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Abstract: A ground source heat pump system is a high-performance technology used for maintaining
a stable underground temperature all year-round. However, the high costs for installation, such as
for boring and drilling, is a drawback that prevents the system to be rapidly introduced into the
market. This study proposes a modular ground heat exchanger (GHX) that can compensate for the
disadvantages (such as high-boring/drilling costs) of the conventional vertical GHX. Through a
real-scale experiment, a modular GHX was manufactured and buried at a depth of 4 m below ground
level; the heat exchange rate and the change in underground temperatures during the GHX operation
were tracked and calculated. The average heat exchanges rate was 78.98 W/m and 88.83 W/m during
heating and cooling periods, respectively; the underground temperature decreased by 1.2 ◦C during
heat extraction and increased by 4.4 ◦C during heat emission, with the heat pump (HP) working.
The study showed that the modular GHX is a cost-effective alternative to the vertical GHX; further
research is needed for application to actual small buildings.

Keywords: low-depth modular GHX; ground heat exchanger; heat exchanger rate; real-scale experiment

1. Introduction

According to the World Energy Outlook 2020, energy demand and CO2 emissions
are expected to steadily increase until 2030 [1]. Moreover, there has long been an over-
whelming consensus among climate scientists that global warming, caused mainly by the
burning of fossil fuels, poses a major threat to civilization and much of the life on Earth;
therefore, reducing the levels of CO2 in the atmosphere is of critical importance. More
than 40% of the primary energy and 70% of the electricity in the USA were consumed by
residential and commercial buildings [2]. Thus, in buildings, renewable energy systems are
gaining importance.

Among them, geothermal systems prove to be the most economical [3]. A ground
source heat pump (GSHP) system is a commonly used green system for the heating and
cooling of buildings, using stable underground temperatures. As shown in Figure 1, the
temperature is nearly constant below a depth of 5 m [4]. The difference in temperature
between the outside air and the ground can be used for pre-cooling in summer, where the
heat pump (HP) achieves a higher pre-heating efficiency than a conventional system by
releasing heat from the relatively cool ground and pumping it into the room. In winter, the
process may be reversed.
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Figure 1. Ground temperature as a function of depth below surface.

However, the high initial investment costs for vertical GHXs are one of the main
obstacles to the wide-spread adaptation of the system. Currently, other costs (about 60% of
the total costs), mainly for drilling boreholes and ground-work, are slightly higher than
the equipment costs [5]; 84% of the 60% of the total costs are for drilling the boreholes.
Therefore, a horizontal GHX with a low initial cost can accelerate the adaptation of GSHP
systems (Figure 2).

Figure 2. Cost breakdown into equipment & non-equipment costs for a GSHP system.

Numerical and experimental studies have been conducted to determine the perfor-
mance and efficiency of a GHX. Table 1 summarizes these studies. Nam et al. [6] developed
a numerical model that combines a heat transport model with heat exchanger and ground-
water flow models, comparing experimental results with those of a numerical analysis.
Congedo et al. [7] analyzed different numerical configurations that reduce costs and im-
prove performance. Dasare and Saha [8] considered the combination of horizontal and
vertical ground heat exchangers, with low costs of installation. Selamat et al. [9] studied
the optimization of a horizontal GHX using different layouts and pipe materials, based
on computational fluid dynamics (CFD) simulation. Kim and Nam [10] proposed a new
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modular GHX and developed a performance prediction equation for it through a numerical
study. The results showed that the coefficients of variation of the root mean square error
(RMSE) of the ground temperature model and entering water temperature (EWT) model
were 5.2% and 1.3%, respectively.

