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A novel BHEs is proposed that can overcome the problems associated with the
low heat-transfer efficiency of borehole heat exchangers (BHEs) that are
connected in series (BHEs-S) and the low heat-transfer temperature
differences of BHEs that are connected in parallel (BHEs-P). The new BHE
uses a combined series and parallel connection (BHEs-CSP), which can
further be classified into individual in-series and in-parallel zones. A numerical
model of the new BHEs-CSP is then developed to optimize the key design
parameters such as borehole spacing, number of series stages, and heat-
extraction methods. The results show that, with the optimal configuration, the
average soil temperature with a BHEs-CSP is 6.70°C higher than for a BHE that is
connected in parallel. Furthermore, the heat-transfer efficiency can be improved
by 4.1% compared to BHEs that are connected in series. It is recommended that
the distance between buried pipes in the series area and parallel area should be
5.25 m, and the series number of buried pipe groups should be 4. To study the
overall performance of the solar-assisted ground-source heat-pump with a
BHEs-CSP (SAGSHP-CSP), a TRNSYS model is developed. The results show
that the optimal area- and heat-storage-ratios (for in-series zone to in-
parallel zone), using SAGSHP-CSP, are 1:4 and 3:2, respectively. Under these
conditions, the system coefficient of performance (SCOP) is over 5.2 and the COP
and SCOP isimproved by 9.8% and 13.0% compared to GSHP systems with BHEs-
P. Furthermore, an improvement by 18.4% and 18.2%, compared to the GSHP
system with BHEs-S, is reported.

borehole heat exchangers, solar-assisted ground-source heat-pump, combined series
and parallel connection, design parameter optimization, heat transfer
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1 Introduction

Due to the global increasing fossil-energy consumption,
environmental problems are becoming more severe (Hou et al,
2023; Wang et al, 2024). Due to their high efficiency and
environmental friendliness, ground-source heat-pumps (GSHPs)
have become popular heating methods (Luo et al, 2016;
Noorollahi et al, 2019). However, in practice, especially in
climate areas, where the heating load accounts for the majority of
a building’s energy consumption, the continuous heat-extraction
from the soil can lead (in the long-term) to thermally unbalanced
soil (Hesaraki et al., 2015; Sankelo et al., 2022). This can lead to a
further decrease in heat-pump efficiency (Houman Razavi et al,
2018; You et al,, 2018; Georgiev et al., 2020). To solve the problem of
thermally unbalanced soil, Penrod and Prasanna (Penrod and
Prasanna, 1962; Penrod and Prasanna, 1965) first proposed a
novel system that combined GSHP with a solar collector: a
solar-assisted GSHP system (SAGSHP). In this setup, a solar
collector is used to collect solar energy but the solar energy is
stored in the soil. Thus, the risk of thermal unbalancing of the soil
is significantly reduced. Moreover, the solar collector can collect
solar energy during the non-heating season, and a seasonal
SAGSHP system became possible (Hamid et al., 2016; Nouri
et al., 2019a; Naranjo-Mendoza et al., 2019). Li et al. (2023)
developed a multi-objective model to optimize the areas of solar
collector, volume of water tank and capacity of assisted-heater for
a novel absorption (SAGSHP).

10.3389/fenrg.2024.1430707

For the SAGSHP system, borehole heat exchangers (BHEs) are
key factors that affect the overall system performance (Sarbu and
Sebarchievici, 2014). The connection type in particular can play a
significant role not only for both the heat-storage- and heat-
extraction-capacity but also for the stability of the BHEs (Jun
et al., 2016; Saeidi et al., 2018).

Numerous researchers have studied the connections and the key
parameters of buried pipes of BHEs (Han et al., 2021; Deng et al,,
2022; Kapicioglu and Kale, 2023). In summary, there are two
commonly used connection types: in-series and in-parallel
(Florides et al, 2013). Bakirci (Bakirci, 2010) investigated the
performance of a GSHP system with BHEs that are connected in
series (GSHP-S) in an experimental study. The results show that,
during the coldest month, the average coefficient of performance
(COP) of the heat pump was 3.0 and the system COP (SCOP) of the
GSHP-S system was 2.6. Florides et al. (2013) proposed a novel
model to predict the performance of BHEs and concluded that the
BHEs-S outperformed the other BHEs. Marcotte and Pasquier
(2014) proposed a novel method to predict the fluid temperature
in BHEs that are connected in series, parallel, and in combined form.
Qietal. (2019) compared the in-series and in-parallel connections of
BHE:s for a SAGSHP system, which were used to heat a zero-energy
building, in an experimental and numerical study. The results show
that, for a given mass rate, the BHEs, which were connected in
parallel (BHEs-P), showed a better thermal-transfer performance
than the series connection type (BHEs-S). For the same heating load,
the heat-transfer performance of BHEs-S increased with decreasing
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The connection mode for a SAGSHP with buried exchangers using a combination of series and parallel connections.

