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Abstract: The reduction of CO2 emissions has become a global concern. In this regard, the EU
intends to cut CO2 emissions by 55% by 2030 compared to those of 1990. The utilization of shallow
geothermal energy (SGE) in EU countries is considered the most effective measure for decarbonizing
heating and cooling. SGE systems utilize heat energy collected from the earth’s crust to provide
secure, clean, and ubiquitous energy. This paper provides a literature review on the use of SGE
for heating and cooling purposes. The latest advances in materials, new innovative structures,
and techno-economic optimization approaches have been discussed in detail. Shallow geothermal
energy’s potential is first introduced, and the innovative borehole structures to improve performance
and reduce installation cost is outlined. This is followed by an extensive survey of different types
of conventional and thermally enhanced collectors and grouts. Attention is mainly given to the
techno-economic analysis and optimization approaches. In published case studies, the least economic
break-even point against fossil fuel-based heating systems occurs within 2.5 to 17 years, depending
on the local geological conditions, installation efficiency, energy prices, and subsidy. Ground source
heat pumps’ cost-effectiveness could be improved through market maturity, increased efficiency,
cheap electricity, and good subsidy programs.

Keywords: shallow geothermal energy; borehole heat exchanger; collector; grout; geoenergetics;
techno-economic analysis; optimization

1. Introduction

The reduction of greenhouse gas (GHG) emissions has become a global concern, often
cited as a necessary step to successfully overcome climate change and the damage it causes.
Nearly all countries have joined the Paris Agreement on Climate Change (2015), which calls
for keeping the global temperature rise at 1.5 ◦C above pre-industrial levels [1]. However,
increasing energy consumption driven by an increasing population, accelerated industrial
growth, and technological development leads to high GHG emissions. An increasing
energy demand for heating and cooling in the residential and industrial sectors significantly
contributes to carbon dioxide emissions. International Energy Agency (IEA) data (2019)
indicated that heating accounts for 40% of the global CO2 emissions [2]. In Europe, 50%
of final energy consumption is directly related to heating and cooling [3]. According to
Eurostat data, in 2019, 63% of Europe’s heating and cooling was powered by fossil fuels,
mostly gas (38%), coal (22%), and oil (3%) as shown in Figure 1a, whereas renewable’s
share was only 30% of heating and cooling. It is essential that the EU substitutes high
GHG emission fossil fuels, that are used for heating and cooling, with lower carbon sources
to meet the energy transition target. In this direction, the European Commission has set
targets of 55% reduction in GHGs by 2030, at least a 32% increase in renewable energy
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consumption, and 32.5% improvement in energy efficiency across the EU. On the other
hand, biomass represents the main renewable energy used for heating and cooling in the
EU with a 70.9% share (Figure 1b), while only 1.9% weas generated from geothermal energy.
Despite the continuous attention towards phasing out the use of coal and replacing it with
renewables, coal still represents 22% of gross derived heat production (Figure 1a). The use
of coal is mostly concentrated in Germany, Poland, and the Czech Republic, which together
account for nearly 57% of coal consumption and 87% of coal-mining jobs in the EU [4].
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In 2018, Poland’s final energy consumption (FEC) for heating and cooling amounted
to 37.7 Mtoe (50.3% of total FEC) which was predominantly generated by hard coal [5].
Although district heating plants are covering most of the heating demand for Poland’s
residential blocks, 74% of that demand is met by CO2-intensive coal-fired cogeneration [6].
Hence, the heating and cooling sector plays an important role in achieving Poland’s climate
and energy goals. Poland’s policy objectives suggest that the use of natural gas is an
important alternative to coal. Changing from coal to gas has provided some climate
benefits towards lowering CO2 emissions and air pollutants [2]. However, net-zero targets
require the phasing-out of gas heat systems within a couple of decades. In addition, the
volatility of natural gas market prices and the risks of methane leakage need to be well
considered. Supporting and incentivizing the usage of zero-compatible technologies will
prove to be beneficial. A broad adaptation of renewables such as geothermal heat pumps,
solar thermal energy, and ambient heat for the heating and cooling sector would reduce
dependency on fossil fuels and benefit from saving on carbon prices in the future.

Geothermal energy, energy derived from the Earth’s interior, offers incredible potential
for heating and cooling production almost everywhere. It has been recognized as one of
the major clean and reliable energies. Combining geothermal energy with heat pumps can
significantly contribute to decarbonizing the heating and cooling sectors. The GSHP is an
efficient heating/cooling system with a coefficient of performance (COP) higher than one,
specifically, between three to five [7]. This means an efficiency of 300–500% in terms of the
heat provided for the electricity used compared to traditional combustion-based heaters or
electric heaters, where efficiency never exceeds 100%. However, GSHPs suffer from higher
upfront drilling and installation costs than other competing heating technologies. Therefore,
the optimization of expenditures is essential for owning and operating these systems [8].
There is another heat pump setup that uses ambient air (as well as waste heat, etc.) and
achieves higher efficiencies than 100%. However, they are noisy, and their efficiency
drops as the outdoor temperature drops. GSHP produces more heat for less electricity in
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cold climates compared to air source heat pumps. In addition, GSHP has the advantage
of being able to be used as a heating or cooling system depending on the weather [9].
During the winter, GSHP systems transfer heat stored in the ground to buildings (heating
systems). As the weather warms in the summer, GSHPs remove heat from buildings and
send it to the earth (cooling systems). A GSHP system consists of three main components,
namely, ground loops or a borehole heat exchanger (BHE), a heat pump system, and a
heat distribution system in the conditioned space [10]. Extracting the geothermal heat
with the BHEs has various advantages, including no high risks associated with exploration
drilling, high durability, and a lesser environmental impact [11]. The BHE consists of a
borehole and tubing where heat-carrying fluid flows through. The geothermal borehole is
filled with water (the Scandinavian practice) or backfilled with grout (the mainland Europe,
Canada, US, and Japan practices). Figure 2 illustrates a schematic flow diagram of GSHP
systems. Ground heat is transferred first from the rock body to the borehole wall and then
to a circulating thermal fluid. Secondly, the circulating thermal fluid, in turn, transfers
the extracted ground energy to the heat pump at the surface. Finally, the heat pump uses
electricity to upgrade and move thermal energy from the ground loop to the water-based
recirculating heating system that conditions spaces.
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Figure 2. Schematic flow diagram of GSHP systems for heating model (cooling mode with
reversed flow).

