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Abstract : This paper provides a comprehensive analysis of geothermal heat pump systems (GHPS), focusing
on their advantages, disadvantages, key components, types, and ground heat exchangers (GHEs). It presents a
detailed review of closed-loop GHE configurations, emphasizing their impact on heat transfer performance
and installation costs. The findings show that helical GHEs offer superior thermal performance with reduced
drilling depths and costs, while coaxial GHEs, particularly with steel tubes, enhance heat transfer efficiency
and reduce borehole depth. Cost-effective solutions, such as W-type GHEs, deliver comparable thermal
performance to more expensive configurations. Triple U-tube and spiral GHEs demonstrate high efficiency,
balancing performance with economic considerations. The most commonly used borehole geometries are
single or double U-tube configurations, while coaxial designs provide additional benefits in specific
applications. These insights guide the optimization of vertical ground heat exchangers, improving
performance, cost-effectiveness, and long-term sustainability in GHPS installations.

Keywords: geothermal heat pump system (GHPS); ground heat exchanger (GHE); vertical ground heat
exchanger (VGHE); horizontal ground heat exchanger (HGHE).

1. Introduction

Geothermal heat pump system (GHPS), also known as ground-source heat pump (GSHP) or
ground-coupled heat pump (GCHP), utilize heat energy from the earth. The terminology originates
from the Greek word "geo," meaning "earth,"” and "thermal," meaning heat. These systems are widely
recognized for their cost-effectiveness and superior efficiency in heating and cooling applications,
particularly when compared traditional heating and cooling systems (i.e., heating, ventilation, and
air conditioning (HVAC)). GHPS is an efficient and clean heating and cooling solution that does not
rely on burning fossil fuels. Instead of generating heat, it transfers existing heat between the ground
and the building. In winter, the system absorbs heat from the warmer ground and transfers it into
the building by circulating a liquid through underground loop pipes. The heat pump compresses this
liquid to raise its temperature, which is then used to warm the building. In summer, the process is
reversed: the system absorbs heat from the building and transfers it into the ground, thereby cooling
the building. This process operates in a closed-loop cycle, providing energy-efficient heating and
cooling year-round. Interestingly, during the summer, the heat pump is not needed because the
ground temperature is cooler than the indoor temperature, helping to reduce overall operating costs
[1-4].

1-1 . Advantages

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Geothermal Heat Pump System (GHPS) offers significant energy savings, using 25%
to 50% less electricity than conventional heating and cooling systems. This is due to its high coefficient
of performance (COP), which allows it to transfer three units of heat from the ground to the system
using just one unit of electricity [3]. As a result, GHPS can reduce heating costs by 30-60% and cooling
costs by 20-50% compared to traditional heating and cooling systems [5, 6]. It would be preferable for
the GHPS's power demands to be fulfilled through renewable energy sources rather than by drawing
from electric utilities [7]. Furthermore, the GHPS is significantly more energy-efficient than
conventional heating and cooling systems, particularly during the winter months. Unlike
conventional heating systems that burn fuel to generate heat, the GHPS transfers existing heat from
one place to another. Its heating efficiency is typically 30-70% higher than that of conventional heating
systems and 20-50% more efficient than air conditioning systems [8, 9]. Moreover, it is highly effective
at regulating humidity, enhancing both comfort and overall energy efficiency [1]. The GHPS boasts
a longer lifespan than most traditional heating and cooling systems, with its high-density
polyethylene (HDPE) pipes lasting up to 50 years, while the heat pump unit typically lasts up to 25
years [3]. As a result, the GHPS is recognized as a clean, reliable, renewable, and sustainable energy
source that requires minimal maintenance, contributing to its growing popularity compared to
traditional heating and cooling systems. Additionally, GHPS is considered one of the most promising
stable renewable energy sources, as it is consistently available, unaffected by weather conditions, and
depends entirely on the Earth's relatively constant temperature. This enables it to maintain a
consistent indoor climate year-round, unlike other renewable energy sources like solar and wind,
which are subject to fluctuations based on weather conditions [10]. The GHPS operates with minimal
noise, as its piping loops are buried underground, and the indoor unit generates sound levels similar
to a typical refrigerator. In addition to its quiet operation, the GHPS offers significant environmental
advantages, such as reducing greenhouse gas (GHG) emissions that contribute to global warming,
and creating a quieter, less polluted environment. For example, compared to conventional heating
and cooling systems powered by fossil fuels, the GHPS can reduce overall GHG emissions by up to
66% and carbon dioxide (COz2) emissions by as much as 50% [11]. After covering the initial installation
costs, the GHPS is expected to recover the initial capital investment in as little as four to seven years,
depending on the system configuration and the size of the underground loop [12-18]. Although the
high initial installation costs, the GHPS is expanding quickly due to its long-term cost savings. Thus,
GHPS is considered a rapidly growing technology globally, as demonstrated by the rising number of
new installations each year [1]. For example, as of 2021, there were approximately 6.46 million ground
source heat pump (GSHP) units in operation across around 30 countries globally. The United States
accounted for 1.7 million of these units, representing about 26.2% of the global installed base. In the
United States, the majority of these systems—about 60% —were used for commercial applications,
while the remaining 40% were for residential purposes, according to the International Energy
Agency’s (IEA) 2020 Geothermal Report [19]. Furthermore, the installation rate in the United States
is significant, with approximately 50,000 new GSHP systems being added each year, according to the
International Ground Source Heat Pump Association [18]. This growing adoption reflects the
increasing recognition of GSHPs as an efficient and sustainable solution for heating and cooling in
both residential and commercial settings.