Frontiers in Energy Research

02

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1430707

Wu et al.

15m

O O O O O

O
O O O O

The simplified BHEs model, which uses a combined parallel and
serial connection.

mass flow. However, compared to BHEs-P, the pressure drop at the
outlet was much higher.

Overall, the BHEs-S can reach a higher temperature difference
for the fluids compared to the BHEs-P (Park et al., 2013; Sarbu and
Sebarchievici, 2014; Zhang et al., 2022). However, the BHEs-P can

10.3389/fenrg.2024.1430707

typically achieve a higher average heat-transfer efficiency during the
heat-extraction period (Jonas et al., 2017). Therefore, the BHEs-P
are becoming an increasingly common connection-type for
SAGHSP systems.

Zeng et al. (2003) compared the thermal performance of BHEs-S
with BHEs-P and concluded that the BHEs-P performed much better
than BHEs-S. Similar results were obtained by Park et al. (2012). Nouri
etal. (2019b) compared different configurations for a SAGSHP system
with series and parallel connections. The results showed that for each
configuration, the parallel connection showed the best performance.
Huang et al. (2020) conducted an experimental and theoretical study of
a SAGSHP-P system. The results indicated that adding a domestic hot-
water system to the SAGSHP-P system could improve the COP from
242 to 2.65, which represents an increase by 9.4%.

However, due to the parallel connections of BHEs, the soil
temperature and fluid temperature differences at the inlet and
outlet were significantly reduced (Reda, 2015). Previous studies
indicate that, when only one BHE was used, the average soil
temperature only reached 12°C (Niemann and Schmitz, 2019).
However, with more BHEs, the soil temperature was reduced
even more, below 20°C (Emmi et al., 2015).

Overall, the present studies focus on the effect of parameter
optimization (Hu, 2017; Keshavarzzadeh et al., 2020; Kumar and
Murugesan, 2020; Lee et al, 2023), system performance analysis
(Aranzabal et al., 2019; Magraner et al., 2020; Naicker and Rees,
2020), thermal unbalance (Chen et al., 2020a; Chen et al., 2020b;
Nordgard-Hansen et al, 2022) etc., in SAGHSP systems. Even
though the conventional connections of BHEs existed as series

Borehole boundary

FIGURE 3
Schematic showing the grid generation for the buried pipeline group.
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TABLE 1 The thermophysical properties of the materials used in this paper.

10.3389/fenrg.2024.1430707

Materials Density kg/m?® Thermal conductivity coefficient W/(m?K) Specific heat capacity
J/(kg-K)

Soil 2,500 218 1880

Backfill 1900 05 871

U-tube 940 042 2000

Water 998.2 0.60 4,182

TABLE 2 Comparison of water temperature at the outlet of the BHEs for different mesh numbers and time step sizes.

Mesh numbers (x10%) 21 103 154 205
Outlet temperature (°C) 297.1556 297.8526 298.2236 298.2351 298.2549

Time step size (s) 900 1800 3,600 5400 6300
Outlet temperature (°C) 298.2351 298.2361 298.2371 298.7416 299.3125

The bold values were the selected values in this study.

problems, e.g., low heat-transfer efficiency or low temperature
differences of the fluid, only a few studies attempted to solve
these problems. Until today, there are no effective solutions.

To obtain a high transfer-temperature difference and transfer
efficiency, a novel SAGSHP system, with BHEs that are connected in
combined series and parallel (SAGSHP-CSP), is introduced in this
paper. This system inherits both the advantages of high transfer-
temperature differences of a BHEs-S and the high transfer-efficiency
of a BHEs-P. To study the heat-transfer and system performance of
the novel SAGSHP-CSP, the main objectives of this paper are: 1) To
develop a physical and mathematical model for a BHE using a
combined series and parallel connection (BHEs-CSP); 2) To study
the effect of key design-parameters on the transfer performance of
BHEs and find the optimal values; 3) To develop a TRNSYS system
simulation model and compare the overall performance of
SAGSHP-CSP with the SAGSHP-S and -P systems.

2 Methodology
2.1 Model physics

To overcome the problems of low heat-exchange efficiency in
borehole heat exchangers that are connected in series (BHEs-S) and
the low heat-exchange temperature differences of BHEs that are
connected in parallel (BHEs-P) for solar-assisted ground-source
heat-pumps (SAGSHP), a novel SAGSHP system was proposed in
this paper. The new system has BHEs in a combined series and
parallel connection (SAGSHP-CSP), which offers the benefits of
high heat-exchange efficiency and high temperature difference.
Figure 1 shows the connection mode for the BHEs-CSP, and the
Diameter of U-tube, Pipe spacing, Diameter of borehole, and Length
of buried pipe are De25 mm, 80 mm, 150 mm and 75 m, respectively.
In Figure 1, from A1-4 to S1-4 are the buried pipes connected in the
series, and T1-74 are the buried pipes connected in the parallel.