The thermal efficiency of BHE is characterized by the thermal resistance between
the circulating fluid and the borehole wall [12]. Two methods can be used to estimate
the BHE’s thermal resistance: either thermal response tests (TRT) [13,14] or numerical
calculations [15]. The thermal resistance of BHE depends on the properties of the circulat-
ing thermal fluid, flow rates, borehole diameters, collector-pipe geometry, collector-pipe
material, and grout [12]. The lower the BHE thermal resistance is, the better the thermal
performance behavior. The lower BHE thermal resistance can be achieved by using ther-
mally enhanced pipes and grout, increasing the surface area of the loop, and locating the
legs proximal to the borehole [16].
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Globally, GSHPs represent 71.6% of all direct-use geothermal installations and 59.2%
of direct-use geothermal energy consumption per year [17]. For the heating mode alone,
the total installed capacity and energy produced by GSHPs worldwide are 77,547 MWt,
599,981 TJ/yr, respectively. The intermediate target for district heating and cooling (DHC)
is to reach 30% of Europe’s heating and cooling demand by 2030, where more than 10% (of
the 30%) should come from geothermal energy [18]. Currently, DHC’s share is only 12% and
the contribution of geothermal energy is less than 1% [19]. This indicates that greater efforts
and swifter actions are needed in geothermal development to achieve the aforementioned
goal. The efforts can be seen in the rapid yearly growth rate of the geothermal heat pump
market. A report by the IEA (2021) shows that the global stock of heat pumps has grown
approximately 10% per year for the last five years. That growth resulted in over 2.1 million
geothermal heat pumps being installed in Europe as of June 2020 [20]. The new promoted
heat pump incentive and target of installing 600,000 heat pumps each year in the UK will
contribute to the rapid growth of this number in the coming years [21]. Dalla Longa et al.
project that the geothermal energy heat production would reach around 100–210 TWh/y
by 2050 [22].

2. State of the Art and Technological Advancements
2.1. Rock Thermal Conductivity

The thermal conductivity of the rock surrounding the BHE is one of the most significant
influencing factors that affects heat the extraction rate and performance of GSHP [23,24].
The thermal conductivity of rocks is a measure of their ability to transfer heat. The heat
exchangeability of the surrounding rocks is determined by specific heat extraction (W/m),
which is the product of the temperature gradient and the rock’s thermal conductivity
divided by the BHE’s length. Therefore, thermal conductivity is essential for the opti-
mal design of the BHE since it determines the specific heat extraction of the borehole,
which is directly related to the length of the buried pipe and the cost of installation [25].
This means that the ground thermal parameters should be determined accurately to op-
timize the total length, the spacing, and the layout of BHEs [24]. A traditional thermal
response test (TRT) and a distributed thermal response test (DTRT) can be used to de-
termine the in situ effective thermal conductivity and other thermal properties of a BHE.
The rock’s thermal conductivity depends strongly on the rock type, stratigraphy, and
hydrogeology [24]. Dry rock and saturated rock can affect the value of thermal conduc-
tivity. The dry rock will have a lower thermal conductivity than the saturated one [26].
Typical values for the rock’s thermal conductivity values for sandstone are in the range of
2.50 to 4.20 Wm−1K−1, for Sand 0.3 to 2.95 Wm−1K−1, for gravel 0.3 to 0.5 Wm−1K−1, for
shale 1.05 to 1.45 Wm−1K−1, for claystone and siltstone from 0.80 to1.25 Wm−1K−1, and
for granite from 1.9 to 3.35 Wm−1K−1 [22,27].

2.2. Innovative Borehole Heat Exchanger Structures

There are two primary techniques used for shallow geothermal systems to heat build-
ings, namely, the closed-loop and open-loop systems. In the first type, the heat carrier fluid
is forcefully circulated through a buried or submerged ground heat exchanger. This type
is the most prevalent shallow geothermal system in Europe. Some practical examples of
closed-loop systems are vertical loops, horizontal loops, energy piles, and groundwater coil.
For a large available space, the horizontal loop (0.2 to 2 m depth) is a more cost-effective
option, while vertical loops (<300–500 m) are mostly used in urban areas with smaller
land occupancy to reach a higher thermal gradient. The vertical BHE consists of a hole
drilled in the ground and completed with different pipe geometries such as single/double
or triple U-shaped tubes, co-axial, and multi-pipe configurations. Recent developments
in ground BHEs have focused on the design of new innovative structures [28–32] and the
use of thermally enhanced materials [33–41]. Figure 3 illustrates a variety of common and
innovative BHE configurations.



Energies 2022, 15, 4281 5 of 22

Energies 2022, 15, 4281 5 of 23 
 

 

hole drilled in the ground and completed with different pipe geometries such as sin-
gle/double or triple U-shaped tubes, co-axial, and multi-pipe configurations. Recent de-
velopments in ground BHEs have focused on the design of new innovative structures [28–
31,32] and the use of thermally enhanced materials [33–41]. Figure 3 illustrates a variety 
of common and innovative BHE configurations. 

 
Figure 3. The cross-sections of various configurations of BHE. 

Jalaluddin and Miyara (2014) have compared the performances of BHEs installed 
with a U-shaped tube, 3-tubes, and 4-tubes in a steel pile [28]. The results showed that 
multi-inlet tubes increased the contact surface area and then increased the BHE perfor-
mance compared to a single U-shaped tube, by 9.1% and 13.6–20.1% for the 3-tube and 4-
tube, respectively. Experimental measurements and modeling have been carried out to 
investigate the performance of a single U-shaped tube, double U-shaped tubes, and the 
new 4-tube structure (3 inlet tubes and 1 outlet tube). The thermal resistance of the 4-tube 
structure was 15.8 and 31.1% lower than that of the single U-shaped tube and double U-
shaped tubes, respectively [29]. Chang and Kim (2016) reported that the thermal resistance 
of BHEs reduced with an increasing heat transfer area either by using a larger diameter of 
tube or the insertion of more tubes [31]. Raymond et al. (2015) have performed analytical 
design calculations for single and double U-shaped tubes as well as coaxial pipe structures 
[30]. To maintain low pumping power at the higher flow rate needed to generate turbu-
lence, only pure water was used as the heat transport fluid by the author. The results 
indicated that the thermal resistance of the coaxial BHE was reduced by up to 55% com-
pared to that of single U-pipe BHEs when the outer pipe thermal conductivity and stand-
ard dimensional ratio (SDR) were raised. That led to a 23% shorter borehole length than 
the single U-shaped tube for a synthetic building load profile dominated by cooling. Using 
co-axial BHEs enables deeper drilling and access to higher geothermal gradients than 

Figure 3. The cross-sections of various configurations of BHE.

