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Borehole thermal energy storage (BTES) can solve the mismatch between production and
utilization of industrial waste heat and other energy, improve energy utilization efficiency,
and reduce carbon emissions. A large body of literature has been published to study the
thermal storage performance of borehole heat exchangers (BHE) under various operating
conditions, but the fluid quantity limitation has not been considered in the research process.
In practical projects, there is a limit to the amount of fluid that can be produced. This paper
establishes a three-dimensional vertical BHE model based on project data and performs
model validation to study the impact of flow velocity, temperature, and initial ground
temperature on its thermal storage performance under fluid volume limitation. The results
showed that the heat transfer rate and heat storage amount of BHE increased with fluid
temperature and decreased with initial ground temperature. Meanwhile, the heat transfer
rate of BHE increased with flow velocity, but the heat storage amount decreased with flow
velocity. The ideal flow velocity under the parameters of this research is 0.1 m/s, and the

continuous operating mode outperforms the intermittent operation mode.

1. INTRODUCTION

Throughout the world, with the growth of the population
and rapid industrial development, humans face a huge energy
crisis and an environmental crisis. How to save energy and
protect the environment is a common issue and problem faced
by the world [1-5]. Energy storage can solve the mismatch
between production and utilization of energy, such as solar
energy and industrial waste heat, improve the efficiency of
energy utilization, and thus reduce carbon dioxide emissions.
Energy storage technology is primarily separated into two
types: thermal and electrical storage, given that thermal
storage technology is a useful tool for balancing the supply and
demand for energy [6]. In addition to being categorized as
short-term and long-term heat storage depending on how long
they last to store heat, thermal storage can also be categorized
as sensible heat storage, latent heat storage, and
thermochemical heat storage depending on how they store heat
[7]. Long-term heat storage can store excess heat in the
summer and release it in the winter, which is also known as
seasonal thermal power reserve (STES) [8]. The most common
methods of STES are (1) temperature storage in aquifer (2)
borehole thermal energy storage (3) tank thermal energy
storage (4) pit thermal energy storage (5) cavern thermal
energy storage. Borehole thermal energy storage stores heat
underground through BHE, and this heat storage technology
has the advantages of simple maintenance and fewer site
requirements, and has been used more in STES. There are
currently many BTES facilities in operation in Sweden, the
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Netherlands, Germany, and other countries [9]. The world's
largest BTES was founded in Chifeng, China [10, 11]. The
system has 468 vertical single-U BHEs at a depth of 80 m, a
thermal storage volume of 500,000 m3 a heat source of
industrial waste heat provided by a nearby copper company
(70 MW), and 336 (1002 m?) solar collectors.

The operating parameters of BTES directly affect the
system efficiency, and the effects of different operating
parameters on BTES have been studied by numerous scholars
[12-14]. During the operation of BHE, the fluid velocity is
directly related to the heat exchange and pumping costs [15].
The fluid velocity and operation mode have an important
influence on the energy efficiency of BHE [16-20]. Li et al.
[16] established a mathematical model of heat and mass
transfer in the HST and BHE integrated system (named HST -
BHE system), and studied the effects of BHE structural
parameters and soil thermal properties on soil heat storage
characteristics. The results show that under certain conditions,
the soil heat storage capacity of the HST - BHE system and
the temperature difference of BHE inlet and outlet increase
with the increase of borehole length, buried pipe spacing or
soil thermal conductivity, but decrease with the increase of
borehole radius. The borehole temperature of BHE increases
with the increase of buried pipe spacing, and decreases with
the increase of borehole depth, borehole radius or soil thermal
conductivity. Guo and Yang [17] used TRNSYS software
simulations to predict the energy efficiency and exergy
efficiency of the BTES system under quasi-steady-state
operation. A sensitivity analysis was also performed for
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different design parameters. The results show that the total
borehole length has the greatest effect on the energy and
exergy efficiency of BTES, followed by the borehole spacing
and flow rate. Li et al. [18] simulated coaxial borehole heat
exchangers (CBHE) in three dimensions and proposed an
improved TRT method for CBHE. The results show that the
influence of inlet temperature and flow velocity on heat
transfer rate is more significant than that of backfill grouting
material, thermal conductivity of inner pipe, and drilling depth
and the circulating flow velocity between 0.3 m/s and 0.4 m/s
can make the system have better performance. Wang et al. [19]
established a three-dimensional numerical model considering
karst fractures to study the influence of karst fracture water on
the heat transfer performance of down-hole heat ex-changer,
and the results showed that: (1) the groundwater flow in karst
fractures significantly improved the heat exchange efficiency
between the borehole heat ex-changer (BHE) and the
surrounding rock, and (2) the influence order of different
fracture characteristics on the heat transfer performance of
BHE was as follows: fracture water velocity fracture pore size
fracture depth fracture flow direction fracture water
temperature. He et al. [20] established a three-dimensional
coaxial borehole heat exchanger, and analyzed the influence
of water inlet velocity and seepage velocity through a series of
simulations based on the typical geology of Xiong’ an New
Area, and the results showed that the increase of fluid flow
velocity in the tube led to a larger temperature difference
between the inlet and outlet, and there was an optimal inlet
flow rate to balance heat injection and enhance heat transfer to
achieve the optimal heat transfer rate, which was 0.4 m/s in
this study.