During heat storage, heat is preferentially stored in the in-series
area, and the flow direction of circulating water is from the inside to

Frontiers in Energy Research

the outside. When the heat exchange capacity of the in-series area is
insufficient, heat is then stored in the surrounding in-parallel area to
improve heat storage efficiency. At the end of heat storage, a stepped
soil temperature field with high temperature in the middle and low
temperature around is formed, which can reduce heat loss. When
extracting heat, this model can achieve multiple heat extraction
methods. To obtain a higher heat exchange temperature difference,
the flow direction of circulating water during heat extraction in the
series area is opposite to that during heat storage. In the early stage of
heating, when the heat exchange temperature difference is large
enough, this part of heat can be used for direct heating to reduce
system energy consumption. When the heat exchange temperature
difference cannot meet the heating demand, the heat pump
is turned on.

2.2 Mathematical model

2.2.1 Assumption for the heat-transfer model

To investigate the effect of different factors on the heat-transfer
of BHEs-CSP and find an accurate simplified transfer model, the
following assumptions were made.

(1) The vertical single U-pipe BHE is simplified into a heat-
exchange tube using the equivalent-diameter method (Gu
et al,, 1998), and the equivalent diameter is Dy = \2D;

(2) The effect of underground water and moisture transfer are
ignored, and the heat-exchange between the BHEs and the
soil is regarded as heat conduction.

(3) The physical properties of the soil are assumed to be uniform
and unchanged.

(4) The thermal contact resistance between U-pipe BHEs and soil
is negligible.

2.2.2 Development of mathematic models

The mathematic models include governing equation, initial
conditions and boundary conditions. Besides, the investigated

frontiersin.org
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fluid flow is turbulent, thus, the most commonly used k-& model was
used. These models could be seen as Supplementary Appendix S1.

2.3 Numerical method

2.3.1 Mesh of the model

To investigate the effect of the key factors on the heat-transfer
performance of BHEs for SAGSHP-CSP, a simplified model of 6 x
6 BHEs was used in this paper. Figure 2 shows the simplified
BHEs model. It can be easily found that the model is symmetry,
thus, and the
corresponding boundaries were set as symmetric. Ref.
(Khalajzadeh et al., 2011). showed that the farthest thermal
transfer distance for the U-tube was about 10 m. Therefore,

the one-fourth of the model was wused,

the farthest boundary was set to be the boundary at 15 m,
where the soil temperature always equaled the initial soil
temperature.

Figure 3 shows the mesh for the BHEs-CSP. The structured
grid was developed by ICEM. In the horizontal direction,
the grid around the U-tube was denser, while the grid
was less dense at the far end. In the vertical direction, the
grid was denser at both the inlet and outlet of the U-tube,
while the middle of the grid was less dense. In general,
the number of grids in the horizontal direction was far
denser than that in the vertical direction, which is consistent
with the heat-transfer characteristics of the BHEs (Jin
et al., 2020).

2.3.2 Settings in the CFD model

The inlet of the U-tube was a velocity boundary (velocity =
0.4 m/s) and the inlet temperature was set to 50°C during the heat-
storage period. For the heat-storage period stopped, the velocity was
set to 0 m/s. The time for the heat-storage was 8 h per day. The above
process could easily be achieved through a wuser defined
function (UDF).
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The diameter of the U-tube was De25 mm, the pin space was
80 mm, the buried diameter was 150 mm, and the length of the
underground pipe is 75 m. The thermophysical properties of the
materials used are shown Table 1.

2.4 Grid independency test

The outlet temperature for different mesh numbers and time
step sizes are shown in Table 2. The temperature varied significantly,
while the mesh number was below one million. Therefore, the mesh
number was set to be 1.03 million. For the time step was above 3,600,
the outlet temperature showed large fluctuations. Thus, 3,600 was
used as time step in this study.

3 Result analysis

The parameters of the BHEs-CSP were optimized using the
simplified model in Figure 2. Subsequently, with the optimized
parameters, the overall performance of BHEs-CSP was compared
with the BHEs-S and BHEs-P.

3.1 Model validation

The validation data were provided by Sun et al., who conducted a
field study of a novel SAGSHP system (Sun et al., 2020). The novel
system in their study was similar to the SAGSHP-CSP proposed in
this paper. Based on the data provided by Sun et al., the same-scale
BHEs was established according to Ref. (Sun et al., 2020), using the
model described in Section 2. After a 10-day simulation using
Fluent, the soil temperature of the W-points in Figure 1 and the
outlet temperature were compared-see Figure 4. The initial soil and
water temperatures were 12°C and 20°C, respectively, which is
consistent with Ref. (Sun et al., 2020).
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FIGURE 5

Heat-transfer effect analysis for the in-series zone of BHEs with different buried spacings. (A) Heat storage; (B) Heat extraction.