Jalaluddin and Miyara (2014) have compared the performances of BHEs installed with
a U-shaped tube, 3-tubes, and 4-tubes in a steel pile [28]. The results showed that multi-
inlet tubes increased the contact surface area and then increased the BHE performance
compared to a single U-shaped tube, by 9.1% and 13.6–20.1% for the 3-tube and 4-tube, re-
spectively. Experimental measurements and modeling have been carried out to investigate
the performance of a single U-shaped tube, double U-shaped tubes, and the new 4-tube
structure (3 inlet tubes and 1 outlet tube). The thermal resistance of the 4-tube structure
was 15.8 and 31.1% lower than that of the single U-shaped tube and double U-shaped
tubes, respectively [29]. Chang and Kim (2016) reported that the thermal resistance of BHEs
reduced with an increasing heat transfer area either by using a larger diameter of tube or
the insertion of more tubes [31]. Raymond et al. (2015) have performed analytical design
calculations for single and double U-shaped tubes as well as coaxial pipe structures [30]. To
maintain low pumping power at the higher flow rate needed to generate turbulence, only
pure water was used as the heat transport fluid by the author. The results indicated that the
thermal resistance of the coaxial BHE was reduced by up to 55% compared to that of single
U-pipe BHEs when the outer pipe thermal conductivity and standard dimensional ratio
(SDR) were raised. That led to a 23% shorter borehole length than the single U-shaped tube
for a synthetic building load profile dominated by cooling. Using co-axial BHEs enables
deeper drilling and access to higher geothermal gradients than conventional U-shaped
pipe BHEs. However, it is important to have sufficiently thick outer pipes (low SDR) to
withstand the high external load caused by grout and formation water as the borehole is
drilled deeper. For deeper depths, it is also necessary to use insulated inner tubing in the
co-axial configuration to create an efficient BHE. Three high-thickness pipes are expensive
and have an adverse effect on BHE thermal resistance. The coaxial BHE’s thermal efficiency
can be improved by developing a new composite coaxial pipe system with thin walls, high
strength, and a high conductivity outer pipe [30].



Energies 2022, 15, 4281 6 of 22

2.3. Grouting Materials

Grouts, also known as backfill materials, are used as a sealant agent to block fluid
flow from the formation or surface into the borehole or vice versa. In addition, it holds
heat carrier pipes in place and creates a heat transfer link between the pipe and the earth.
Figure 4 shows a schematic diagram of a borehole annulus filled with water and grout.
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The thermal conductivity of grout has a significant impact on the borehole’s thermal re-
sistance [31,42]. Dehkordi and Schincariol indicated a more than 10% increase in heat extrac-
tion when grout conductivity was enhanced from 1 Wm−1K−1 to 3 Wm−1K−1 [34]. Lee et al.
clearly detailed that an increase in the thermal conductivity of grouts has a substantial
impact on the reduction in the total required borehole depth [35]. Badenes, B. et al. (2020)
have carried out a parameter sensitivity analysis on the effect of theoretical grout ther-
mal conductivity from 0.5 to 8.0 Wm−1K−1 on borehole thermal resistance using HDPE
(0.42 Wm−1K−1) [33]. The results show that a significant enhancement in thermal resis-
tance can be seen until a grout conductivity of 4.0 Wm−1K−1; further increase of the
conductivity has little effect on the thermal resistance. Sliwa and Rosen (2017) investigated
the effect of varying grout thermal conductivity on the performance of coaxial, single, and
double U-shaped BHEs [43]. According to the authors, increasing the thermal conductivity
of grout from 1 to 2.5 Wm−1K−1 reduces BHE’s resistance by 13.7%, 8.3%, and 7.6% for
coaxial, single, and double U-shaped BHEs, respectively. Traditionally, bentonite and
cement materials have been used for borehole grouting. Both materials have the disad-
vantage of low thermal conductivity: 0.7 Wm−1K−1 and 0.8–1.0 Wm−1K−1 for bentonite
and cement, respectively. Recently, more attention has been paid to enhancing the thermal
conductivity of conventional grouts. The results from various works have shown a re-
markable increase in conventional grout’s thermal conductivity when mixed with thermal
enhancement additives. A few additives, such as silica, graphite, and dolomite, have
been investigated to increase grout’s thermal conductivity [36]. At a sand content of 50%,
cement’s thermal conductivity increased to 1.5 Wm−1K−1 [37]. The study of Jobmann and
Buntebar (2009), showed that, when using a grout composed of bentonite and 50% quartz,
the thermal conductivity is increased by a factor of 1.5 [38]. Graphite has a significant
impact on the thermal conductivity of grouts. Berktas, et al. (2020) indicated that a mixture
of cement and 5% hybrid additive (silica and graphite) increased the thermal conductivity
to a value of 2.656 Wm−1K−1 [39]. A grout conductivity of 5 Wm−1K−1 was achieved
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when 5% graphite was added to bentonite [40]. In addition, an enhanced conductivity
of 3 Wm−1K−1 for a mixture of bentonite with graphite (percentage not mentioned) was
reported by Hellström et.al, 1998 [44]. Graphite and graphene have also been found to
increase cement’s thermal conductivity by more than 11% when added to cement slurry
in an energy pile construction [45]. A 68% increase in cement slurry’s thermal conductiv-
ity (from 0.69 to 1.17 Wm−1K−1) was achieved by adding 45% magnesium powder [46].
Thermally enhanced grouts are commercially available with thermal conductivities up to
2.8 Wm−1K−1 [47].

2.4. Bore Heat Exchanger Collector

The most common types of carrier fluid pipe used to complete a geothermal well
are plastic-based materials. Although metallic-based pipes have been used for a very
long time, corrosion issues and a high associated cost have limited their applications.
In contrast, plastic-based pipes have become a better choice in Europe due to their lower
cost, corrosion resistance, easy handling, welding, and longevity. Similar to the grout effect,
pipe thermal conductivity has a great influence on borehole thermal resistance. Various
plastic-based pipes are used in BHEs such as polyethylene (PE), polyvinyl chloride (PVC),
Polypropylene (PP), polyurethane (PU), and polybutylene (PB). However, polyethylene
(PE) is the most commonly used pipe material for BHE’s installations. Historically, PE
pipes were classified based on their density, i.e., high-density polyethylene (HDPE) or
low-density polyethylene (LDPE). The ISO 9080 standard reclassifies polyethylene pipes
for pressure applications according to their minimum required strength (MRS) [48]. The
MRS used most commonly for BHE is PE pipe’s grade of 8 MPa (PE-80) and 10 MPa
(PE-100). Table 1 presents typical pipe materials and the thermal conductivity use with
BHE. According to Badenes et al. (2020), increasing pipes’ thermal conductivity from
0.2 to 1 Wm−1K−1 results in a substantial reduction in borehole resistance. However, with
a further increase of the thermal conductivity of the pipe (>1 Wm−1K−1), only a minor
reduction was observed [33]. Further improvement of pipe materials is needed as the
technical optimum pipe thermal conductivity is higher than the commercially available
ones (0.7 Wm−1K−1). Boreholes completed with HDPE-nano type and the spiral finned
type have shown decreased thermal resistance compared to PE-100 by 1.02% and 1.13%,
respectively [41]. The configuration with a spiral fin tube or an inner tube with helical ribs
provides a better heat transfer coefficient than a smooth tube due to the former’s ability
to induce turbulence even at low flow rates [49]. In a study by Bassiouny et al. (2016), it
was suggested that the thermal conductivity of PE pipe could be improved by fabricating a
composite material of HDPE reinforced with aluminum wires [48]. The aluminum wires
were evenly distributed circumferentially throughout the pipe’s thickness. The thermal
conductivity of the composite was increased by 150% by using computational analysis, as
determined by the authors. Kalantar et al. (2019) studied the influence of talc on thermal
oxidation, morphology, dynamic mechanical behavior, and strain hardening by using
them as fillers in high-density polyethylene (PE-100). The authors observed an increase in
thermal stability of PE100 and in the stiffness with the addition of talc nanoparticles [50,51].
The thermal conductivity of PE-100 was significantly increased by 70% when a 35% talc
filler was used [52]. Compared to pure HDPE, the talc filler had no effect on melt viscosity,
but it reduced the flexibility of the polymer system [53].