The influencing factors of the thermal efficiency of single-
tube BHE were studied in Literature [21-24]. The Simulation
study of Mousavi Ajarostaghi et al. [21] on a single U-tube
BHE found that the inlet temperature, flow rate, and thermal
performance of the BHE were significantly affected by the
thermal conductivity of the backfill material. The outlet
temperature can be reduced by reducing the flow rate and the
elevation of the thermal conductivity of the backfill material.
Han [22] simulated the effects of single U-BHE spacing,
backfill material, and flow rate on the heat transfer
performance of BHE and soil thermal performance. The
results show that the heat transfer performance of BHE is
enhanced when the pipe spacing is 5.2 m, the backfill material
is sandy soil, and the inlet flow velocity is 0.9 m/s. Kerme and
Fung [13] analyzed the heat transfer in a single-U-tube
borehole heat exchanger (BHE) and used an implicit
numerical method (accompanying thermal resistance model)
applied to the heat transfer equation obtained from the energy
balance to obtain the solution. The effects of fluid mass flow
rate and grouting thermal conductivity on average fluid
temperature, borehole, grouting and surface temperature,
borehole load and borehole thermal efficiency were studied. It
was found that increasing the mass flow rate of the fluid could
increase the heat transfer rate, but the effect of the grouting
thermal conductivity was not significant. Kerme and Fung [23]
also established numerical heat transfer models for single U-
tube BHE and double U-tube BHE for dynamic simulation and
analysis, and compared the two borehole heat exchangers from
the perspective of thermal performance in heating and cooling
operation modes. A detailed sensitivity analysis of the BHE
was also carried out by studying the effects of important
borehole parameters, thermal characteristics and working
fluids on the thermal properties of the BHE in the double U-
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tube. The simulation results show that the thermal efficiency
of single and double U-tube BHE is 0.24 and 0.31 at steady
state, respectively. The borehole thermal resistance of the
single U-tube BHE was higher than that of the double U-tube
BHE, which was 0.47 and 0.31 m.K/W, respectively.