Overall, good agreement was observed between simulated
and test values. The maximum and minimum deviations
between simulated and test soil temperatures were —0.96°C
and 2.06°C, respectively. The average was 1.07°C. For the water
temperature, the deviation between simulated and test
values varied from -2.50°C to 2.83°C, with an average of
0.19°C. To evaluate the overall fitness between simulated
and test values, the root mean square deviation (RMSD)
was used:

1 n
RMSD = J; [ (Kaimi = Xresti) [ Xrests)” (1)
i=1

The average RMSD for the soil and water temperature,
respectively, were 6.90% and 2.60%, which was less than 10%.
This indicated that the deviations between simulated and test
values were acceptable and the model developed in this paper
was accurate.

Frontiers in Energy Research

TABLE 3 The ratio of heat storage to heat-extraction for in-series BHEs and
different buried spacings.

3.25 4.25 5.25 6.25

Buried spacing/m

RES/% 17.38 17.36 19.26 15.67

3.2 Buried spacing and series stages for the
in-series zone

The buried spacing and series stages have a high impact on the
transfer efficiency of BHESs, the heating capacity of heat pump unit,
and the floor area of the BHEs. Moreover, the heat-accumulation
effect of the soil temperature field was significantly affected by
buried spacing and series stages. Hence, the effect of buried
spacing and series stages on the heat-transfer performance for
the in-series zone was studied to find the optimal design
parameters for SAGSHP-CSP.
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Heat-transfer-effect analysis for the in-series zone of BHEs with different series stages. (A) Heat storage; (B) Heat extraction.

TABLE 4 The ratio of heat-storage to heat-extraction for in-series BHEs
with different numbers of series stages.

Series stages

RES/% 22.26 18.86 17.38 15.98

3.2.1 Buried spacing

Four kinds of buried spacing were investigated in this study, L =
3.25m,4.25 m, 5.25 m, and 6.25 m. After 3 months, the heat capacity
for the in-series zone reached to its minimum for every buried
spacing. Thus, the running mode changed to heat-extraction.
Similarly, the heat-extraction capacity reached a minimum
after 1 month.

The heat storage efficiency is the ratio of the actual heat storage
capacity of the buried pipe group to the theoretical maximum heat
storage capacity, and the corresponding heat extraction efficiency
is the ratio of the actual heat extraction capacity of the buried pipe
group to the theoretical maximum heat extraction capacity.
Figure 5 (a) shows the heat-storage capacity and efficiency for
the in-series zone and different buried spacing. Overall, the heat-
storage capacity increased with increasing buried spacing. This was
because, as buried spacing increased, the soil volume, which was
occupied by BHEs increased, and this led to a higher heat capacity.
For buried spacing increased from 5.25 m to 6.25 m, the heat

Frontiers in Energy Research

capacity increased much faster. This was because, for L = 6.25 m,
there was nearly no thermal interference between different U-tubes
during the 3-month heat-storage period. The heat-storage
efficiency showed a similar regularity with buried spacing but
the increase was slower. The heat-storage efficiency was nearly the
same for L = 5.25 m and L = 6.25 m.

Figure 5 (b) shows the heat-extraction capacity and efficiency.
As the buried spacing increased, the heat-extraction capacity
increased. For L = 625 m, the
significantly. At the same time, however, the attenuation also
increased. Because the running time was 24 days, the heat-
extraction of BHEs with L = 6.25 m was even lower than for L =
5.25 m. Overall, the average heat-extraction efficiency increased first
and then decreased. For L = 6.25 m, the average heat-extraction
efficiency reached a minimum.

heat-extraction increased

To fully take into account the temperature balance, heat-storage,
extraction-capacity and -efficiency, the buried spacing should not be
too large or too small. If the buried spacing is too small, the heat
accumulation effect is significant after heat-extraction, which does
not aid later heat storage. In contrast, if the buried spacing is too
large, the attenuation of the heat-extraction is too fast. Thus, the
heat-exchange capacity at the later stage (for heat-extraction) is
significantly reduced, and the initial investment of the project is too
large. To evaluate the overall performance of BHEs, the ratio of heat
storage to heat-extraction (RSE) was used. The closer RSE is to 1, the
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FIGURE 7

Analysis of the heat-transfer effect for the in-parallel zone of BHEs with different buried spacings. (A) Heat storage; (B) Heat extraction.

better is the thermal balance obtained in the soil following a full
heat-storage and -extraction circle. Table 3 shows the RSE values for
the in-series BHEs with different buried spacings. It can be found
that the RSE values increased first and then decreased with
increasing buried spacing. They reached a maximum for L =
5.25 m. Therefore, 525 m is the recommended buried spacing
for the in-series zone of a BHEs-CSP.