1-2 . Disadvantages

Despite their advantages, Ground-Source Heat Pump Systems (GHPSs) have some drawbacks.
One major disadvantage is the need for drilling to install the underground loop pipes, which
increases installation complexity and cost compared to other renewable energy systems like solar
panels or wind turbines [10]. Additionally, the initial investment for a GHPS is generally higher, with
expenses typically 30% to 50% above those of traditional heating, ventilation, and air conditioning
(HVAC) systems [20]. Thus, the cost of installing a residential Ground-Source Heat Pump System
(GHPS) typically ranges from $10,000 to $30,000 [21]. This variation depends on factors such as the
system's configuration, the size of the underground loop, the amount of drilling needed, and the local
soil thermal properties [1]. For instance, installing a GHPS in a standard 2,000-square-foot home in
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the United States usually costs between $10,000 and $20,000 [22]. The vertical ground heat exchanger
(VGHE) configuration requires extensive drilling, typically ranging from 30 to 130 meters below the
surface [23-26]. This setup can be quite expensive, especially if drilling through dense materials such
as rock or stone. In contrast, the horizontal ground heat exchanger (HGHE) configuration requires
shallower drilling—usually between 1.5 and 4 meters deep—and is simpler and less costly to install
[27]. As aresult, it is a more popular choice for many households. However, the HGHE configuration
requires a larger land area to bury the looping pipes. In both configurations, the cost of pipe materials,
heat pumps, and installation services can be significant [1]. The installation process for a GHPS can
take longer than that of other renewable energy systems, such as solar or wind, which may put
pressure on both designers and installers. For example, installing a GHPS typically takes between 6
to 8 weeks, depending on factors such as system capacity, configuration, and soil thermal properties
[26, 28]. The GHPS has limited heating output because it relies on the Earth's stable temperature,
which may not meet building demands during cold months, especially in January and February. In
such cases, additional heating is needed, leading to costs. Its performance also varies by location—
poor soil thermal properties can reduce its efficiency. These factors, along with high installation costs,
limit the widespread use of GHPS [13, 16]. Advantages and disadvantages of a Geothermal Heat
Pump System (GHPS) are summarized in the Table 1.

Table 1. Advantages and disadvantages of geothermal heat pump systems (GHPS).

Advantages Disadvantages Refs
- Uses 25%-50% less electricity than traditional
HVAC systems.
- High COP (3:1): transfers three units of heat for
every one unit of electricity.
- Reduces heating by 30-60% and cooling by 20-50%

- Higher installation cost: typically 30%-50% more
than standard HVAC systems.
- Total installation cost $10,000-$30,000 depending [3, 5, 6] [8-11]
on configuration, depth of drilling, and soil

. conditions.
compared to conventional systems.
- Recoups investment in 4-7 years through energy
savings. - Expensive upfront costs for installation.
- 50-year lifespan for HDPE pipes and 25 years for - Installation time 6-8 weeks, which is longer than [12-18] [28].
the heat pump. other renewable systems like solar or wind.
- Requires minimal maintenance.
- Reduces GHG emissions by 66% and CO2 - Requires a large land area for horizontal loops,
emissions by up to 50% compared to fossil-fuel which may not be feasible in small properties.
systems. - Efficiency is affected by poor soil quality or [10] [11]
- Operates with low noise levels, similar to a typical dense rock formations, requiring more expensive
refrigerator. installations.
- Provides stable heating and cooling performance, - Limited heating capacity in extremely cold
even during extreme weather conditions. months (e.g., January/February), requiring
- Not weather-dependent like solar or wind energy. supplementary heating. [10, 13, 16, 26]
- Provides reliable indoor climate throughout the - Efficiency drops with poor soil thermal
year. properties.
- Over 6.46 million GSHP units installed globally, - High installation complexity limits adoption in
with the U.S. having 1.7 million (26% of the some regions.
market). - Requires specialized installers, and not all areas
- 50,000 new systems installed annually in the U.S., have the necessary expertise. [18, 19]
indicating growing adoption. - Land requirements or high installation costs may
- Recognized as an efficient and sustainable not be viable in some densely populated or high-
solution for both residential and commercial use. cost areas.

In this paper, we present a comprehensive analysis of Geothermal Heat Pump Systems (GHPS),
examining their benefits and limitations, key components, and various system types, with a primary
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focus on ground heat exchangers (GHEs). Furthermore, we provide an in-depth review of different
closed-loop GHE configurations, discussing their influence on heat transfer efficiency, performance,
and installation costs. The paper also emphasizes the importance of selecting the appropriate GHE
configuration to optimize both system performance and economic feasibility. The remainder of the
paper is organized as follows: Section 2 covers the components of GHPS, Section 3 discusses the types
of GHPS, Section 4 presents a comparison of closed-loop ground heat exchanger configurations, and
Section 5 provides a brief conclusion.

2-. GHPS Components

The geothermal heat pump system (GHPS) generally comprises a heat pump, a distribution unit
system, and a ground heat exchanger (GHE), as illustrated in Figure 1.

1 - Ground heat exchanger

Coiideiser 2 - Water circulating pumps

and Control unit
Expansion valve

3 - Heat pump

4 - Distribution system

Figure 1. Schematic diagram of geothermal heat pump system [16].

