor (Wm™ K™)

@D heat transfer coefficient (W m™

p density (kgm™)

0 Darcy friction factor (-)
A difference operator

V nabla vector operator
Z integral operator

f circulation fluid in borehole
g grout

hp heat pump

i inner pipe (outflow)

in inlet

max maximum

0 outer pipe (inflow)

out outlet

$ soil/rock

1 K—l)
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