Frontiers in Energy Research

3.2.2 Series stages

Two, three, four, and five series-stages were investigated in this
study. The second-level series connection consists of two BHEs
connected in series, the third-level series connection consists of three
BHEs connected in series, and similarly, the fourth-level and fifth-
level series connections consist of four and five BHEs connected in
series, respectively.
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TABLE 5 The ratio of heat-storage to heat-extraction for the in-series BHEs
and different buried spacings.

3.25 4.25 5.25 6.25

Buried spacing/m

RES/% 34.15 32.53 32.11 31.83

Figure 6A shows the heat-storage capacity and efficiency for the
in-series zone of BHEs with different series stages. The heat-storage
capacity increased with increasing series stages. However, when the
number of series stages exceeded three, the heat-storage capacity
increased slightly. This was because, as the series stage increased, the
circulation path for water in the U-tube was longer, which increased
the heat exchange. Concurrently, the temperature difference
between water and soil at the end of in-series U-tube decreased.
As a result, the heat-transfer efficiency decreased. Therefore, as the
number of series stages increased, the heat-storage efficiency also
increased slightly.

Figure 6A shows the corresponding heat-extraction capacity and
-efficiency. As the series stages increased, the heat-extraction
capacity increased. However, when the series stage number was
five, the heat-extraction capacity attenuated substantially. The heat-
extraction efficiency decreased with increasing series stages. This
was because, as the series stages increased, the temperature
difference between water and soil at the end of the in-series
U-tube decreased, which decreased the heat-extraction.

Table 4 shows the RSE for in-series zone of BHEs with different
stages. As the series stages increased, the RSE decreased and the
degree of thermally unbalanced soil increased. However, considering
the heat-storage capacity, more series stages should be used, while
fewer series stages are recommended for thermal balancing of the
soil. Therefore, four series stages are recommended.

10.3389/fenrg.2024.1430707

3.3 Buried spacing in the in-parallel zone

After the optimal configuration for the in-series zone had been
determined, the remaining zone in Figure 2 was set to be the in-
parallel zone. For the in-parallel zone, the only design parameter,
which needed to be optimized, was buried spacing. Similarly, four
different buried spacings, L = 3.25 m, 4.25 m, 5.25 m, and 6.25 m,
were investigated. The running times for heat storage and heat-
extraction were set to 15 days.

Figure 7A illustrates the trend of the heat-storage capacity and
the heat-storage efficiency for the in-parallel zone with different
buried spacings. The heat-storage capacity increased with
increasing buried spacing. For L = 6.25 m, the heat capacity
reached a maximum. This is because when the pipe spacing L =
6.25 m, there is almost no thermal interference between different
BHEs during 3 months of heat storage, resulting in a significant
increase in heat storage capacity. The heat storage efficiency also
increases with increasing pipe spacing, but the increase rate slows
down. There is little difference in heat storage efficiency between
pipe spacing L =5.25 m and L = 6.25 m. This is because as the pipe
spacing increases, the thermal interference between different
BHEs although the heat storage
efficiency improves with operating time, the increase is not

decreases. Therefore,
significant.

Figure 7B illustrates the trend of the heat-extraction capacity
and efficiency for the in-parallel zone with different buried spacings.
The heat-extraction-capacity and -efficiency decreased with
increasing buried spacing. As the pipe spacing increases, the heat
extraction capacity of the BHEs also increases, and the distribution
pattern of heat extraction temperature difference is consistent with
that of heat extraction capacity. When the pipe spacing L = 6.25 m,
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Heat-transfer temperature difference between BHEs and soil for different heat-extraction methods.
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The ratio of heat-extraction to storage for different heat-
extraction methods.

the heat extraction capacity increases significantly, but at the
same time, its attenuation rate also increases. Starting from the
operating time of d = 24 days, the heat extraction capacity of the
BHEs at L = 6.25 m is already significantly lower than thatat L =
5.25 m. As can be seen from Figure 7A, the heat storage capacity

Frontiers in Energy Research

at L = 6.25 m increases significantly. Because the BHEs has a large
heat storage capacity, the heat extraction capacity of the buried
pipes also increases accordingly. However, the larger the pipe
spacing, the greater the amount of heat diffusion in the soil
within the same time, so the attenuation rate of heat extraction
capacity is significant. The heat extraction efficiency shows a
trend of first increasing and then decreasing with increasing pipe
spacing, and the heat extraction efficiency is the worst when the
spacing L = 6.25 m.

Table 5 shows the RSE for heat-extraction for the in-parallel
zone of the BHEs. Overall, the RSE decreased with increasing buried
spacing. For L = 6.25 m, the RSE was lowest. However, considering
the heat capacity, wider buried spacing should be used. Therefore,
when taking the heat balance of soil and heat-storage capacity into
account, 5.25 m are recommended to be the optimal buried spacing
for the in-parallel zone of BHEs.