2-1. Heat Pump

A heat pump is an energy-efficient device that transfers heat from a cooler area to a warmer one
using a refrigeration cycle. In winter, it moves heat from the outside to warm a home; in summer, it
can reverse the process to cool the home. Since heat pumps transfer rather than generate heat, they
are more energy-efficient than other heating and cooling methods. A heat pump uses less electricity
for heating and cooling compared to systems powered by oil, gas, or electricity. Furthermore, it
reduces carbon dioxide emissions by 50% compared to these traditional heating methods [2, 3]. Heat
pumps are a key element of the Ground Source Heat Pump System (GHPS) and generally come in
two main types: water-to-water and water-to-air, with the water-to-air version being the most
common in North America. The heat pump consists of three main components: the compressor,
condenser, and evaporator, as shown in Figure 2.
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Figure 2. heat pump system.

The efficiency of a heat pump is assessed by its Coefficient of Performance (COP), which
typically ranges from 3 to 6. This indicates that for every unit of electricity consumed, the heat pump
can produce 3 to 6 units of heat. A higher COP signifies improved performance, reduced energy
consumption, and lower operational costs, whereas a lower COP leads to decreased efficiency and
higher energy usage. The heat pump’s efficiency is strongly affected by factors such as operating
conditions and the temperature difference between the ground and the building, which are crucial to
the system's overall effectiveness [1]. These factors are essential to the system's efficiency. The
Coefficient of Performance (COP) is defined by the following equation:

cop=4_2¢ (1)
w w
where Q is the heat supplied, and W > 0 is the work done by the system in one cycle.
For cooling, the COP is:
_ lod _ ¢

COPcooling W W (2)

For heating, the COP is:
.H Qc+W
COPheating = % = CT = COPcooling +1 3)

where Q. >0 is the heat absorbed by the system from the low-temperature reservoir, and @ is
the heat released into the hot reservoir. Note that Q, <0, as it represents heat lost by the system [29].

2.-2  Distribution System

The distribution system consists of a network of ducts designed for air circulation, mounted
along the underside of the building's roof and walls, and connected to the heat pump. This system
distributes heated and conditioned air through the ducts, ensuring consistent room temperatures
throughout the building [1].
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2-3 . Ground Heat Exchanger

The Ground Heat Exchanger (GHE) is a key component of a ground-source heat pump system
(GHPS) because of its direct interaction with the earth, allowing it to take advantage of the earth’s
relatively stable temperature. The GHE is classified into different types based on the configuration of
the pipes buried in the ground. It consists of a network of looped pipes made from High-Density
Polyethylene (HDPE) plastic, which is specifically designed for geothermal systems. These pipes are
typically filled with a water or water-antifreeze mixture and are continuously circulated by a pump
to enhance heat transfer. The circulating fluid absorbs heat from the surrounding ground and
transfers it to the heat pump, providing efficient heating or cooling for the building.

3. GHPS Types

Geothermal heat pump system (GHPS) is primarily classified into two types based on the design
of their ground heat exchanger (GHE): open-loop systems and closed-loop systems, as shown in

Figure 3.
GHPS
OpenlLoop Closecll Loop
Ve:'tical Horizlontal Ponc:fLake
|
U-‘:ube W-:ube H;lical Colaxial Sl::;ral Slinky

Figure 3. Types of geothermal heat pump system (GHPS) [1].

3.-1 Open Loop Systems

An open-loop geothermal heat pump system is a geothermal heating and cooling system that
directly utilizes water from a natural source, such as groundwater or a surface body of water, for
heating and cooling purposes. Figure 4 shows the open-loop geothermal heat pump system.
Furthermore, the open-loop geothermal heat pump system is commonly referred to as a "pump-and-
dump" system. Water is drawn from the source, passed through a heat exchanger within the
geothermal unit where thermal energy is transferred, and then returned to the original source. Unlike
closed-loop systems, which circulate a sealed fluid in a closed circuit, open-loop systems rely on
continuous water withdrawal and discharge. While these systems offer superior heat exchange
efficiency and lower installation costs, they are vulnerable to issues related to water quality, such as
contamination or sediment buildup, which can damage the system and increase maintenance costs.
Thus, their use is limited to locations with a reliable and clean water supply, making them less
versatile than closed-loop systems, which do not rely on external water sources [1-3, 30-34].
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Figure 4. Open-loop geothermal heat pump system [3].

3.-2 . Closed Loop Systems

A closed-loop geothermal system is a type of heat pump system that circulates a heat transfer
fluid through a network of underground pipes, which are typically made of high-density
polyethylene (HDPE). The fluid absorbs or releases heat to or from the ground, depending on
whether the system is in heating or cooling mode. This system operates in a closed circuit, meaning
the fluid is continuously recycled and does not require replenishment. The heat exchange between
the fluid in the underground pipes and the refrigerant in the heat pump allows for efficient energy
transfer, providing heating and cooling to the building. Closed-loop geothermal systems are widely
used due to their reliability, efficiency, and long lifespan. These systems can be classified based on
their installation configurations, which include horizontal, vertical, or pond-based layouts,
depending on geotechnical conditions and available space, as will be discussed in the following
section [1, 3, 30-33].