Esen et al. and Luo et al. [11,12] conducted an empirical test to determine the thermal
performance and economic feasibility of a horizontal GHX, while Luo et al. [13] conducted
thermal and economic evaluations of vertical GHXs and their energy files through experi-
mental studies using thermal response tests (TRTs). Yoon et al. [14] used simulations and
experiments to analyze the performance and costs based on the shapes of energy files. Sipio
and Bertermann [15] compared factors affecting the thermal performance of horizontal and
vertical types of GHXs through real-scale tests. Arif et al. [16] analyzed the potential for
using a GHSP with a horizontal GHX in Thailand, comparing it with an air source heat
pump (ASHP). The result was that the GSHP consumed less electricity than the ASHP, and
the CO2 emission rate was also reduced. Kim et al. [17] analyzed the effect of design factors
such as shape and length of a GHX and the capacity of the heat storage tank (HST) on the
performance of the GSHP system.

Table 1. Review of numerical and experimental studies on GHXs.

Year Author(s) Description

Numerical
Study

2008 Nam et al. [6] Development of a numerical model to predict heat
exchange rates of a GSHP system

2011 Congedo et al. [7] CFD simulations of horizontal GHXs, comparison of
different configurations

2015 Dasare and Saha [8] Numerical study of horizontal GHX for high energy
demand applications

2015 Oh et al. [18] Performance analysis of a low-depth unit-type GHX using
numerical simulation

2015 Yoon et al. [14] Thermal efficiency evaluation and cost analysis of
different types of GHXs in energy piles

2016 Gabrielli and Bottarelli [19] Financial and economic analysis of ground-coupled HP
using shallow GHX

2016 Selamat et al. [9] Numerical study of horizontal GHXs for design
optimization through CFD simulation

2018 Habibi and Hakkaki-Fard [20]
Evaluation and improvement of thermal performance of

different types of horizontal GHXs based on
techno-economic analysis

2018 Saeidi et al. [21] Numerical simulation of a novel spiral type GHX for
enhancing heat transfer performance of geothermal HP

2020 Kim and Nam [10] Development of performance prediction equation for a
modular GHX

Experimental
Study

1999 Shonder et al. [22] A new comparison of design methods for vertical GHXs
for residential applications

2006 Esen et al. [11] Energy and exergy analysis of a ground-coupled HP
system with two horizontal GHXs

2013 Luo et al. [12]
Thermal performance and economic evaluation of double

U-tube borehole heat exchanger with three different
borehole diameters

2015 Yoon et al. [23] Evaluation of thermal efficiency in different types of
horizontal GHXs

2016 Luo et al. [13] Thermo-economic analysis of four different types of
GHXs in energy piles

2017 Sipio and Bertermann [15] Factors influencing thermal efficiency of horizontal GHXs

2018 Kayaci and Demir [24]
Long time performance analysis of GSHPs for space

heating and cooling applications based on
thermo-economic optimization criteria

2019 Arif et al. [16] GSHP with horizontal GHXs for space cooling in hot
tropical climates

2020 Kim et al. [17] Analysis on the effect of performance factor on
GSHP system
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There are many studies that aimed to overcome the weakness of a conventional
ground source heat systems, and efforts to improve the economic feasibility and efficiency
of geothermal systems are steadily ongoing. However, there is a lack of research on low-
depth modular GHXs. These can be easily utilized in small buildings and significantly
lower the initial investment costs compared to a vertical GHX; they are also more efficient
than a horizontal GHX. However, empirical research on such modular GHXs has rarely
been conducted.

Therefore, this study proposes a low-depth modular GHX and analyzes the heat
exchange rate through a real-scale experiment. The experiment was conducted in the
short and long term during heating and cooling periods, respectively, and the fluctuation
of the heat source temperature and heat exchange rate was measured. Furthermore, the
change in underground temperatures was analyzed in heating and cooling operation. The
results of this research can be utilized as a fundamental source in the field of low-depth
geothermal energy.