3.4 Heat-extraction methods

According to the least heat-loss principle, the heat-storage
methods of the BHEs of SAGSHP-CSP could be determined. The
heat-extraction, however, was much more complex, which would
significantly affect the overall heat-transfer efficiency of the BHEs.
Therefore, four heat-extraction methods are proposed in this
paper—see as follows:

(1) Mode 1: Take heat from the series area first, and then take

heat from the parallel area when the heat exchange capacity of
the series area is insufficient.
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Comparison of heat-transfer temperature differences and -efficiency for BHEs with different connection types. (A) Heat-transfer temperature

differences; (B) Heat-transfer efficiency

(2) Mode 2: The priority is to take heat from the series area, and (3) Mode 3: Take heat from the parallel area first, and then take
when the heat exchange capacity of the series area is heat from the series area when the heat exchange capacity of
insufficient, take heat from two sections at the same time. the parallel area is insufficient.
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(4) Mode 4: The priority is to take heat from the parallel area.
When the heat exchange capacity of the parallel area is
insufficient, the heat is taken from two areas at the same time.

Based on the optimal buried spacing and series stages, an
optimal layout for the BHEs-CSP model was established. The
water temperature during heat-extraction was set to 7°C. Note
that, for the simulation, the computing effort was too high when
the temperature differences fell below 5°C in the CED. Because the
purpose was to compare different heat-extraction methods, similar
results would be obtained if the heat-extraction was similar.
Therefore, the heat-extraction was set to 90 days. Furthermore,
the heat-extraction period was 60 days for the in-series zone and
30 days for the in-parallel zone.

Through UDF, the heat-transfer difference, soil-temperature
distribution, and RSE were compared for different heat-extraction
methods. Figure 8 shows the heat-transfer temperature differences
between water at the inlet and outlet for different heat-extraction
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methods. For S1, during the first 30 days, the variation in
temperature difference was between 6.3°C and 9.3°C with average
values of 6.7°C. For the later 60 days, during which the heat was
extracted from the in-series zone, the temperature difference varied
from 7.6°C to 8.4°C, and the average temperature difference was
7.8°C. In terms of S2, the temperature differences changed similarly
to that of S1. From Figure 8, it can also be found that for S1 and S2,
with increasing running time, the temperature increased gradually.
This is the case because heat was transferred from the in-series zone
to the in-parallel zone, which caused the soil temperature in the in-
parallel zone to increase.

For $3, even though there was a high temperature difference
with an average of 7.9°C during the first 2 months, there was a low
temperature difference (average 6.5°C) during the last month.
As for S4, the
temperature differences during the full heat-extraction remained

Moreover, the attenuation occurred fast.

high. The average temperature-difference was 7.8°C. There were
sudden changes on the 30th or 60th day, which was caused by the
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boundary change. This represents a reasonable outcome for the
Overall,
difference, the heat-extraction method of S4 is recommended.

numerical simulation. considering the temperature

Figure 9 shows the soil temperature distribution at a depth of
35 m for different heat-extraction methods. It can be easily found
that the soil temperature, using methods S4, was always lower than
for other methods, which was better for heat-storage during the
next period.

Figure 10 shows the RSE for different heat-extraction methods.
For S1 and S3, the RSE was much lower than S2 and S4. The RSE
reached to a maximum for S4 with a value of 31.37%. Therefore,
the

temperature distribution,

considering heat-transfer temperature differences, soil

and RSE, method S4 is highly

recommended.

3.5 Comparison between BHEs-CSP with
BHEs-S and BHEs-P

To compare the overall performances of BHEs-CSP, -S and -P,
the same-scale BHEs with the same boundary conditions were used
according to Ref. (Sun et al,, 2020). using the model of Section 2. A
comparison of heat-transfer temperature and -efficiency, between
BHEs-CSP with optimal configuration and conventional BHEs-S or
BHEs-P, is shown in Figure 11.

Using Figure 11A, it can be found that the average temperature
differences of BHEs-CSP and -S, between water at inlet and outlet,
were 6.70°C and 7.35°C higher, respectively, than for BHEs-P. This
benefited the heat pump. Similarly, according to Figure 11B, the
heat-transfer efficiency of BHEs-P was highest (average 84.63%),
while that of BHEs-S was lowest (average 74.53%). The average
transfer-efficiency of BHEs-CSP was improved by 4.1% compared to
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BHEs-S. After 20 days, the temperature difference in the in-series
zone of the BHEs-CSP was below 5°C, and the heat-transfer
the BHEs-P.
Consequently, the heat started to be extracted from both in-series
and in-parallel zones. The speed boundary of the in-parallel zone

performance reached same value as for

jumped from 0 m/s to 0.56 m/s, which caused a sudden change in the
simulation results.