2.5. Heat Carrier Fluids

Heat carrier fluid, also referred to as heat transfer fluid or secondary fluid in the
literature, is circulated in BHE pipes between the ground and the heat pump to extract
or reject heat energy. A variety of heat carrier fluids have been used in BHEs, including
pure water, water mixed with antifreeze, and nanofluids. Since water has a relatively
high thermal conductivity and a low viscosity, it is an ideal fluid for BHE systems. Pure
water, however, is impossible to use in some countries where temperatures fall below
0 ◦C in winter, such as in Central and Northern Europe [54]. For this reason, anti-freeze
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additives such as ethyl alcohol, ethylene glycol, propylene glycol, and calcium chloride
are used [55]. The thermophysical properties of the commonly used heat-carriers are
shown in Table 2. Mixing the water medium with anti-freezing additives not only prevents
freezing but it can allow for a large temperature difference between the heat-carrier fluid
and the undisturbed ground temperature [56]. By increasing the ratio of the antifreeze
agent to water, the freezing point can be dropped further below 0 ◦C (see Table 2), thereby
driving a greater heat transfer between the BHE and the ground and reducing the depth
of the BHE [54]. However, the high viscosity of water mixed with anti-freeze leads to a
high pressure drop and thus increases the circulating pump cost [57]. Toxicity is another
issue to be considered when selecting the anti- freeze agent. Propylene glycol solution is
preferred over ethylene glycol and ethyl alcohol solutions since it is less toxic (20 g/kg)
compared to ethylene glycol (only 4.7 g/kg) and ethyl alcohol (only 7.06 g/kg), as can be
seen in Table 2. However, the high viscosity of propylene glycol solution is an unpreferable
property. In some cases, ethylene glycol and ethyl alcohol solutions are preferable due
to their more desirable physical properties, especially at lower temperatures and with
fewer environmental considerations. In addition, both water and water mixed with anti-
freeze have limitation of relatively low thermal conductivity when compared to thermal
conductivity of the grout and the ground. Calcium chloride or brine has a better heat
transfer coefficient, but it is highly corrosive if it is not maintained properly [58].

Table 1. Pipe Material Properties [33,47].

Pipe
Materials

Thermal Conductivity,
Wm−1K−1

Temperature for Continued
Operation, ◦C

HDPE-Nano
HDPE-Talc

0.55
0.72 NA

PE100/ PE100-RC 0.42 40
PE-RT 0.42 70
PE-X 0.41 70
PA 0.24 40
PB 0.22 70
PU 0.29 40

PVC 0.12–0.25 27
PP 0.1–0.22 63

Steel 45 399
Copper 395 205

Table 2. Heat-carrier fluid Properties [55,59–66].

Heat-Carrier Fluids Thermal Conductivity, Wm−1K−1 Freezing Point, C Viscosity, cP Toxicity, LD50 g/kg

Water 0.598 0 1
CaCl2 20% 0.572 −17.2 4.8 1.94
CaCl2 12% 0.588 −7.2 2.4

Ethyl alcohol 20 wt.% 0.46 −11 1.4 7.06
Ethyl alcohol 30 wt.% 0.41 −20 1.6

Propylene glycol 25 wt.% 0.48 −10 3.7 20
Propylene glycol 33 wt.% 0.44 −17 6.8
Ethylene glycol 25 wt.% 0.49 −12.2 1.4 4.7
Ethylene glycol 33 wt.% 0.4 −18 2.84

The recent development of heat-carriers focuses on improving their heat transfer
efficiency and ecology [67–71]. Nanoparticles have been proved to improve heat transfer
efficiency by increasing the thermal conductivity of the working fluid. The thermal conduc-
tivity of carrier fluid was apparently improved by using metal or metal oxides such as CuO,
SiO2, Al2O3, and graphite nanoparticles. CuO/water nanofluid as a working fluid has an
enhanced heat exchange rate by up to 39.84% compared with pure water in a double U-tube
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horizontal ground heat exchanger [72]. However, pumping power consumption increased
by 16.75% due to a higher pressure drop. In another study conducted on a coaxial BHE,
nanofluid was used as heat carrier fluid instead of pure water [69]. The results showed an
increase of 11.24% in heat extraction compared to pure water. Despite the potential benefits
of nanofluids for increasing heat extraction, particle dispersion stability, increased pressure
drop, and the possibility for erosion are still the main challenges.

2.6. Underground Thermal Energy Storages (UTES)

Thermal energy storage is basically divided into three types, sensible, latent heat,
and thermochemical storage [73]. Underground thermal energy storage (UTES) systems
store thermal energy in natural underground formations. Generally, a UTES uses aquifers
(ATES) or boreholes (BTES) to store sensible heat by lowering or raising the temperature of
water [74]. Some new UTES systems incorporate latent heat storage, where the phase of the
heat storage medium changes from solid to liquid. This has been demonstrated as a viable
heating and cooling system for residential, commercial, and institutional buildings through-
out Europe and North America [75]. BTESs could make an important contribution in areas
where seasonal demands vary substantially [76]. In addition, renewable energy sources
such as solar and wind energy are intermittent sources—that is, the energy produced is
fluctuating on a daily, weekly, or seasonal basis [77,78]. This causes an imbalance in energy
demand and supply. UTESs can store surplus solar and waste thermal energy collected
in the summer which can be used in the winter [79]. Figure 5 illustrates the ATES system,
which recycles surplus heat and cooling from buildings. Each well in the ATES system is
capable of injecting or producing water, and at the same time the water flow is reversible.
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Figure 5. Schematic of an Aquifer Thermal Energy Storage (ATES).