2. Low-Depth Modular Ground Heat Exchanger

In this study, we propose a modular GHX, as shown in Figure 3. It is a cubical structure
made of tubes and buried in the ground using an excavator, at depths between 2 and 10
m from the surface. Compared with conventional vertical GHX systems, it can reduce
the costs of drilling and boring, and shorten the construction period. After attachment to
a 2 m × 2 m × 2 m formwork with a thickness of 0.3 m, a cube made of a high-density
polyethylene pipe is embedded in concrete to protect the pipe from external shocks during
the installation process and reduce the resistance between the GHX and the surrounding
soil. The total pipe length of one GHX unit is 67.3 m. The GHX module has hooks on four
corners for enhanced convenience during installation. The modules of the GHX can be
manufactured at a factory, carried by a small truck, and installed by a small lift or a backhoe,
so that it can be installed in small buildings or even a narrow space in an urban area.

Figure 3. Configuration of Modular GHX: (a) 3D view; (b) Front view; (c) Top view.

With the same capacity of 3RT, the modular GHX saves approximately 45% of the costs
as compared to the conventional vertical GHX. This percentage is based on the estimates of
a company that constructs more than 300 GHXs per year in Korea. Details of the costs are
shown in Table 2.
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Table 2. Cost comparison between vertical GHX and modular GHX.

COST

Vertical GHX (Unit: $) Modular GHX (Unit: $)

Drilling 4770 620
Casing 350 -

Grouting 620 440
Making 620 1770
Labor 530 270
Total 6890 3000

3. Materials and Methods
3.1. Set-up of Real-Scale Experiment

Herein, we set up a real-scale experiment to understand the heat exchange rate of the
developed modular GHX during heating and cooling periods. The experiment site was
located in Yangsan, South Korea (latitude 35.4◦ N, longitude 129.1◦ E). Figures 4 and 5
show the monthly air temperature, precipitation, humidity, and sunlight time based on
data of the Korea Meteorological Administration (KMA) from 1981 to 2010 (latitude 35.1◦

N, longitude 129.0◦ E). The average temperature and precipitation in Yangsan were 15 ◦C
and 1892.5 mm in that period, respectively. Moreover, Figure 6 shows the fluctuation of the
monthly underground temperature in 2020.

Figure 4. Monthly air temperature data from 1981 to 2010.

Figure 5. Monthly weather data from 1981 to 2010 (precipitation, sunlight time, humidity).

According to the renewable energy data center of the Korea Institute of Energy Re-
search (KIER), the ground thermal conductivity and geothermal heat flow in the test site
are 3.16 W/m·K and 70.1 mW/m2, respectively [25].

As shown in Figure 7, three modules of the GHX were connected in parallel, 4 m
below ground level, and separated by a distance of 1 m. In addition, a temperature sensor
was installed at a depth of 3 m underneath the surface to measure the temperature before
and after the GHX operation to determine the temperature change. The locations of the
thermal sensor and flowmeter are marked in Figure 7.
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Figure 6. Underground temperature at 0, −10, −30 cm depth in Yangsan, South Korea.

Figure 7. Diagram of modular GHX with locations of thermal and flow rate sensors indicated.

Figure 8 shows a photograph of the experiment site. After constructing the modular
GHXs, a movable crane was connected to the hooks to lift, transport, and install them, and
a backhoe was used to refill the soil; HP, fan coil units (FCUs), HST, and circulation pumps
were then installed. Table 3 shows the specifications of the equipment at the test site.
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Figure 8. Picture of real-scale experiment site.

Table 3. Specification of equipment.

Equipment Specification

HP
Capacity Heating: 10.69 kW

Cooling: 11.16 kW

Power consumption Heating: 3.35 kW
Cooling: 2.6 kW

GHX
Pipe (HDPE)

Diameter: 40 mm
Length: 67.3 m (per unit)

Thickness: 2.5 mm

Grouting Concrete

Circulation pump

Pump-1 Flow rate: 40 L/m
Length: 5 m

Pump-2 Flow rate: 40 L/m
Length: 8 m

Pump-3 Flow rate: 150 L/m
Length: 15 m

HST
Capacity 300 L

Dimension Diameter: 610 mm
Height: 1530 mm

FCU
Capacity Heating: 14.3 kW

Cooling: 10.2 kW

Power consumption 55 W

3.2. Experiment Conditions

To determine the short-term and long-term heat exchange rates of the GHX during
heating and cooling periods, an operation schedule was set up as shown in Table 4. The
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table shows the operation period, operation mode, and temperature limits of the heat
source and HST, flow rate, and FCU capabilities.