Overall, the BHEs-CSP could not only reach a higher heat-
transfer efficiency but also improve the heat-transfer temperature
differences. It can improve both the problems associated with the
low heat-transfer efficiency of BHEs-S or the small heat-transfer
temperature difference of the BHEs-P.

4 Discussion

The optimal area (ARSP) and heat-storage ratio (HRSP) of the
in-series zone to the in-parallel zone was significant to the SAGSHP-
CSP system. Therefore, to obtain the optimal values, using the
optimal configuration of BHEs-CSP, the SAGSHP-CSP was
established using TRNSYS-18. Subsequently, SAGSHP-CSP was
compared with SAGSHP-S and SAGSHP-P. A detailed system
description of SAGSHP-CSP, -S and -P can be found in Refs.
(Zhang et al., 2016; Qi et al., 2019; Sun et al., 2020).

4.1 Simulation-model development
The simulation models for the SAGSHP-CSP, -S and -P systems
were developed using TRNSYS 18.0-see Figure 12. During the

simulation, the TRNSYS models for the in-series and the in-
parallel zone were established separately. By changing the
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number of buried pipes, connection types and solar collector
areas, the overall performance of the SAGSHP-CSP, -S and -P
studied. The main components and the
corresponding parameters used in the TRNSYS simulation
could be Supplementary  Table Sl
Supplementary Material. Figure 13 shows the heating load in

systems were

referred to in

the building during a year.

4.2 Model validation

The validation data were also provided by Sun et al. (2020). In
their project, the ARSP was 1:1 and HRSP was 3:2. The heating
time was from November 15th to March 15th of the next year.
The operation data of the second year of the system were used as
validation data. The initial soil temperature for the in-series zone
was 37°C, while that for the in-parallel zone was 20°C. The total
heating area was 22,342 m? the maximum heating load was
554 kW; the design supply and return heating water temperatures
were 50°C and 40°C, respectively. More detailed information can
be found in Ref. (Sun et al., 2020).

The capacity, scale and initial conditions of the TRNSYS model
were set to the same values as in Ref. (Sun et al., 2020). After a full
heat-storage and extraction period, the soil temperature, average
temperature of heat-storage tank, and return-water temperature
during the heating period are shown in Figure 14.
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TABLE 6 Operating time of the SAGSHP-CSP system for heat storage and
heat extraction.

Condition Simulated time

Heat storage 3.16-11.14 244 days (1752-7632 h)

Heat extraction 11.15-3.15 in next year 121 days (7633-10512 h)

TABLE 7 The studied cases for area and heat-storage ratios of the in-series
to the in-parallel zones.

Area ratio Heat storage ratio

3:2

2:3

1:4 0:5

Overall, the RMSD between the simulated soil temperature
and measured values for the in-series zone was 5.5%, while
the value for the in-parallel zone was 8.5%. The RMSD
between simulated and measured average temperature of the
heat-storage tank was 9.0%; the RMSD between simulated
return-water temperature during the heating period and the
measured values was 6.1%. All RMSD values were below 10%,
which indicates that the this
sufficiently accurate.

models in study are

4.3 Optimal area and heat-storage ratio of
the in-series to the in-parallel zone

The operating times of the SAGSHP-CSP system with heat-
storage and heat-extraction conditions are shown in Table 6.

To determine the optimal ARSP and HRSP values, different
cases were investigated-see Table 7. When the ARSP was 5:0 and
HRSP was 5:0, the conventional SAGSHP-S system was used. When
the ARSP was 0:5 and HRSP was 0:5, the conventional SAGSHP-P
system was used.

The initial soil temperature was set to 14.8°C. Seventeen
simulated cases were conducted for a full heat-storage and
-extraction period. During the heat-storage period, provided
the average soil temperature was above 50°C, the hot water
heated by the BHEs could be transferred to the end-users
directly. Otherwise, the heat pump was opened. Figure 15
shows the variation of soil temperature for different ARSP and
HRSP values.

For the in-series zone, when the ARSP values were 1:4 and 2:3,
and the HRSP was above 4:1, or when the ARSP was 1:1 and the
HRSP was 5:0, the soil temperature would be above 50°C. In
addition, the heat pump could not be opened at the beginning of
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FIGURE 15

The variations of soil temperature for the in-series and the in-parallel zones for different ARSP and HRSP conditions.

the heating period. For the in-parallel zone, when ARSP was 1:1, 1:3,
and 4:1, and HRSP was 0:5, the in-parallel zone was able to meet the

direct heating requirements.

Overall, for a smaller ARSP and higher HRSP, the soil
temperature could reach higher values after the heating storage

period. However, the decreased rate of the soil temperature at the

beginning of heat-extraction period increased faster. For ARSP = 1:

4 and HRSP = 3:2, the soil temperature during the operating period

of the heat pump decreased slowly.