The first BTES system established in the world was in Sweden, in 1983, after the energy
shortage crisis [80]. As of today, many BTES projects have been completed globally, mostly
for storing solar energy in the summer for usage later in the winter [81–85]. BTESs employ
vertical boreholes that are piped in series to create concentric thermal zones (Figure 6) or
piped in parallel as a normal closed-loop BHE (Figure 7). The former has the advantages of
creating cold and warm zones as well as the possibility to switch to a reverse flow. In the
BTES charging process, hot water flows into an inner header of the BTES and then flows
into a decreasingly hotter two or up to six parallel thermal zones. The cold water returns to
the building from an outer circumferential header around the perimeter of the borehole
field. This process could be reversed during the BTES discharging period.
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3. Techno-Economic Analysis

The techno-economic analysis (TEA) method has become popular for evaluating
renewable energy by both academic and industrial communities. It enables engineers
or researchers to simultaneously analyze the technical and financial feasibility of new
technologies [86]. In general, TEA models include the analysis aspects of cost, profitability,
and uncertainty [87]. Despite the high efficiency of GSHPs in extracting geothermal energy,
high initial costs are arguably the single biggest impediment to their widespread use [88,89].
Thus, TEA modelling of the GSHP system is critical not just for cost reductions but also
for guiding decisions on incentive design. Such an evaluation process provides costs
and performance boundaries that assist in designing and evaluating the efficiency of
GSHPs. For the sustainable design of new technologies, further assessment of the potential
environmental impacts is required [90]. However, the literature review reveals a lack of
environmental effect assessments and the implementation of a CO2 emission credit to the
TEA model. A standard TEA approach to studying GSHP is to combine building energy,
BHE, and heat pump thermodynamic models with economic models. Heat demand and
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heat transfer calculations are used to simulate the technological potential of GSHPs. The
TEA approach and methodology is outlined in Figure 8.
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To forecast heat demand, software services such as EnergyPlus, Design Builder, and
TRNSYS have been widely used [91–93]. Additionally, a standalone mathematical code
for calculating the heat demand has also been reported [92]. In the heat transfer mode,
analytical models, numerical models, and empirical equations are utilized to compute
borehole heat exchanger efficiency and the required borehole depth. To establish financial
viability, a traditional cost-benefit analysis (CBA) or a levelized cost of energy (LCOE) could
be considered. CBA captures all the benefits and total costs invested during the installation
and operation stages and displays them as flows over the GSHPs’ lifetime (cash flow).
Costs and benefits can then be directly compared between various scenarios and with
reasonable alternatives to the proposed project. Mostly, a project is regarded as feasible if
the sum of the expected incremental benefits exceeds the sum of all costs incurred in the
project’s implementation. This can be assessed using profitability (decision-making) metrics
such as net present value (NPV), internal rate of return (IRR), benefit-cost ratio (B/C), and
the payback period (PBP). These metrics measure the attractiveness of an investment by
comparing present money values to future money values, considering the time value
of money (discount rate) and the investment returns. LCOEs, on the other hand, are
extensively used metrics for comparing heat and power generation technologies. The LCOE
is a ratio that compares the total lifetime cost of an investment to the total energy yielded by
that investment [94]. Either using CBA or LCOE metrics, GSHP’s techno-economic analyses
have been reported by many scholars in the last 10 years. Important insights into shallow
geothermal energy and the required performances from an economic point of view have
been published [12,95]. However, a few works have focused on optimizing the GSHP’s
design parameters to reduce costs or improve efficiency. New approaches for mapping
a techno-economic geothermal potential of a shallow system have been proposed [96,97].
Surface temperature, ground temperature, and ground thermal characteristics, for example,
can be measured at various sites and then dispersed on maps. These spatial dataset maps
are converted into heating demand and geothermal potential for each site. Mapping
techno-economic geothermal potential could help understand GSHP’s performance for
locations with different climatic conditions and under various financial scenarios. Table 3
summarizes the important literature on the application of a techno-economic analysis and
ground source heat pump optimization.
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Table 3. Overview of the major TEA studies.

Source Description Economic Indicators Remarks

Neves et al., 2020
(USA) [98]

Analyzed the energy savings by replacing an
old electric air conditioning/gas furnace
system by vertical BHE.

Simple and discounted payback period
SPP = Costca/AS, Costca = (Costcb) + ∑ ini
Costn = AS/[(1 + j)/(1 + i)]n

The operation and maintenance costs cannot
be assumed due to a neutral component for
the payback period calculation that may cause
a deviation from the real value. CO2
emissions credits should be considered.
Uncertainty analysis should be considered to
minimize risks.

Hakkaki-Fard et al., 2015 [99]

Studied efficiency and life cycle cost analysis
(LCC) for initial & 10-year operating costs and
relative payback period of ASHP (air-source
heat pump) and DX-GSHP (direct expansion
ground-source heat pump).

LCC = IC + PVelectricity

PVelectricity = COSTannual
(1+ESC)years .(1 + DISC)year

IC: initial cost, PVectricity: energy consumed

CO2 emission credits should be considered.
The results show that energy consumption of
the DX-GSHP system could be reduced
by 50%.

Perkovi’c et al., 2021
(Croatia) [100]

Investigated the integration of a carbon-free
photovoltaic electricity source and a shallow
geothermal reservoir as a heat source and heat
sink during the heating and cooling season.

Levelized cost of energy (LCOE)
LCOE = Cd

∑
Ny
i=1

edem
(1+d)j

Cd is total capital and operating cost

Reduction in CO2 emission has been
estimated but it was not considered in
financial analysis. The payback period
calculation should be considered to identify
system feasibility.

Schreurs et al., 2021 (Austria) [101]
Identified the critical economic parameters on
profitability and make policy
recommendations.

NPV, BCR and IRR

NPV =
n
∑

j=1

Bj−Cj

(1+i)j − C0, BCR =
∑n

j=1
Bj−Cj
(1+i)j

C0

NPV =
n
∑

j=1

Bj−Cj

(1+IRR)j − C0 = 0

Reduction in CO2 emissions has been
estimated but was not included in financial
analysis. Only used for ‘what-if scenario’ and
comparison. Optimization for selected system
should be considered. ASHP and GSHP
combined with PV were profitable under
current subsidy schemes.

Durga et al., 2021(USA) [102] Investigated the technical and
economic feasibility of BTES. NPV, IRR, PBP and LCOH Annual emission saving was estimated but

not considered in financial analysis.

Perego et al., 2019
(Switzerland) [96]

Developed techno-economic maps for
potential of shallow and closed-loop
geothermal system.

Payback Period for BHE when replacing oil
and natural gas heating systems.