Table 4. Experiment condition.

Case Operation Mode Operating Time
(Period) Flow Rate

Limited
Temperature of

Heat Source

Limited Temperature
of HST FCU Capabilities

1
Heating

1/14 (4 h)
80 LPM 4 ◦C 50 ◦C

Heating: 14.3 kW
Cooling: 10.2 kW

2 4/11 (4 h)

Heating: 28.6 kW
Cooling: 20.5 kW

3 4/11–4/13
4

Cooling
6/23 (6 h)

30 LPM 30 ◦C 15 ◦C5 6/23–7/3
6 7/4–7/17 80 LPM

Cases 1 to 3 determined the heat exchange rate during the heating period, and Cases 4
to 6 determined the heat exchange rate during the cooling period. In Case 3, the operation
time was increased, maintaining the other conditions identical to those in Case 2 so as to
determine the heat exchange rate during long-term operation (48 h). Additionally, Cases 5
and 6 were intended to compare the heat exchange rates under different flow rates.

4. Results
4.1. Heating Period

Figure 9 presents the EWT and leaving water temperature (LWT) in Case 1. When the
set temperature was reached, on off operation was repeated. The HP was operated for an
average of 13 min, and the operation was stopped for 46 min. The break time was reduced
from 46 min to 22 min during the operation in Case 1. This phenomenon was caused by
the drop in ambient temperature over time. During this period (4 h), the average heat
exchange rate per meter was 67.87 W/m. Considering that the heat exchange rate of the
conventional vertical GHX is 40 to 50 W/m, the modular GHX in this study was observed
to be superior.

Figure 9. Fluctuation of EWT and LWT in Case 1.

In Case 2, the FCU’s capacity was increased to 28.6 kW, compared to 14.3 kW in
Case 1, to increase the load. As shown in Figure 10, the HP continued to operate for 4 h
with sufficient heat supply. The EWT was initially around 15.4 ◦C, but the temperature
dropped sharply to 6.3 ◦C, 4 h later. This temperature change appeared to be caused by
the extraction of underground heat. The difference between EWT and LWT was 2.1 ◦C
on average, while the average heat exchange rate per meter was 78.98 W/m. The heat
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exchange rate was a high for a short period at the initial stage. However, with continuous
operation over the long term, the heat exchange rate is expected to decrease.

Figure 10. Fluctuation of EWT and LWT in Case 2.

Figure 11 shows the hourly average EWT, LWT, and heat change rate (HER) per meter
for 48 h of operation. Compared to the results of Case 2 (operation period 4 h) for long-term
operation, although the heat exchange rate per meter was 94.1 W/m at the beginning, the
heat exchange rate per meter continued to fall due to an insufficient recovery time for
the underground heat. During this period, the average heat exchange rate per meter was
51.1 W/m, and the lowest exchange rate was 39.2 W/m, the difference between EWT and
LWT being 1.7 ◦C on average. For a stable, continuous operation, the heat exchange rate
should not exceed 39.2 W/m.

Figure 11. Fluctuation of EWT, LWT, and HER in Case 3.

4.2. Cooling Period

Case 4 refers to 6 h of cooling operation on 23 June 2020. The cooling capacity at this
time was 20.5 kW; an average temperature difference between EWT and LWT of 5.5 ◦C was
maintained. The average heat exchange rate was 88.83 W/m (Figure 12).
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Figure 12. Fluctuation of EWT and LWT in Case 4.

Figures 13 and 14 show EWT, LWT, and the average hourly HER for Cases 5 and 6. In
Case 5, the flow rate was set to 30 LPM (from 23 June to 3 July 2020), while in Case 6, the
flow rate was set to 80 LPM under the same conditions (from 7 to 17 July 2020).