Literature [24-26] examines measures that can improve the
thermal efficiency of single-U-tube borehole heat exchangers
(BHES). Serageldin et al. [24] introduced a new, efficient, and
cost-effective gasket and performed short-term and long-term
transient numerical simulations to compare the thermal and
energy performance of a ground source heat pump system with
a single U-tube with an elliptical cross-section and a
conventional single U-tube with a novel gasket, and
investigated the effects of using different gasket cross-sections,
materials, and lengths on thermal performance. The results
showed that a single aluminum gasket with an elliptical and
fin cross-section reduced the borehole thermal resistance (Rb)
by 25% and 28%, respectively, compared to a single U-tube
with an elliptical cross-section and a single U-tube with a
circular cross-section. In addition, it has a 9.5% increase in
coefficient of performance (COP) in winter compared to a
single U-tube with a circular cross-section. Chowdhury et al.
[25] improved the thermal efficiency of the modified vertical
U-tube GHE by adjusting the leg spacing of the GHE and
adding a spiral tube to the lower section, and found that by
increasing the leg spacing in the upper part of the GHE and
maintaining the same leg spacing in the lower part, the heat
transfer rate increased, and the model with the best heat
transfer performance obtained after adjustment was the
combination of the upper straight and the lower spiral U-shape,
with a spiral diameter of 100 mm, and the heat transfer rate
was increased by 31.2% compared with the traditional U-tube
GHE. Jahanbin et al. [26] proposed a vertical GHE with an
elliptical U-tube to improve the thermal performance of the
GCHP system, and found that the vertical GHE with an
elliptical U-tube was more thermally efficient than the
traditional vertical GHE.

The above literature shows that flow rate, temperature, and
intermittent mode have a significant effect on BHE. However,
fluid volume limitations were not considered in the study. In
fact, there is a limit to the volume of hot water that can be
produced per day, whether it is solar or industrial waste heat.
In this paper, a three-dimensional vertical single U-tube BHE
model is developed based on engineering data. The axial and
radial directions confirm the grid independence. By
contrasting the simulation findings with experimental data
from published experiments, the model's dependability is
shown. According to this model, the heat storage of BHE was
simulated for 480 hours, and the effects of inlet temperature
(65°C, 70°C, 75°C), fluid velocity (0.1°C, 0.2°C, 0.3°C), and
initial ground temperature (10°C, 15°C) on the heat storage
performance of vertical single U-tube BHE were studied.

2. BHE MODEL BUILDING
2.1 Object of research and model description

In this study, a vertical single U-BHE model was developed
with reference to the BTES project in Chifeng, China [10, 11,
17, 27]. The U-tube was installed at a depth of 80m, with a
borehole diameter of 150 mm, inner and outer diameters of
23.2 mm and 32.0 mm. According to the literature relation
r0.5max,,,, [28], a cylinder with a diameter of 5 m is chosen



as the ground computational domain of this research. Figure 1
is the structural diagram of vertical BHE, where the BHE's
horizontal cross section is on the left and its vertical cross
section is on the right. Water is the circulating fluid, and Table
1 enumerates the soil's and backfill material's thermal physical
characteristics.
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Figure 1. Schematic diagram of vertical BHE (left:
horizontal cross section; Right: vertical cross section)

Table 1. Thermal physical properties of grout materials and

soils [10]
C(Ill:ielf:lﬁi:/lity Specific Heat Density
i . 3
(W/mK) Capacity J/(kg'’K)  (kg/m?)
Grout 2.2 800 1600
Soil 0.852 1103 1500

2.2 Assumptions

Convection heat transfer between a fluid and the pipe wall,
as well as conduction heat transfer between the pipe wall and
the backfill material, are the primary components of the BHE
heat transfer process, backfill material and soil. Due to the
large physical model of BHE, uneven soil distribution, and the
complexity of the heat transfer process, the following
assumptions are made:

(1) The initial temperature of the soil is uniform.

(2) The backfill material and soil are uniformly distributed
and have constant thermophysical properties.

Backfill material and soil, as well as the pipe wall, are
thought to be impervious to one another, and the thermal
resistance of the solid-to-solid contact surfaces is
disregarded.

Regardless of groundwater flow, heat transfer in soil is
considered as a heat conduction process.

)

“4)

2.3 Mathematical description

The continuity equation, momentum equation and energy
equation of the fluid are given by Egs. (1)-(3) [29-31]. The
energy equation of the soil during heat storage is given by Eq.

(4).

V-i=0 (1
% iy =L (Vi) —
E+V~(uu)_ pr+V (VWVi)—-g (2)
oT . A
5+V-(uT)=V'( CPVT) (3)
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where, in Egs. (1)-(4) U is the velocity vector; p is the fluid
density; p is the pressure vector; v is the molecular viscosity;
g is the gravitational acceleration; 7 is the temperature vector;
A and c, are the thermal conductivity and specific heat
capacity of the fluid, respectively; H is the sensible enthalpy.