More accurate mathematical modelling
should be considered to minimize the error
(23%) for generating m/kW map and to
improve PBP.
Emission savings against fossils fuel have
been estimated but not considered in
financial analysis.
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4. Optimization and Modeling

The optimization of the GSHP’s design is required to improve its performance and
economic competitiveness [103]. The optimal decisions for GSHP’s design parameters
and operating conditions have been investigated in terms of thermodynamic performance
and economics. A single or multi-objective function is typically used for such system
optimization. A single-objective optimization uses either thermodynamics or economics
metrics as objective functions, while multi-objective optimization combines both. The goal
of thermodynamic optimization is to maximize the total energy efficiency of the GHSP
system or to minimize entropy generation and exergy destruction [8,92,104,105], whereas
economic optimization aims to minimize the total cost or maximize NPV of the GHSP
system [103,105,106]. Several articles indicate that GSHPs’ coefficient of performance and
total cycle costs are not in harmony. Therefore, the optimal decision requires accounting
for the trade-offs between COP and total costs. This can only be achieved through multi-
objective optimization (also known as Pareto optimization). Ma et al. (2020) have reviewed
the recent research progress of GSHP systems optimization, focusing on their optimal
design (single and multi-objective function) and optimal control [107]. Pu et al. (2017)
suggested combining a multi-objective genetic algorithm (MOGA) with a response surface
method to optimize the design parameters of the borehole heat exchanger (BHE) [104].
The study looked at the impact of five design parameters (velocity, inlet flow temper-
ature, U-tube diameter, borehole diameter, and pipe spacing) on the entropy genera-
tion number and the integrated evaluation factor. According to the findings, the BHE’s
thermal performance was improved, and its annual energy consumption was reduced.
Sayyaadi et al. (2009) have presented three levels of optimization for a vertical loop GSHP
system: single objective (thermodynamic), single objective (thermo-economic), and multi-
objective (thermodynamic and thermo-economic) [8]. It was shown that multi-objective
optimization can reduce levelized cost and exergy destruction. For the single objective
(thermo-economic), the optimized total capital cost was found to be 15% cheaper than the
base case, whereas for the single objective (thermodynamic) and the multi-objective, it was
37.9% and 14.4% higher, respectively. The higher value of the multi-objective optimiza-
tion could be justified by optimizing the thermodynamic and thermo-economic options
simultaneously. Zhou et al. (2020) utilized COMSOL Multiphysics 5.4 software to create a
3D numerical BHE model that is coupled with a heat pump and an economic model [88].
The impact of five parameters on the thermal and economic performance of a GSHP was
designed and evaluated using the Taguchi method. Based on the variance analyzed, the
relative importance of velocity, borehole depth, and pipe material largely depends on the
drilling costs, pipe prices, and the interest rate. Zhao et al. (2021) demonstrated a new
reliability-based design optimization (RBDO) strategy for dealing with the GSHP system’s
reliability issue [103]. Two random variables (groundwater velocity and soil thermal con-
ductivity) and three decision variables (depth, pipe radius, and velocity) were incorporated
into the design. Uncertainties in the selected variables had a strong effect on the system
reliability and total cost estimation. The impact of uncertainty on borehole depth and
groundwater velocity was found to be colossal, while ground thermal conductivity had
less of an influence on the GSHP’s total cost.

In Figure 9, a GSHP optimization methodology is outlined, with a summary of its basic
steps and approaches, including multi-objective and single-objective optimization. The
optimization methods, objective functions, and decision variables reported in the literature
are outlined in Table 4.
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Table 4. Summary of the GSHP optimization (objective function, decision variables, and modelling approach.

Source Objective Function Decision Variables Tools Used Remarks

Pu et al., 2017 [104]
Objective Function: Multi-objective.
(1) Min entropy generation number.
(2) Max integrated evaluation Factor.
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[109] 

Objective Function: Single objective.  
(1) Minimize the system power consump-
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 BHE outlet temperature 
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 Pump operating speed 

EnergyPlus and G-function was used for 
BHE. 

Cost-based optimization was 
not included in the study. 
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Cost-based optimization was 
not included. CO2 emissions 
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Wang et al., (2020) 
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 Part load ratio 

Data driven optimization used ANN, 
Detailed and DOE-2 techniques, which 
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Cost-based optimization was 
not included. ANN and DOE-2 
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level (95%).  
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Objective Function: Single objective.  
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year life span. 
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GAMAGE et al. 
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Objective Function: Number of boreholes. 
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solution and Monte Carlo simulation. 
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Ma and Xia (2017) 
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Objective Function: Single objective.  
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EnergyPlus and G-function was used for 
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Pipe spacing

ANYSIS, Central composite design,
Kriging and multi-objective genetic
algorithm (MOGA).

Cost-based optimization was not
included in the study. CO2 emissions
credits should be considered.

Farzanehkhameneh et al., (2020) [92]
Objective Function: Single objective.
(1) Thermodynamic irreversibility.
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 BHE length and number 

 Spacing between boreholes  

 Contribution of the GSHP 

EnergyPlus, cylindrical heat source 
solution and Monte Carlo simulation. 
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External and internal pipe’s radius TRNSYS software and
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included. CO2 emissions credits should
be considered.
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Data driven optimization used ANN, 
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heating demand. 
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Part load ratio

Data driven optimization used ANN,
Detailed and DOE-2 techniques, which
relates variables, energy consumption,
and heating demand.

Cost-based optimization was not
included. ANN and DOE-2 were in good
agreement with the data.

Sivasakthi–vel et al., 2014 [105]
Objective Function: Multi-objective.
(1) COP for heating mode.
(2) COP for cooling mode.
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optimization (RBDO).  
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(2) Max integrated evaluation Factor. 
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ANYSIS, Central composite design, 
Kriging and multi-objective genetic 
algorithm (MOGA). 

Cost-based optimization was 
not included in the study. CO2 
emissions credits should be 
considered.   

Farzanehkhameneh 
et al. (2020) [92] 

Objective Function: Single objective.  
(1) Thermodynamic irreversibility. 

 External and internal pipe’s radius TRNSYS software and Genetic Algorithm. 
Cost-based optimization was 
not included. CO2 emissions 
credits should be considered. 

Wang et al., (2020) 
[89] 

Objective Function: Single objective. 
(1) Minimize the energy consumption. 

 Water supply temperature  

 Part load ratio 

Data driven optimization used ANN, 
Detailed and DOE-2 techniques, which 
relates variables, energy consumption, and 
heating demand. 

Cost-based optimization was 
not included. ANN and DOE-2 
were in good agreement with 
the data. 

Sivasakthi--vel et 
al., 2014 [105] 

Objective Function: Multi-objective. 
(1) COP for heating mode. 
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Taguchi optimization analysis and utility 
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Taguchi are useful to predict 
COPs with high confidence 
level (95%).  

Zhao et al., 2021 
(USA) [103] 

Objective Function: Single objective.  
(1) Total cost of GSHP system over a 20-

year life span. 