For the same relative scale of solar collector, water storage

tank, BHEs, and other components,

the

coefficient of

performance (COP) for the heat pump and electricity of each
component of the SAGSHP-P, SAGSHP-S, and SAGSHP-CSP
could be simulated using TRNSYS. Thus, the system COP
(SCOP) could be calculated. For the SAGSHP-S system,
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during the running period, the COP of the heat pump was 3.8,
and the SCOP was 4.4; in terms of SAGSHP-P, the corresponding
COP and SCOP were 4.1 and 4.6, respectively. Both COP and
SCOP of SAGSHP-CSP are shown in Figure 16.

In extreme cases (all heat was stored in the in-series zone and the
heat-storage ratio of in-series to the in-parallel zone was 5:0), the
COPs of SAGSHP-CSP for different area ratios were 3.0, 3.1, 3.2, 3.3,
and 3.5. The corresponding SCOP values were 4.2, 4.2, 4.0, 4.0, and
3.8. The COP and SCOP were always below the values for SAGSHP-
S and -P. The area and heat-storage ratios were closer to the
conventional SAGSHP-S or -P system, while the COP and SCOP
of SAGSHP-CSP were closer to those of them. Therefore, if the area
of BHEs was reduced, without considering that the system can meet
the requirements of direct supply in the early stage of heating and
reduce the start-up time of the heat pump, the soil temperature
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The COP and SCOP for the SAGSHP-CSP system with different area and heat-storage ratios.

drops too fast in the later stage. In addition, the COP of the heat
pump and SCOP of the SAGSHP-CSP system are reduced.

When the heat-storage ratio was the same as the area ratio of the
in-series zone to the in-parallel zone, both COP and SCOP were not
the highest. For example, for the area and heat-storage ratio of 1:4,
the COP and SCOP were 4.3 and 4.5, respectively, which was 0.2 and
0.7 less then when the area ratio was 1:4 and heat-storage ratio was 3:
2. Therefore, the heat-storage ratio is not recommended to be
determined by the area ratio.

The highest COP and SCOP were observed in the case that the
area ratio was 1:4 and the heat-storage ratio was 3:2. For this case,
the COP and SCOP with the values 4.5 and 5.2, respectively,
represented the best overall performances.

Opverall, the optimal area and heat-storage ratios of the in-series
and the in-parallel zones were 1:4 and 3:2. Compared to the
SAGSHP-P system, the COP and SCOP improved by 9.8% and
13.0%, respectively, while the corresponding values improved by
18.4% and 18.2%, respectively, compared to the SAGSHP-S system.

5 Conclusion

A novel SAGSHP-CSP system was proposed in this paper. To
determine the optimal buried spacing, series stages, and heat-
extraction methods, a numerical model was established. The
model was validated using an existing real-life study.
Furthermore, to determine the optimal area and heat-storage
ratio of the in-series to the in-parallel zone, a TRNSYS model for
the SAGSHP-CSP system was developed. The following conclusions

were made.

(1) Based on minimized heat loss, the heat-storage method
included that the heat was first stored in the in-series zone,
and when the heat capacity was insufficient, the heat was
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stored in the in-parallel zone. Using a simulation of different
heat-extraction methods, the recommended heat-extraction
method should be that the heat is first extracted from in-series
zone, and only when the heat capacity is insufficient, the heat
is extracted from both in-series and in-parallel zones.

(2) Comprehensively considering the heat-storage- and heat-
extraction-capacity and -efficiency, the optimal buried
spacing for the in-series and the in-parallel zone is
recommended to be 5.25 m. The number of series stages
for the in-series zone is recommended to be four. Using
optimal design parameters, the average temperature
difference of the BHEs-CSP improved by 6.70°C compared
to BHEs-P, and the heat-transfer efficiency of BHEs-CSP
improved by 4.1% compared to BHEs-S.

(3) The area and heat-storage ratios of the in-series to the in-
parallel zone for SAGSHP-CSP were 1:4 and 3:2,
respectively. For this case, the COP and SCOP improved
by 9.8% and 13.0%, respectively, compared to the
SAGSHP-P system. The corresponding values
improvements by 18.4% and 18.2%,
compared to the SAGSHP-S system.

are
respectively,

In conclusion, the novel structure proposed in this paper
possesses advantages such as simplicity, high efficiency, and ease
of implementation, offering a new approach for engineering
practice. However, it is worth noting that it is not advisable to
allocate heat storage capacity in the series and parallel zones solely
based on the zone area. If blindly reduce the area of the buried pipe
group and increase the heat storage ratio, the SAGSHP system can
initially meet direct supply conditions during the heating season,
reducing the heat pump’s operating time. Nevertheless, in the later
stages, the soil temperature may drop rapidly, resulting in a decrease
in both the heat pump’s COP and the system’s SCOP compared to
traditional systems.
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