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Ground Heat Exchangers (GHEs), buried in the ground either horizontally or vertically (in a
borehole), are coupled with a heat pump to form a Ground Source Heat Pump (GSHP)
system, which is a type of Renewable Energy System that exploits geothermal energy for
space heating and cooling. GSHP systems are proposed as an alternative to conventional
Air Source Heat Pumps (ASHPs) as they exhibit a higher efficiency. In this study, this
difference in efficiency is tested in order to determine how the systems perform in terms of
environmental impact. Three types of GSHP systems (with different GHE configuration),
each compared to ASHPs, undergo a Life Cycle Analysis using the ReCiPe method from
both mid-point and end-point perspectives. The heating and cooling loads required for a
single residential building of area 220 m2, with nearly Zero Energy Building technical
characteristics, is used as a Functional Unit, for seven cases (locations/countries) from
South to North Europe. Additionally, a Simple Payback Period method is employed to
investigate the CO2 payback time for the GSHPs. It is concluded that the use of GSHP
systems in residential buildings, even with nZEB (nearly Zero Energy Buildings)
characteristics of low heating/cooling demand, can be a more environmentally friendly
solution than that of an ASHP system, depending on the factors affecting the system,
namely the ground thermal characteristics, the heating/cooling demand, the heating/
cooling peak loads and electricity mix.
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1 INTRODUCTION

Renewable Energy Systems (RES) have been recruited against the use of fossil fuels in order to
achieve a reduction of the Global warming effect. Geothermal Energy, a form of renewable energy,
exploits the Earth’s heat and finds applications through the use of Ground Source Heat Pump
(GSHP) systems.
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The GSHP systems extract/reject heat from/to the ground
when the HP is coupled with Ground Heat Exchangers (GHEs).
GHEs essentially consist of a network of underground tubes with
a circulating refrigerant fluid; heat is exchanged between the
circulating fluid and the ground. GHEs come in different types
and configurations and are designed according to the available
land area, the ground thermal characteristics, and the building’s
heating and cooling loads. They can be classified into two main
categories, based on source and orientation. GHEs are either of
open or close type and can be of vertical or horizontal orientation.
The conventional types for residential use are the vertical closed
systems (Christodoulides et al., 2020), mainly due to the small
land area required, and they may be of single or multiple U-tubes,
coaxial, spiral or complex configurations.

In recent years, GSHP systems have attracted further attention
fromgovernments, especially in the EuropeanUnion (EU), due to the
EU energy-related targets set. Specifically, carbon dioxide (CO2)
emissions should be reduced by 80%–95% by 2050 compared to
the 1990 levels. Starting from 2020, a milestone has been set every
10 years. A clear trend toward CO2 reduction can be seen from the
available data on space heating and cooling in the EU, where 51% of
the final energy consumption is responsible for heating and cooling,
of which space heating and cooling has a share of 69% and water
heating 14% (Fleiter et al., 2016). Furthermore, in northern countries,
such as United Kingdom, where heating is required for most months
of the year, space heating and domestic hot water account for 78% of
the domestic energy consumption and 40% of CO2 emissions (Le
et al., 2019). HPs, and in particular Air Source Heat Pumps (ASHPs),
have been recruited as a promising technology to reduce CO2

emissions in the EU, mainly replacing natural gas boilers. ASHPs
dominate the market toward a building carbon footprint reduction
due to their higher coefficient of performance (COP) compared to gas
boilers. Although GSHPs have an even higher COP than
conventional ASHP systems, they require extra materials/products
and processes, as well as available land for GHE installation, which
can be confined to a dense urban environment.