 BHE’s depth and pipe radius 

 Mass flow rate  

 Groundwater velocity and ground 

thermal conductivity 

An analytical borehole and probabilistic 
uncertainties using reliability-based design 
optimization (RBDO).  

CO2 emissions credits should 
be considered.   

GAMAGE et al. 
2014 [108] 

Objective Function: Number of boreholes. 

 BHE length and number 

 Spacing between boreholes  

 Contribution of the GSHP 

EnergyPlus, cylindrical heat source 
solution and Monte Carlo simulation. 
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be considered.   

Ma and Xia (2017) 
[109] 

Objective Function: Single objective.  
(1) Minimize the system power consump-

tion. 

 BHE outlet temperature 

 Flow rate 

 Pump operating speed 

EnergyPlus and G-function was used for 
BHE. 

Cost-based optimization was 
not included in the study. 

 

Evaporator outlet temperature

Taguchi optimization analysis and
utility concept.

Utility concept combined with Taguchi
are useful to predict COPs with high
confidence level (95%).

Zhao et al., 2021 (USA) [103]
Objective Function: Single objective.
(1) Total cost of GSHP system over a

20-year life span.
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(2) Max integrated evaluation Factor. 
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ANYSIS, Central composite design, 
Kriging and multi-objective genetic 
algorithm (MOGA). 

Cost-based optimization was 
not included in the study. CO2 
emissions credits should be 
considered.   

Farzanehkhameneh 
et al. (2020) [92] 

Objective Function: Single objective.  
(1) Thermodynamic irreversibility. 

 External and internal pipe’s radius TRNSYS software and Genetic Algorithm. 
Cost-based optimization was 
not included. CO2 emissions 
credits should be considered. 

Wang et al., (2020) 
[89] 

Objective Function: Single objective. 
(1) Minimize the energy consumption. 

 Water supply temperature  

 Part load ratio 

Data driven optimization used ANN, 
Detailed and DOE-2 techniques, which 
relates variables, energy consumption, and 
heating demand. 

Cost-based optimization was 
not included. ANN and DOE-2 
were in good agreement with 
the data. 
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Objective Function: Multi-objective. 
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 Condenser inlet temperature 
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Taguchi optimization analysis and utility 
concept.  

Utility concept combined with 
Taguchi are useful to predict 
COPs with high confidence 
level (95%).  

Zhao et al., 2021 
(USA) [103] 

Objective Function: Single objective.  
(1) Total cost of GSHP system over a 20-

year life span. 

 BHE’s depth and pipe radius 

 Mass flow rate  

 Groundwater velocity and ground 

thermal conductivity 

An analytical borehole and probabilistic 
uncertainties using reliability-based design 
optimization (RBDO).  

CO2 emissions credits should 
be considered.   

GAMAGE et al. 
2014 [108] 

Objective Function: Number of boreholes. 

 BHE length and number 

 Spacing between boreholes  

 Contribution of the GSHP 

EnergyPlus, cylindrical heat source 
solution and Monte Carlo simulation. 
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Ma and Xia (2017) 
[109] 

Objective Function: Single objective.  
(1) Minimize the system power consump-

tion. 

 BHE outlet temperature 

 Flow rate 

 Pump operating speed 

EnergyPlus and G-function was used for 
BHE. 

Cost-based optimization was 
not included in the study. 
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(1) Min entropy generation number. 

(2) Max integrated evaluation Factor. 

 Inlet velocity and temperature 

 U-tube and borehole diameter 

 Pipe spacing 

ANYSIS, Central composite design, 
Kriging and multi-objective genetic 
algorithm (MOGA). 

Cost-based optimization was 
not included in the study. CO2 
emissions credits should be 
considered.   

Farzanehkhameneh 
et al. (2020) [92] 

Objective Function: Single objective.  
(1) Thermodynamic irreversibility. 

 External and internal pipe’s radius TRNSYS software and Genetic Algorithm. 
Cost-based optimization was 
not included. CO2 emissions 
credits should be considered. 

Wang et al., (2020) 
[89] 

Objective Function: Single objective. 
(1) Minimize the energy consumption. 

 Water supply temperature  

 Part load ratio 

Data driven optimization used ANN, 
Detailed and DOE-2 techniques, which 
relates variables, energy consumption, and 
heating demand. 

Cost-based optimization was 
not included. ANN and DOE-2 
were in good agreement with 
the data. 
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al., 2014 [105] 

Objective Function: Multi-objective. 
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 Condenser inlet temperature 
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 Dryness fraction  

 Evaporator outlet temperature 

Taguchi optimization analysis and utility 
concept.  

Utility concept combined with 
Taguchi are useful to predict 
COPs with high confidence 
level (95%).  

Zhao et al., 2021 
(USA) [103] 

Objective Function: Single objective.  
(1) Total cost of GSHP system over a 20-

year life span. 

 BHE’s depth and pipe radius 

 Mass flow rate  

 Groundwater velocity and ground 

thermal conductivity 

An analytical borehole and probabilistic 
uncertainties using reliability-based design 
optimization (RBDO).  

CO2 emissions credits should 
be considered.   

GAMAGE et al. 
2014 [108] 

Objective Function: Number of boreholes. 

 BHE length and number 

 Spacing between boreholes  

 Contribution of the GSHP 

EnergyPlus, cylindrical heat source 
solution and Monte Carlo simulation. 

CO2 emissions credits should 
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Ma and Xia (2017) 
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Objective Function: Single objective.  
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 Flow rate 

 Pump operating speed 
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Cost-based optimization was 
not included in the study. 
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5. Life Cycle Assessment

Life cycle analysis (LCA) is a method for studying the environmental impacts and
environmental aspects of a product or system during its life cycle [110]. LCA is required for
assessing GSHPs’ potential environmental issues and sustainability over its lifetime. There
are four components of the LCA process according to ISO standards 14040 and ISO14044:
goal definition and scoping, inventory analysis, impact assessment, and interpretation
(see Figure 10). LCA is necessary to make informed decisions about alternative fuels
and technologies. For a consistent comparison between the alternatives, a common unit
is used to express the results for the same output. This common unit is the functional
unit (CO2 eq/kWh). To accurately estimate the environmental impact, the LCA should
consider the manufacturing of equipment, materials, transportation, execution, use, and
disposal [111,112]. Astu and Pratiwi (2021) conducted LCA for shallow and medium depth
geothermal systems [113]. The results indicated that shallower systems with connected
heat pumps have better environmental performances than systems with district heating.
This depends on the fuels and grid used in the study’s district heating system. In addition,
the environmental impacts of the geothermal systems were lower than those of fossil
fuels, except for mineral resource scarcity, especially with decentralized heat pumps and
free cooling.
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6. Conclusions

The ground-source heat pump (GSHP) is a promising technology with great potential
towards decarbonizing the heating and cooling sector in Europe. The wider adoption of
GSHP systems could lead to energy efficacy improvement, energy-saving, and carbon
emissions reduction. In this work, an overview of the use of SGE for heating and cooling
purposes was presented. The latest developments of GSHP were discussed in terms of ma-
terials and BHE configuration, while emphasizing the most up-to-date literature regarding
techno-economic optimization approaches. Detailed conclusions are given below.