2.4 Simulation method and boundary condition

For turbulent flow in the tube, the standard k-&¢ model was
applied. SIMPLE was used as the solution algorithm with a
time step of 30 s.

In the actual project, insulation will be laid at ground level,
so adiabatic boundary conditions are used on the upper surface
of the model. The boundary condition for the lower and side
surfaces of the model is T onstant = 10°C [9]. The heat
transfer between the fluid and the wall surface uses the Robin
boundary, which can be expressed by Eq. (5).

ot

—/15 =ht,—t,) &)

where, / is the heat transfer coefficient between fluid and inner
U-tube wall; t,, and t; is the transient temperature of fluid and
inner U-tube wall.

The Chifeng project can provide 14.7 m* of 75°C hot water
per day to a single BHE [10, 17], and the faster the flow rate,
the shorter the running time.

Figure 2 shows the operation mode at different velocities
using User-Defined-Function for flow velocity control.

Figure 2. BHE operation mode at different velocities

3 GRID

. INDEPENDENCY
VALIDATION

AND MODEL

3.1 Grid independency

Mixed grids are used, with unstructured grids near the U-
tube elbow and structured grids at the remaining locations. The
grid details are shown in Figure 3.

The grid has a significant impact on the accuracy and
calculation time of the numerical simulation. The mesh
independence is demonstrated in this article in both the radial



and axial dimensions. The direct heat transfer with the pipe is
backfill material, so the radial independence is verified by
changing the in-pipe and backfill nodes. The grid was verified
for five cases of 21, 24, 27, 30 and 33 nodes in the pipe, and
the outlet temperature and the ground temperature at a depth
of 40 m at 0.15 m from the center were recorded.

Bottom et

Figure 3. BHE grid details
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Figure 5. Axial grid-independence

The ground region is not in direct contact with the fluid, so
the grid of this region is not changed during the independence
verification, and the number of nodes is 50. Figure 4 shows the
radial grid-independence results. The outlet temperature only
increases by 0.0842°C when the nodes increase from 21 to 33.
The ground temperature increases with the number of nodes in
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the tube, but the ground temperature also stabilizes when the
number of nodes in the tube increases to 27, and finally 30
nodes in the tube are selected as the grid division scheme.

Axial grid-independence was verified for five cases with
axial nodes of 80, 90, 100, 110, and 120. Figure 5 shows the
grid-independent results for the axial direction. The axial grid
has less impact on outlet temperature and detection point than
the radial grid, and the variance in both the outlet temperature
and the ground temperature is less than 0.1°C. Finally, 100
axial nodes were chosen based on computation time and
stability.

3.2 Model validation
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Figure 6. Inlet and outlet temperature simulation and
experimental values
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Figure 7. Inlet and outlet temperature difference simulation
and experimental values

This research uses experimental data from published works
as the basis for its model validation [32, 33]. Based on the
experimental site, a geometric model of 1.8 mx1.8 mx18.3 m
is created, and the fluid temperature, flow rate, wall
temperature, and initial temperature are all consistent with the
experimental data. Inlet and outlet temperatures, both
simulated and experimental, are plotted in Figure 6. As shown
in the figure, the numerical simulation's outlet temperature and
the experimental results are rather close to one another. The
average absolute error between the two is within 0.068°C. The
maximum error appears at the beginning of the experiment,
mainly because the system operation is unstable at the
beginning of the simulation. Figure 7 shows the difference in



inlet and outlet temperatures between the experiment and the
simulation, and their relative errors. As shown in the figure,
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the simulated data is in good agreement with the experimental
data, and the average relative error between the two is 5.09%.
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Figure 8. Experimental and simulated values of temperature at different radial positions

Figure 8 shows the comparison of experimental and
simulated temperatures at different radial positions (5, 6, 7, 8).
From Figure 8, the temperatures at these 4 points are in good
agreement with the experimental values. The largest error
occurs at point 5. The main reasons for this are that the
aluminum tubes used as borehole walls in the experiments
were not added in the simulation modeling and that the effect
of groundwater seepage was neglected.