3.-2-1Vertical Configuration

The vertical ground heat exchanger (GHE), also referred to as a borehole heat exchanger (BHE),
is one of the most widely used configurations in geothermal heat pump systems (GHPS). A schematic
representation of a vertical closed-loop GHE is shown in Figure 5. The vertical GHE is typically
chosen when space is limited or when the ground surface is rocky. In addition, vertical GHEs
generally offer more stable performance compared to horizontal systems, as they are installed several
meters below the surface, where the temperature remains more consistent and less influenced by
seasonal weather fluctuations [3, 35]. This configuration allows the ground to function as both a heat
source and a heat sink, as well as a medium for thermal energy storage [13, 16]. However, the
installation cost of vertical GHE is significantly higher than that of horizontal systems. In this
configuration, the loop pipes are inserted vertically into geothermal boreholes, typically ranging from
30 to 120 meters deep [25, 26, 36, 37]. The depth is determined by the thermal properties of the soil,
with depths of up to 120 meters often yielding optimal performance. Borehole diameters generally
range from 0.1 to 0.2 meters [26, 38-41]. The required depth and borehole dimensions depend on the
specific thermal characteristics of the soil and the heating and cooling requirements of the building.
The vertical loop pipes are typically spaced 5 to 7 meters apart to minimize thermal interference,
which can negatively impact system performance [42-46]. The space between the loop pipes and the
borehole walls is usually filled with a backfill material, which can consist of pure soil or a specially
designed admixture to enhance thermal contact between the ground heat exchanger (GHE) and the
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surrounding ground. Proper grouting is essential to prevent air gaps, which could result in thermal
discontinuity (i.e., contact resistance), reducing the system's heat transfer efficiency [13, 16, 47]. High
thermal conductivity backfill material ensures optimal heat exchange, prevents borehole collapse,
and contributes to the system's long-term performance and stability.

Vertical GHEs can be configured in various ways, including single U-tube, double U-tube, triple
U-tube, multi-tube, W-tube, helical, or coaxial loops [48-54]. These configurations may be arranged
in series or parallel connections to the heat pump system, with parallel connections generally offering
better efficiency despite requiring more pipes [55, 56]. While the series configuration is simpler and
utilizes fewer pipes, it is less efficient than the parallel configuration. In comparison, the barrel
connection offers superior performance relative to the series connection. For instance, Heyie et al. [48]
conducted an evaluation of thermal resistances for both single U-tube and double U-tube borehole
arrangements. Their findings indicated that the double U-tube configuration demonstrated better
thermal performance than the single U-tube configuration. Among these configurations, the single
U-tube vertical GHE is the most commonly used due to its relatively simple installation, compact
space requirements, and lower cost [55, 57]. Despite the high initial cost due to the need for
extensive drilling, the vertical configuration is advantageous in areas with limited available land
space [19, 58]. The number, depth, and diameter of the boreholes are determined by soil properties,
temperature variations, and the specific heating and cooling demands of the building [13, 16, 59, 60].
Salhein et al. [26] conducted a comprehensive study on the various factors that influenced the
performance of the vertical ground heat exchangers (GHEs), including soil thermal properties,
backfill material characteristics, borehole depth and spacing, U-tube pipe properties, and the type
and velocity of the heat carrier fluid. The study also examined the impact of these factors on heat
transfer efficiency and proposed optimal strategies for enhancing GHE performance. Interestingly,
single U-tube BHEs are more prevalent in North America, while double U-tube systems are more
commonly used in Europe [61].

Closed Loop Systems

Werthcal

Figure 5. Vertical closed-loop geothermal heat pump system [3].

3-2-2. Horizontal Configuration

The horizontal ground heat exchanger is often considered the most cost-effective option when
there is sufficient available land area or when the soil is predominantly rocky [57, 62]. Figure 6
illustrates a schematic of a horizontal closed-loop ground heat exchanger. This system involves
burying the heat exchange pipes horizontally in trenches, typically spaced a minimum of 1.5 meters
apart and installed at depths ranging from 2 to 6 meters below the surface. The total length of piping
required is generally between 35 and 60 meters per kilowatt (kW) of heating or cooling capacity [27].
These systems necessitate a considerable amount of land for the installation of the ground loop pipes.
The pipe configurations in horizontal systems can vary, typically arranged in either series-parallel,
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spiral, or slinky layouts [3, 35]. The slinky configuration is particularly space-efficient, as it allows for
additional coils to be stacked within the same trench, thus occupying less surface area than traditional
trench configurations. However, this method may result in a reduction in system performance when
compared to the more traditional horizontal loop layout [63]. Among the various configurations, the
parallel connection is most commonly used due to its lower energy consumption compared to the
series connection. Despite this, spiral and vertical arrangements generally offer superior heat transfer
performance relative to horizontal and slinky configurations [57].

Figure 6. Horizontal closed-loop geothermal heat pump system [3].

3-2-3. Pond/Lake Configuration

The pond or lake loop configuration, often referred to as the "lake loop" system, involves a series
of interconnected loop pipes that are typically arranged in a slinky pattern and deployed in a nearby
body of water such as a lake, pond, river, or other available aquatic resource. This geothermal system
is considered one of the most efficient due to the higher thermal conductivity of water compared to
soil, which enhances the heat transfer process for both heating and cooling. Moreover, this system
offers a significant reduction in installation costs, as it eliminates the need for drilling. Instead, the
pipes can be positioned on skids and submerged directly into the water, streamlining the setup
process [64]. However, the applicability of this configuration is limited, as it depends on the
proximity of a suitable water body. Without such a resource nearby, the system cannot be effectively
utilized [3]. A typical installation involves the arrangement of heat exchange coils, which are
anchored on racks and placed approximately 8 to 10 feet below the water’s surface, creating an
efficient thermal transfer [64, 65]. A schematic diagram of a closed-loop pond heat exchanger is
shown in Figure 7.
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Closed Loop Systems
Pond/Laka 2 :

Figure 7. Pond/Lake closed-loop geothermal heat pump system [3].