(1) GSHP has one of the highest efficiencies among the other renewable energy systems
with efficiency in ranges of 300–500%. By increasing the value of heat transfer in
BHE, the efficiency of the GSHP system is increased. GSHPs have been shown to
be both profitable and capable of reducing CO2 emissions by numerous researchers,
who demonstrated that 26–50% energy reduction and 65–85% emission reduction is
achievable when using GSHPs compared to combustion-based fossil fuel systems.
In addition, GSHPs have the advantage of being used as a heating or cooling system,
depending on the weather, with lower yearly operation and maintenance (O&M) costs
compared to other traditional heating systems.

(2) The thermal conductivity of the grout and collector has a significant impact on the
borehole thermal resistance. Adding thermally enhanced materials such as graphite
to grout or pipe materials improves their thermal properties and thus reduces the
borehole thermal resistance. Laboratory investigations have shown the great potential
for graphite, sand, and magnesium powder additives to increase the cement and ben-
tonite conductivity to 1.5 to 5 Wm−1K−1. Despite the development of increasing the
thermal conductivity of the grout and collector materials used in borehole completion,
there is still a gap between the theoretical optimum and the commercially available
products. Modeling has shown a continuous reduction in BHE’s thermal resistance,
with the collector’s thermal conductivities up to 4–5 Wm−1K−1, while commercial
collectors have thermal conductivities less than 1 Wm−1K−1. This is also the case
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for grout materials, which have a commercial product with a maximum thermal
conductivity of 2.8 Wm−1K−1. Many researchers have shown the significant effect of
using enhanced materials to reduce the borehole thermal resistance and increase the
thermal exchange rate. However, investigations of BHEs’ design length have reduced
and the economic benefits of using enhanced materials remain scarce.

(3) BTES is the ideal alternative for seasonal cooling and heat energy storage due to
the high thermal capacity of the ground. BTES can store surplus solar, and waste
the thermal energy collected in the summer that can be used in the winter. BTES
is a dispatchable renewable energy source, available everywhere, that can reduce
the undesired effects of the intermittency of the other renewable energy sources.
BTES should be designed so that its internal volume and external surface areas are
maximized. Therefore, equidimensional cylindrical or cubic arrays of the BTES will
perform best. For BTES systems, geological conditions are not crucial, unlike ATES
systems, which depend heavily on the geology of the subsurface layers and the type
of aquifer.

(4) The high upfront cost of shallow geothermal energy systems creates financing obsta-
cles for households. GSHPs without subsidy are more expensive heating solutions
compared to fuel-based heating systems. To make GSHP compete with gas, it is nec-
essary to create balanced taxation levels between electricity and gas. Increased prices
or carbon taxation on fossil fuels will likely have a direct impact on GSHPs’ ability
to compete against gas boilers. The cost-effectiveness of GSHP could be improved
in the future through several driving factors, including market maturity, increased
efficiency, access to cheap electricity, and subsidy programs.

(5) Increasing the thermal properties of materials (grout, collector, and heat-carrier fluid)
and implementing innovative configurations could improve BHE performance. The
extra costs associated with using such materials must be justified by their reasonable
effect on BHE efficiency. The optimal decision should therefore consider efficiency
alongside the total costs.
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Nomenclature

Abbreviation Full Title
ATES Aquifer Thermal Energy Storage
BHE Borehole Heat Exchanger
BTES Boreholes Thermal Energy Storage
Capex Capital Expenditure
CBA Cost Benefits Analysis
COP Coefficient of Performance
DHW Domestic Hot Water
GHG Greenhouse Gas
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GSHP Ground Source Heat Pump
IEA International Energy Agency
IRR Internal Rate of Return
LCOE Levelized Cost of Energy
LCOH Levelized Cost of Heat
MOGA Multi-Objective Genetic Algorithm
MRE Mean Relative Error
NPV Net Present Value
Opex Operating Expenditure
O&M Operation And Maintenance
PBP Payback Period
PE Polyethylene
PP Polypropylene
PU Polyurethane
PVC Polyvinylchloride
UTES Under Ground Thermal Energy Storage
RBDO Reliability-Based Design Optimization
RMSE Root Mean Squared Error
TRT Thermal Response Test
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46. Sliwa, T.; Kowalski, T.; Cekus, D.; Sapińska-Śliwa, A. Research on Fresh and Hardened Sealing Slurries with the Addition of
Magnesium Regarding Thermal Conductivity for Energy Piles and Borehole Heat Exchangers. Energies 2021, 14, 5119. [CrossRef]

http://doi.org/10.1016/j.energy.2020.118060
http://doi.org/10.1016/j.enbuild.2018.06.009
http://doi.org/10.1016/j.geothermics.2019.101758
http://doi.org/10.1016/j.geothermics.2009.06.002
http://doi.org/10.1016/j.geothermics.2018.08.001
http://doi.org/10.1016/0012-821X(69)90186-1
http://doi.org/10.11648/j.ajee.20140205.11
http://doi.org/10.1007/s12053-015-9324-8
http://doi.org/10.1186/s40517-015-0027-3
http://doi.org/10.1016/j.renene.2015.10.059
http://doi.org/10.1016/j.geothermics.2020.101804
http://doi.org/10.1016/j.energy.2020.117628
http://doi.org/10.1007/s10040-013-1060-6
http://doi.org/10.1007/s11431-009-0413-9
http://doi.org/10.1016/j.ijft.2021.100070
http://doi.org/10.1016/j.enbuild.2019.07.017
http://doi.org/10.1016/j.clay.2009.01.016
http://doi.org/10.1016/j.applthermaleng.2011.09.017
http://doi.org/10.3390/en12040651
http://doi.org/10.1016/S0017-9310(03)00270-9
http://doi.org/10.1016/j.geothermics.2017.05.004
http://doi.org/10.3390/en14041190
http://doi.org/10.3390/en14165119


Energies 2022, 15, 4281 20 of 22

47. Liu, X.; Spitler, J.D.; Qu, M.; Shi, L. Recent Developments in the Design of Vertical Borehole Ground Heat Exchangers for Cost
Reduction and Thermal Energy Storage. J. Energy Resour. Technol. 2021, 143, 100803. [CrossRef]

48. Mehrjerdi, A.K.; Naudin, S.; Skrifvars, M. Development of Polyolefin Compound and Post-Polymerization Treatments for Ground Heat
Exchangers; SHAREOK: Norman, OK, USA, 2017.
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