4. RESULTS AND DISCUSSION

4.1 Flow velocity and inlet temperature

60

A0 -

6501
e 6502
— 4803

e 6504

40 -

<30

204

Heart transfer 1ate (kW)

-10 -

12

Time (h)

Figure 9. Heat transfer rate of BHE at different flow
velocities and temperatures

Figure 9 shows the heat transfer rate of BHE during 2 days
at different fluid velocities (0.1, 0.2, 0.3, and 0.4 m/s) and
temperatures (65, 70, and 75°C). As shown in Figure 9, with
the increase of operation time, the heat exchange rate
decreases, and this phenomenon is most obvious in the early
stage of operation, which is due to the gradual decrease in heat
exchange temperature difference with operation time.
Furthermore, the heat transfer rate fluctuates at flow velocities
0f 0.2, 0.3, and 0.4 m/s. This is because intermittent operation
relieves the heat buildup in the soil. The rate at which heat is
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transferred rises with both temperature and flow velocity. This
results from an increase in the convective heat transfer
coefficient between the fluid and the wall as flow velocity
increases, and as the temperature rises, the heat transfer
temperature differential grows.

Figure 10 shows the outlet temperature of BHE at different
speeds when the inlet temperature is 75°C within 5 days. It can
be seen from the figure that the outlet temperature of
intermittent operation (0.2, 0.3, 0.4 m/s) fluctuates, but it is
still higher than that of continuous operation (0.1 m/s) during
the operation period, which indicates that the high flow rate
makes the heat transfer insufficient. Meanwhile, the outlet
temperature rises with the running time increases, and the
temperature rise is more rapid at the beginning of running,
which is related to the thermal accumulation of soil.

70 ~ —0.1 0.3
0.2 0.4
60
¥ 504
)
=
=
= 404
v
=
',E 30 4
20
10 -
L] L) L T L]
0 24 48 7 96 120
Time (h)

Figure 10. Outlet temperature of BHE at different fluid
velocities

Figure 11 shows the soil temperature of the BHE at different
velocities with an inlet temperature of 75°C. The soil
temperature at 0.15 m and 0.5 m from the center at a depth of
40 meters on the inlet side was monitored. In Figure 11, the
upper line represents the 0.15 m monitoring point, whereas the
lower line represents the 0.5 m monitoring point. It can be seen
from the figure that the soil temperature rises with the increase



of operating time, and it is more significant in the early stage different velocities and temperatures. As temperature rises, so

of operation. The soil temperature at 0.5 m has a larger lag than does the amount of heat storage, which falls as flow velocity
at 0.15 m, and the temperature fluctuations are less, but the rises. Because an increase in flow velocity shortens the heat
two have the same trend as a whole. The soil temperature transfer time and results in insufficient heat transmission, this
decreases with the increase of the flow velocity, which conclusion is consistent with the phenomenon indicated by the
indicates that the low flow velocity can store more heat in the outlet temperature and soil temperature but differs from that
soil. indicated by the heat transfer rate. Table 1 shows the heat

storage amount for 20 days of BHE operation at different fluid

40 velocities and temperatures. From Table 1, the difference in
—0.1 heat storage between the flow velocities of 0.1 m/s and 0.2 m/s
3+ 02 0.15m at 65, 70, and 75°C is 859850, 938350, and 1029380 kI,
| ——03 respectively, and the difference becomes larger with the
~ 304 04 T increase in temperature, which also occurs at the flow
g // velocities of 0.3 m/s and 0.4 m/s. Therefore, it can be indicated
g 55 /’ that the advantage of low flow velocity operation becomes
'g more obvious with inlet temperature.
o
E 2048 Table 2. Heat storage amount for 20 days of operation at
1 , \ different velocities and temperatures
1541 0.5m
, Tin (°C) Vi, (m/s) Heat Storage (KJ)
104" 0.1 9,479,620
: : : : : : : : : : 75 0.2 8,450,240
0 24 48 72 96 120 144 168 192 216 240 0.3 7,496,040
Time (h) 0.4 6,767,080
0.1 8,745,800
) . . . 70 0.2 7,807,450
Figure 11. Soil temperature at different velocities 0.3 6,920,990
0.4 6,248,250
Figure 12 shows the heat storage amount of BHE at 0.1 8,016,980
different fluid velocities and temperatures over 20 days. It can 65 0.2 7,157,130
be seen that with the increase of operating time, there are 82 g;gf‘/ggg
obvious differences in the heat storage amount of BHE at - —
10
— 700, 1 5 4 |