3-3. Comparison of closed-loop and open-loop geothermal heat pump systems

Closed-loop geothermal heat pump systems operate by circulating a heat exchange fluid
through a sealed network of underground pipes, ensuring reliable and low-maintenance
performance over a lifespan ranging from 50 to 100 years. This makes them particularly suitable for
a diverse array of environments, including urban areas where access to a consistent water supply
may be limited or unreliable. These systems are characterized by their versatility and minimal
environmental impact, as they do not deplete or discharge water, thus avoiding issues related to
resource consumption and contamination. However, closed-loop systems entail higher initial
installation costs due to the need for excavation or drilling, and their space requirements may pose
constraints in certain settings. In contrast, open-loop geothermal systems utilize water from an
external source, such as a well, pond, or lake, for heat exchange. While these systems typically have
lower upfront costs, they are contingent upon a continuous, reliable water supply, which may limit
their applicability in areas where water availability fluctuates. Additionally, open-loop systems are
susceptible to a range of challenges, including sediment accumulation, corrosion, and water quality
degradation, all of which can undermine system efficiency and longevity. These factors contribute to
higher maintenance demands and a potentially reduced operational lifespan. Moreover, open-loop
systems can have a more significant environmental impact, given their reliance on the depletion and
discharge of water, which may exacerbate concerns related to local water resource management and
ecosystem health. Ultimately, closed-loop systems offer superior durability, sustainability, and
minimal operational oversight, while open-loop systems, although potentially more cost-effective in
water-abundant regions, require more frequent maintenance and careful management to mitigate
environmental risks and ensure long-term viability [1, 29-34]. Table 2 summarizes the comparison
between closed-loop and open-loop geothermal heat pump systems.

Table 2. Comparison of Closed-Loop and Open-Loop Geothermal Heat Pump Systems.

Aspect Closed-Loop Geothermal Heat Pump Open-Loop Geothermal Heat Pump Refs
Systems Systems
Operation Circulates a heat exchange fluid thr?ugh aUses water from an external source (e.g., [1, 33, 34]
sealed network of underground pipes. well, lake) for heat exchange.
Cost Higher initial cost due to excavation or ~Lower initial cost as it does not require [29, 32-34]

drilling for pipe installation. drilling or excavation.
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Space requirements depend on the size
of the water source but generally [30, 31, 34]
smaller than closed-loop.
Shorter lifespan due to water quality
issues and maintenance needs.

Space Requires significant space for horizontal
Requirements  ground loops or drilling for vertical loops.

Lifespan 50 to 100 years with minimal maintenance. [1, 32, 33]

. . . Requires more frequent maintenance
Low maintenance with minimal

Maintenance . . . due to potential sediment buildup and  [2, 30, 33, 34]
intervention over time. L.
water quality issues.

Environmental Minimal, no water consumption or Potential environmental concerns [1,2,32]
Impact discharge regarding water use and discharge "
. Consistent, stable performance Can be highly efficient but depends on
Efficiency P &Y P 29, 30, 32]
throughout the year. water quality and source temperature.
. . . Less sustainable over time due to
Highly sustainable due to low operational . .
Long-Term . ) maintenance demands, potential
- . costs, minimal maintenance, and . . [29, 32-34]
Sustainability environmental risks, and water resource

environmental benefits.
concerns.

4. Discussion: Comparison of Closed-Loop Ground Heat Exchanger Configurations

Some closed-loop configurations are more efficient in heat transfer and have lower installation
costs than others. For instance, Cui et al. [66] highlighted that vertical ground heat exchangers (GHEs)
generally provide superior energy performance compared to horizontal systems. Florides et al. [67]
compared the efficiency of vertical and horizontal GHEs through modeling. Their simulations
showed that as the initial ground temperature increased, the mean fluid temperature in the vertical
GHE rose linearly. Although vertical GHEs generally maintained lower fluid temperatures due to
higher ground temperatures at greater depths, they suggested that optimizing the design—such as
increasing tube spacing—could reduce fluid temperature and improve efficiency. Sdez Blazquez et
al. [68] concluded that the spiral ground heat exchanger configuration requires a shallower drilling
depth than the U-tube configuration, leading to significant reductions in initial capital costs. They
also found that helical-shaped pipes provide superior thermal efficiency compared to single and
double U-tube heat exchangers, enhancing performance and reducing the required drilling depth for
the same length. Furthermore, their study revealed that double U-tube heat exchangers do not offer
a significant improvement in thermal exchange over single U-tube systems, with the primary benefit
being redundancy in case of failure. Additionally, the use of spacers in U-tube heat exchangers
increased efficiency by approximately 30% compared to configurations where the inlet and outlet
pipes were in direct contact. Kerme et al. [69] conducted a numerical analysis of single U-tube and
double U-tube BHE configurations, revealing that the double U-tube configuration with a larger
borehole size provided the best thermal performance, while the single U-tube with a smaller borehole
size demonstrated the lowest performance. Miyara et al. [70] evaluated the performance of ground
heat exchangers (GHEs) in cooling mode. The results showed that the double-tube GHE had the
highest heat exchange rate (49.6 W/m), followed by the multi-tube (34.8 W/m) and U-tube (30.4 W/m)
GHEs. Furthermore, Yavuzturk and Chiasson [71] used a thermal resistance model to compare the
thermal performance of various ground heat exchangers, including single U-tube, double U-tube,
concentric tube, and standing column well (without groundwater bleed). The results showed that the
single U-tube required the longest bore length, while the double U-tube, concentric tube, and
standing column well reduced the bore length by 22%, 33%, and 36%, respectively. Kerme et al. [69]
agreed with Miyara et al. [70], Yavuzturk and Chiasson [71], and Geo et al. [72] that the double U-
tube BHE configuration provided better heat transfer performance than the single U-tube ground
heat exchanger.