Figure 13. Fluctuation of EWT, LWT, and HER in Case 5.

Figure 14. Fluctuation of EWT, LWT, and HER in Case 6.

The average rate of heat exchange was 102.6 W/m at 30 LPM and 116.8 W/m at
80 LMP, the temperature difference between EWT and LWT being 2.3 ◦C and 0.8 ◦C,
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respectively. It is assumed that, despite the temperature gap between EWT and LWT, the
average heat exchange rate increased due to the increase in flow rates. The minimum heat
exchange rate was 59.2 W/m in Case 5, and 101.89 W/m for Case 6.

4.3. Variation in Underground Temperature

Figures 15 and 16 show the variation in ground temperatures during the heating and
cooling operations of the low-depth modular GHX used in this study. The thermal sensor
was located 3 m underneath the ground between two modules of the GHX.

Figure 15. Underground temperature at a depth of −3 m (Heating period).

Figure 16. Underground temperature at a depth of −3 m (Cooling period).

Figure 15 shows the change in ground temperatures during the 48-h (11 to 13 April
2020) heating operation. As the heating operation of the modular GHX progressed, the
ground temperature dropped by about 1.2 ◦C. Although the underground temperatures
varied with the ambient temperature, the underground temperature tended to fall as the
HP operated.

Figure 16 shows the change in ground temperatures during the long-term operation
of the modular GHX, from 23 June to 17 July 2020 (over 25 days). Since the start of the HP,
the ground temperature increased by 4.4 ◦C. This increase is attributed to the heat release
from the GHX during the cooling period. If the amount of ground heat released during
this period was higher than the heat release from the GHX, the increase in the ground
temperature would have been greater and the initial slope of the ground temperature graph
would be higher than those shown in the graph.

5. Conclusions

This study proposes a low-depth modular GHX, suitable for small buildings, which
overcomes the shortcomings of conventional vertical GHXs, while reducing the initial
investment costs. Through developing such a GHX and subjecting it to investigation on
a real-scale, we observed the heat exchange performance and change in underground
temperature during its operation. The results of the study can be summarized as follows:
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(1) The heat exchange rate during the heating period was 78.98 W/m in the short term
and 51.21 W/m in the long term. For stability during continuous operation, the heat
exchange rate must be below 39 W/m.

(2) The heat exchange rate during the cooling period was 88.83 W/m and 120.57 W/m in
the short term and long term, respectively. For stability during continuous operation,
the heat exchange rate must be below 59 W/m.

(3) The average heat exchange rate during the cooling period was 102.57 W/m, with a
flow rate of 30 LPM, and increased to 116.77 W/m when the flow rate increased to
80 LPM; as the flow rate increased, the heat exchange rate increased.

(4) During the heating operation, the underground temperature decreased by 1.2 ◦C. On
the contrary, during the cooling operation, the underground temperature increased
by 4.4 ◦C up to the maximum point.

This study used artificial loads, real tests, and long-term HP operation to establish a
design method for a modular GHX. Moreover, this real-scale experiment on a low-depth
modular GHX allowed us to determine the heat exchange rate, and the EWT and LWT
temperature patterns during short-term and long-term operation. Furthermore, the effects
of low-depth GHX operations on the underground temperature through real life tests
were shown. Subsequent studies will consider the overall system operation and COP
optimization by considering the actual occupant’s load, while employing a low-depth
modular GHX. In the future, a performance comparison with vertical GHXs under the
same heat exchange area will be conducted, and simulations with a performance prediction
model for the application of the developed system will be performed.
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Abbreviations

GSHP Ground source heat pump
GHX Ground heat exchanger
EWT Entering water temperature
LWT Leaving water temperature
HDPE High-density polyethylene
HP Heat pump
FCU Fan coil unit
HST Heat storage tank
TRT Thermal response test
RMSE Root mean square deviation
CFD Computational fluid dynamics
LPM Liter per meter
COP Coefficient of performance
KMA Korea Meteorological Administration
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