6502

ge (GI)

Heat storage

i

v v —— - " - e - r v . e i - " " - " - v - v - v
0 48 96 144 102 240 288 336 384 432 48500 48 06 144 192 240 288 336 384 432 4800 48 96 144 192 240 288 136 384 432 4%0

Tme (h) Time (h) Tmme (h)

Figure 12. Heat storage amount of BHE at different flow velocities and temperatures

The change of daily heat storage amount can better reflect The Figure 13 analysis has shown that a flow velocity of 0.1
the overall change trend. Figure 13 shows the daily heat m/s can store more heat. Figure 14 shows the difference
storage of BHE for different fluid velocities and temperatures. between the daily heat storage at fluid flow velocities of 0.2,
It can be seen that the daily heat storage at different 0.3, and 0.4 m/s and at flow rates of 0.1 m/s. From the figure,
temperatures decreases as the operating time increases, which the difference of daily heat storage decreases with the running
is most obvious at the start of operation. It aligns with the time, which is because the heat buildup phenomenon is more
declining heat exchange rate trend depicted in Figure 9 and the serious in continuous operation than in intermittent operation.
increasing trend of outlet temperature shown in Figure 10. The Moreover, the heat storage difference increases with the flow
daily heat storage amounts decrease with increasing flow velocity, which is consistent with the trend of decreasing daily
velocity, which supports the trend depicted in Figure 12 of heat storage with the increase of flow velocity shown in Figure
total heat storage decreasing with increasing velocity and the 13. The heat storage differential increases with temperature,
increasing trend of soil temperature shown in Figure 11. which is consistent with the result shown in Table 2 that the
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advantage of low flow velocity operation is greater as the
temperature increases.

A1
85-0.2
650}
a8 4

Heat storage {MJ)

Time (day)

Figure 13. Daily heat storage amount of BHE at different
flow velocities and temperatures

Figure 14 shows that the daily heat storage amount gap
gradually narrows. With the operation time increasing, the
daily heat storage at the flow velocity of 0.2, 0.3 and 0.4 m/s
will be equal to or even exceed the daily heat storage at the
flow velocity of 0.1 m/s. However, when considering the fluid
volume limitation, the reverse overrun will come later, and the
faster the flow rate comes, the later it will come. Therefore, the
above results show that continuous operation is better than
intermittent operation, and the optimal flow rate is 0.1 m/s
under the conditions of this study. In practical engineering, if
the heat source is industrial waste heat coupled with solar
energy or other forms, it can continuously provide circulating
fluid for the BHE, and the recommended system operating
flow velocity is 0.1 m/s. If the heat source cannot continuously
provide circulating fluid, in order to reduce the size of the
circulating water tank, it is recommended that the system
operates at a flow velocity of 0.2 m/s or 0.15 m/s.

250 -

— T30 2 =02 === 6502

TS03— - 65.0.3

=T0-03~ ~

\ — TS e = (L= 6504

Ditference (MJ)

Time (day)

Figure 14. Differences in BHE daily heat storage amount at
various flow velocities and temperatures

4.2 Initial ground temperature

Figure 15 shows the heat transfer rate of the BHE at
different initial ground temperatures (10 and 15°C). It can be
seen that the heat transfer rate decreases with the increase of
operating time, which is most obvious at the beginning of the
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operation. When the initial ground temperature increased from
10°C to 15°C, the heat transfer rate of BHE decreased.