Furthermore, Zarrella et al. [73] compared the performance of helical-shaped pipes and double
U-tube ground heat exchangers installed at shallow depths, considering the impact of ground-surface
interaction and ambient conditions on thermal behavior. The results indicated that the helical heat
exchanger demonstrated better thermal performance than the double U-tube. A comparison of the
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performance of eight new types of helical ground heat exchangers (GHEs) with a single U-tube GHE
was conducted by Javadi et al. [74]. The results showed that the triple helix GHE outperformed all
other designs, followed by the double helix and W-tube GHEs, while the single U-tube GHE
demonstrated the lowest thermal performance and pressure drop among all the models.

Moreover, Gao et al. [72] investigated the heat transfer performance of various ground heat
exchanger configurations, including single U-tube, double U-tube, triple U-tube, and W-shaped
tubes. Their analysis showed that the W-shaped tube configuration provided superior performance
compared to the other configurations. Xia et al. [49] evaluated several factors affecting heat transfer,
including heat exchanger type, water velocity, inlet temperature, and operation mode. They found
that the W-shaped heat exchanger achieved 1.2 to 1.4 times higher heat exchange rates than the single
U-shaped type; the optimal water velocity ranged from 0.6 to 0.9 m/s; each 1°C increase in inlet
temperature led to a 15% increase in the heat exchange rate. Furthermore, Chen et al. [54] developed
3D models of double-U and enhanced coaxial BHEs with spiral ring fins, considering groundwater
seepage and variations in heat transfer across different soil and rock layers. Simulations under
different conditions demonstrated that the enhanced coaxial BHE outperformed the double-U BHE,
with its heat transfer per linear meter being 1.46 times higher in winter and 1.45 times higher in
summer, respectively. Furthermore, Harris et al. [75] used a custom numerical model in OpenFOAM
to compare the performance of coaxial and U-tube borehole heat exchangers. The analysis showed
that both designs performed similarly in the long term due to high soil resistance, with the most
significant differences observed during the early transient phase. Coaxial heat exchangers with
polyethylene piping exhibited minimal differences in outlet temperature after 72 hours. However,
using a steel coaxial outer tube improved performance by 22% compared to the U-tube design.
Moreover, Harris et al. [76] studied the impact of intermittent operation on coaxial and U-tube
borehole heat exchangers. They found that U-tubes outperformed coaxial designs for durations
shorter than the transit time, while coaxial BHEs performed up to 12.9% better for longer durations.
Rajeh, et al. [77] evaluated the performance of coaxial and multi-external-chamber coaxial ground
heat exchangers (GHEs). The results showed that coaxial GHEs provided the best thermal
performance, with 127.54% higher maximum heat transfer and 17.67% higher average heat transfer
rates than double U-tube GHEs, respectively. Replacing double U-tube GHEs with coaxial designs
reduced the number of GHEs by 13.3%, water pump energy consumption by 33.91%, and total system
energy use by 17.21%, respectively. A coaxial ground heat exchanger can reduce the borehole depth
by 23%, as noted by Raymond et al. [52]. Furthermore, Sliwa et al. [78] conducted numerical
simulations on three GHE configurations—single U-tube, double U-tube, and coaxial —to assess the
impact of grout material on resistivity and effective thermal conductivity. Their results revealed that
the coaxial GHE provided the best performance.

Bezyan et al. [79] investigated the thermal performance of vertical spiral-shaped pipe
configurations in geothermal pile foundation heat exchangers, comparing them with 1-U-shaped and
1-W-shaped configurations in cooling mode. Their results showed that spiral-shaped pile-
foundations with a serial connection achieved the highest heat transfer rate and efficiency compared
to the other configurations. Mehrizi et al. [56] simulated geothermal coil heat exchangers in a ground-
coupled heat pump (GCHP) system for cooling mode, comparing three vertical pile-foundation
configurations: 1-U-shaped, 1-W-shaped, and W-shaped-all round (6-U pipes arranged around the
pile). The numerical results demonstrated that the W-shaped-all round configuration achieved the
highest heat transfer efficiency. Moreover, pile-foundations with serial connections showed better
performance and efficiency compared to those with parallel connections.

Yoon et al. [50] examined the thermal performance of precast high-strength concrete (PHC)
energy piles with W-type and coil-type ground heat exchangers (GHEs) using experimental tests and
numerical simulations. Their results indicated that coil-type GHEs were 10-15% more efficient than
W-type GHEs, but the W-type GHEs were 200-250% more cost-effective in terms of installation.
While coil-type GHEs required fewer piles, making them suitable for larger projects, the W-type
GHEs provided a more economical solution with comparable thermal performance. Additionally, the
W-tube BHE configuration is approximately 14% more efficient than the U-tube ground heat
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exchanger [80]. Yoon et al.[81] indicated that W-tube GHE configurations exhibit a 10-15% higher
average heat exchange rate compared to U-tube GHE configurations. Moreover, Asgari et al. [82]
used a 3D numerical model to assess the thermal performance of various horizontal GHE pipe
arrangements (linear, spiral, and slinky). The linear GHE with a quadruple-layer arrangement
demonstrated the highest heat exchange rate, 34% greater than the single-layer configuration. The
staggered double-layer arrangement was optimal in slinky and spiral GHEs improving heat exchange
by 22% and 7% respectively. Kurevija et al. [83] compared vertical and inclined coaxial borehole heat
exchangers (BHEs) in a consistent geological setting. The results showed that the vertical 2-U-loop
BHE demonstrated superior heat extraction (54.5 W/m compared to 43.5 W/m) and lower thermal
resistance than the coaxial system. Furthermore, Lee et al. [84] performed an in-situ thermal response
test in Wonju, South Korea, evaluating six vertical ground heat exchangers with different grouting
materials such as cement and bentonite and pipe configurations including U-loop and 3-pipe designs.
The study found that the 3-pipe design reduced thermal interference between the inlet and outlet
resulting in superior thermal performance compared to the conventional U-loop configuration.
Moreover, Yoon et al. [85] evaluated the heat exchange rates of horizontal slinky, spiral-coil, and U-
type ground heat exchangers in a steel box filled with dry sand using 30-hour thermal response tests.
The U-type GHE showed the highest heat exchange rate per pipe length, achieving 2 to 2.5 times the
thermal efficiency of both the horizontal slinky and spiral-coil GHEs. Additionally, a longer pitch
interval (pitch/diameter = 1) resulted in 100-150% higher heat exchange rates compared to a shorter
pitch interval (pitch/diameter = 0.2) for both spiral-coil and horizontal slinky designs. Chong et al.
[86] pointed out that a horizontal slinky-loop heat exchanger with smaller loop pitches results in
better thermal performance and lower installation costs, although it leads to higher material costs.
Thus, loop pitch has a greater impact on thermal performance than loop diameter. Thus, as the coil
diameter in the slinky heat exchanger increases, heat extraction per meter of soil rises, while
increasing the coil central interval distance reduces heat extraction per meter of soil.

Luo et al.[87] conducted an evaluation study of the thermal efficiency of four ground heat
exchanger types in energy piles—double-U, triple-U, double-W, and spiral—through thermal
performance tests under intermittent heating and cooling conditions. The results showed that the
triple-U type provided the highest thermal efficiency, followed by the spiral and double-W types,
which exhibited similar performance. The double-U type had the lowest thermal efficiency.
Additionally, the spiral type with a 32 mm diameter demonstrated a 32% higher heat transfer rate
compared to the 25 mm version. A cost-benefit analysis revealed that the triple-U type offered the
best economic performance, followed by the double-U, spiral, and double-W types. However,
thermal efficiency was found to be a more important factor than pipe material costs in practical
applications. Law et al. [88] conducted a study modeling GSHP systems in four buildings —a hospital,
restaurant, residence, and school—using different borehole configurations (2 x 2, 4 x 4, 2 x 8). The
results indicated that the 6-meter separation distance recommended by ASHRAE may not have been
sufficient to prevent thermal interactions between boreholes. The (2 x 8) configuration, offering a
larger perimeter for heat dissipation, outperformed the (4 x 4) configuration. Song et al. [55]
developed a 3D unsteady-state numerical model to simulate fluid flow and thermal processes in a
downhole heat exchanger (DHE) system, evaluating spiral, parallel, and serial tube configurations.
The results showed that the serial connection outperformed the parallel connection in terms of outlet
temperature and thermal power. Among the three configurations, the spiral tube DHE demonstrated
the highest heat extraction performance, offering valuable insights for optimizing DHE design.
Furthermore, Florides et al. [57] compared the heat performance of single and double U-tube GHE
configurations in both series and parallel connections. The results showed that the double U-tube
configuration, whether connected in series or parallel, outperformed the single U-tube BHE
configuration. Interestingly, the most commonly used geometries are multi-tube, single U-tube,
double U-tube, and triple U-tube configurations. Other designs include coaxial setups, such as pipe-
in-pipe geometry or multiple pipes surrounding a central pipe.

Kim et al. [63] evaluated the performance of horizontal ground heat exchangers (GHEs) through
both experimental tests and numerical simulations. Thermal response tests (TRTs) were conducted
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using slinky- and spiral-coil GHEs installed in a steel box filled with Joomunjin sand. The results
demonstrated that spiral-coil GHEs provided superior heat exchange performance compared to
slinky-type GHEs. Numerical simulations confirmed the experimental findings, identifying GHE
type and soil thermal conductivity as the primary factors influencing heat transfer, while pipe
diameter had no significant impact on performance. The U-type ground heat exchanger is the most
economical while delivering equivalent thermal performance compared to the horizontal slinky and
spiral-coil types, as noted by Yoon et al. [85]. Moreover, Acufa [51] conducted field tests with U-pipe
and coaxial BHEs, including a thermosiphon, in groundwater-filled boreholes, employing the new
Distributed Thermal Response Test (DTRT) method to assess local BHE performance. Their results
showed that coaxial BHEs, particularly the pipe-in-pipe design, exhibited lower thermal resistances
and reduced temperature differences, allowing for the use of water instead of antifreeze.
Additionally, nitrogen bubble-induced forced convection reduced thermal resistance in U-pipes by
30%, enhancing heat transfer efficiency. Furthermore, Raymond et al. [52] performed analytical
design calculations that demonstrated the coaxial pipe configuration was more efficient than the
single U-pipe, reducing borehole length by up to 23% for a cooling-dominated building load profile.
This reduction was attributed to a lower borehole thermal resistance and the increased thermal mass
provided by the water in the coaxial exchanger. The improved thermal resistance was achieved by
using an outer pipe made of thermally enhanced high-density polyethylene, with a thermal
conductivity of 0.7 W m K. Zarrella et al. [89] compared helical and triple U-tube configurations
in foundation piles using a numerical simulation tool that modeled heat transfer through thermal
resistances and capacitances. The results showed that the helical configuration provided better
thermal performance than the triple U-tube design. Moreover, Congedo et al. [90] investigated the
thermal performance of three heat exchanger types—linear (straight), helical, and slinky. They
modeled a 50 mm pipe diameter buried at depths of 1.5 m, 2.0 m, and 2.5 m, analyzing the effects of
installation depth, soil thermal conductivity, heat transfer fluid velocity, and loop pitch on the helical
and slinky-loop configurations. Among these, the helical model, with a loop diameter of 0.4 m and
pitch values of 0.1 m, 0.2 m, and 0.3 m, demonstrated the best thermal performance. Thus, the helical
configuration is more attractive than other GHE configurations, as it relies on shorter GHEs [53].