Figure 16 shows the heat storage of BHE at different initial
ground temperatures (10 and 15°C). It can be seen that with
operating time, the heat storage amount of BHE under
different working conditions is different. Because of the
reduction in the heat transfer temperature differential caused
by a rise in the starting ground temperature, the BHE's heat
storage capacity diminishes as the ground temperature
increases.

£0
75-10-0.1 75-15.0.1
75-10-0.2 75-15-0.2
50 4 75-10-03 75-15-0.3
e 7621004 w—75-15-0.4
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Figure 15. Heat transfer rate of BHE at different initial
ground temperatures

<10
s 75| 0-) | s 75215401
—T75.10-0.2 75-15402
& - e 7521 0el). 3o 75150 3 ? y
= — 75-10-0.4 75-150.4 |
= : -
2 -6 -
g
S
7
8 41
e
-1-
0O 4+———TT—T—T"T""T"T"T"7
0 I8 9% 144 192 240 288 336 381 432 480

Time (h)

Figure 16. Heat storage of BHE at different initial ground
temperatures

Table 3 lists the heat storage amount of the BHE for 20 days
at different fluid velocities and initial ground temperatures. It
can be seen that when the initial ground temperature is 10 and
15°C, the difference in heat storage amount between 0.1 m/s
and 0.2 m/s is 1,029,380 and 938,490 kJ, respectively, and the
difference decreases with the increase of the initial ground
temperature. This phenomenon also occurs at 0.3 m/s and 0.4
m/s. Therefore, it can be indicated that the lower the ground
temperature, the more obvious the advantage of low flow
velocity operation. Combined with the conclusion drawn
above, the higher the inlet temperature, the more advantageous
it is to operate at a low flow velocity. Then make the following
summary: the greater the temperature difference between the
fluid and the ground, the more obvious the advantage of low
flow velocity operation.



Table 3. Heat storage amount for 20 days at different
velocities and initial ground temperatures

Ty, (°C) Vi, (m/s) Heat Storage (kJ)
0.1 9,479,620
10 0.2 8,450,240
0.3 7,496,040
0.4 6,767,080
0.1 8,745,850
15 0.2 7,807,360
0.3 6,920,330
0.4 6,248,010
5. CONCLUSION

In this paper, a three-dimensional vertical single U-tube
BHE model is established based on engineering data. The grid
independence is verified by the axial and radial directions. By
comparing the simulation results with the experimental data in
the literature, it is proved that the model is reliable in
simulating fluid temperature and soil temperature. Based on
this model, the heat storage of BHE was simulated for 480
hours, and the effects of inlet temperature (65°C, 70°C, 75°C),
fluid velocity (0.1°C, 0.2°C, 0.3°C), and initial ground
temperature (10°C, 15°C) on the heat storage performance of
vertical single U-tube BHE were studied. The following can
be concluded from this study:

Under constant temperature conditions, the heat exchange
rate of BHE increases with increasing flow velocity. However,
the heat exchange time of the fluid is shortened during high
flow rate operation, the heat exchange is insufficient. Under
the condition of limited fluid volume, the heat storage of BHE
is greatest when the flow velocity is 0.1 m/s, and the heat
storage of BHE diminishes as the flow velocity increases.
When the temperature difference between fluid and soil
increases, the advantage of operating at 0.1 m/s over 0.2, 0.3,
and 0.4 m/s becomes more apparent. Under the conditions of
this paper, the optimal heat storage flow velocity of BHE is
0.1 m/s.

The heat transfer rate and heat storage amount of BHE
increase as fluid temperature rises and decrease as initial
ground temperature rises.

Intermittent operation mode can alleviate the phenomenon
of soil heat accumulation, which has certain advantages in
long-term operation. However, under the condition of limited
fluid volume, continuous operation has more sufficient heat
transfer, thus having a greater heat storage amount. Under the
conditions of this paper, continuous operation is preferable to
intermittent operation.

Only the impacts of inlet temperature, flow velocity, and
initial ground temperature on BHE heat storage performance
were considered in this study. Many factors affecting BHE
performance require further study. For example, installation
depth, thermal conductivity and thermal diffusivity of grout,
etc. These will need to be further studied.
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