Moreover, the helical configuration provides a significant cost advantage, with installation and
material costs for the spiral heat exchanger being 30% lower than those of the double U-tube heat
exchanger configuration [91]. Habibi et al. [92] developed a 3-D numerical model to evaluate the
installation costs of horizontal ground heat exchangers (GHEs) in four configurations: linear, spiral,
horizontal slinky, and vertical slinky. The results showed that the spiral and linear configurations
offered the lowest installation costs in single and parallel arrangements, respectively. Additionally,
the study found that applying secondary soil with improved thermal properties near the GHE pipes
reduced installation costs when the secondary soil's thermal conductivity and heat capacity were
higher than those of the background soil. Evaluation of the installation costs of different ground heat
exchanger configurations, including triple U-tube, double U-tube, double W-tube, and spiral tube,
was carried out by Luo et al. [87]. The results indicated that the triple U-tube configuration offered
the best economic performance, followed by the double U-tube, spiral tube, and double W-tube
configurations. Furthermore, the W-type GHE in energy piles is 200-250% cheaper than coil-type
GHEs, while providing similar thermal performance. However, fewer piles are required for coil-type
GHEs, offering advantages in construction time [50]. Therefore, the coil-type GHE is a suitable option
when there are limitations on the number of piles, depending on the building's scale. The summary
of ground heat exchanger (GHE) configurations, including thermal performance, cost efficiency, and
key insights, is presented in Table 2.

Table 2. Summary of ground heat exchanger (GHE) configurations: Thermal performance, cost
efficiency, and key insights.

Refs GHE . Thermal Performance Cost Efficiency Key Insights
Configuration
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Cui et al.[66] Vertical . efficiency and performance
systems. for vertical systems .
compared to horizontal systems
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Séez Blazquez . Helical pipes more . drilling depth than U-tube,
et al. [68] Spiral efficient than U-tube Lower capital cost providing a cost-effective
alternative
. Double U-tube . Double U-tube offers slightly better
Kerme et Single & Double ) Larger borehole size thermal performance but not
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al.[69] U-tube BHE tube increases cost significantly better than single U-
tube
. Double-tube, Double-tube GHE has Double—t1’1be GHE outperforms
Miyara et . . Multi-tube and U-tube
al [70] Multi-tube, U- the highest heat

tube

exchange rate

configurations, offering the highest
heat exchange rate
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Double U-tube,
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Reduced bore length by  U-tube requires the longest bore
22% - 36% length, while other configurations

significantly reduce bore length
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Zarrella et al. Helical vs.

[73] Double U-tube

Helical configuration
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Helical GHE configuration offers
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with helical design

Triple helix shows the best thermal
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Steel tube improves
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superior thermal results compared
to U-tube



https://doi.org/10.20944/preprints202411.1699.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2024

d0i:10.20944/preprints202411.1699.v1

16

Bezyanetal. Spiral pipe, U-
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other GHEs
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Serial connections offer better
performance than parallel
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[83] Inclined Coaxial
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Florides et al. Single U-tube,
[57] Double U-tube

Double U-tube
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Double U-tube configuration works
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connections
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Kim et al. [63] (Slinky, Spiral- superior heat exchange

coil)

performance

Spiral-coil GHEs provide the best

thermal performance in both

experimental and numerical tests

Acuna etal. U-pipe, Coaxial
[51] BHE

Coaxial BHE shows
lower thermal
resistance

Coaxial BHE is more
efficient, allows water
use instead of antifreeze

Coaxial BHE improves heat transfer

efficiency
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Triple U-tube
GHE

Zarrella et al.
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Helical configuration
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performance

Helical configuration provides
superior thermal performance and

shorter GHE lengths

Congedo et al. Linear, Helical,
[90] Slinky GHE

Helical configuration
demonstrates best
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. . p .P . Spiral and linear configurations
Habibi et al. Horizontal  configurations offer the
. . show the best thermal performance
[92] Slinky, Vertical best thermal — . .
' and lowest installation costs
Slinky performance

5. Conclusions

In this paper, we have provided a comprehensive analysis of Geothermal Heat Pump Systems
(GHPS), covering their advantages, disadvantages, key components, and types, with a particular
focus on ground heat exchangers (GHEs). A detailed review of closed-loop GHE configurations was
presented, emphasizing their impact on heat transfer performance and installation costs. Our
findings show that helical GHEs offer superior thermal performance, often requiring reduced drilling
depths and lower costs. Coaxial GHEs, especially those with steel tubes, enhance heat transfer
efficiency and reduce borehole depth. Cost-effective options like W-type GHEs deliver thermal
performance comparable to more expensive configurations. Triple U-tube and spiral configurations
provide high efficiency, balancing performance with economic considerations. The most common
borehole geometry remains the single or double U-tube, while coaxial designs offer distinct
advantages in specific applications. These insights contribute to optimizing vertical ground heat
exchangers, ensuring higher performance, cost-effectiveness, and long-term sustainability in GHPS
installations.
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