In an effort to promote the GSHP systems, some EU countries
have provided financial support/initiatives, but with restrictions
on technical and licensing standards (Tsagarakis et al., 2020).
Such technical and licensing restrictions are set for the benefit of
the homeowner; for example, in some cases it can be guaranteed
that there will be no interaction with a neighboring system or,
when there is an underground aquifer, there will be an
interference of the systems downstream. Furthermore, the
countries’ initiatives do not only aim at complying with EU
guidelines, but also to meet the requirements of owners/
developers/buyers in relation to environmental sensitivities. In
the not so distant past, the selection of HVAC (Heating,
Ventilation and Air Conditioning) systems was solely based on
the capital cost (Alanne et al., 2007). Nowadays, in the age of
renewables, the selection criteria may also include CO2 reduction
and the environmental impact of the system. Decision analyses
based on multiple criteria for residential buildings have been
investigated by several researches (Seddiki and Bennadji, 2019;
D’Agostino et al., 2019; Babatunde et al., 2019), with the
buildings’ HVAC systems playing an important role in the
overall environmental impact of the buildings. Also, decision

making tools have recently been developed for buildings’ RES in
order to reduce the energy requirements, while maintaining a
cost- and environmentally-effective solution (Hong et al., 2014;
Petrillo et al., 2016; Karunathilake et al., 2019).

It should be noted that a RES does not automatically become
an environmentally friendly alternative to conventional systems.
To this end, Life Cycle Analysis (LCA) and Life Cycle Impact
Assessment (LCIA) constitute a tool for comparison of such
systems in relation to their environmental friendliness. Previous
studies have also raised the aforementioned concern in the case of
promoting GSHP systems versus ASHP systems. A general
approach for the LCA estimation of the systems could be to
evaluate the CO2 savings based on an overall COP difference
between the systems (Bayer et al., 2012), while the acidification
and eutrophication potential could also be taken into account
(Huang and Mauerhofer, 2016). Greening and Azapagic
(Greening and Azapagic, 2012), for example, compared the
impact of three different HP systems, namely ASHPs, GSHPs
andWater Source Heat Pump, and a gas boiler, for several impact
categories. The gas boiler provided a lower environmental impact
than all HPs, while the ASHP provided the highest impact among
the HPs. Another noteworthy finding was that for GSHPs the
operation process was 84% of the overall impact. Blum et al.
(2010), investigated the CO2 savings when using a GSHP system
instead of conventional electric heating systems. The authors used
a steady COP value of 4, and an operation time of 2,000 h
annually. They hence demonstrated an average 1,800–4,000 kg
of CO2 saving per year per unit installed GSHP system. This large
variation however is due to the electricity mix. Also, Marinelli
et al. (2019), though the use of a general and critical review of the
systems, reported a higher environmental impact of the ASHP
systems, over the GSHP systems, due to their higher energy
requirement in the operation process.

Other recent relevant findings were presented by Sevindik
et al. (2021) for a comparative environmental assessment of
ASHP, GSHP and gas boilers in the United Kingdom. Similar
results were produced by Greening and Azapagic (Greening and
Azapagic, 2012), with the exception of reporting lower emissions
due to more renewable energy sources used in the electricity mix
during the last decade. The gas boilers were reported to produce
the lowest environmental impact but not in the category of
climate change, while regarding HPs, GSHPs had a lower
impact than ASHPs. Having used a FU of one kWh however,
the above studies did not capture the complexity of the GSHPs,
where the GHEs are designed according to the building’s heating
and cooling loads. A similar study, by Blom et al. (2010),
compared ASHPs and gas boilers in the Netherlands through
a LCA. The authors found that the use of gas boilers produced a
lower environmental impact compared to ASHPs. On the other
hand, Koroneos and Nanaki (Koroneos and Nanaki, 2017)
reported that raw materials produced the highest impact
during the use of GSHPs. The Eco-indicator95 impact
category was selected by the authors with the commercially
available SimaPro software for a case study of a town hall in
Greece with a life cycle of 25 years. Their study, however, was
focused on the production of one kWh of thermal energy, which
was used as a Functional Unit (FU). The electricity mix was
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reported to play an important role in the environmental impact of
the GSHP systems in the study of Smith et al. (2021). The
electricity mix may be different from study to study and from
country to country, and therefore a comparison among different
countries may be helpful in giving a deeper insight on the impact
of GSHP systems. Finally, Genchi et al. (2002) used a simple
payback method to address the CO2 payback period (PBP) of a
GSHP system at a regional scale. A PBP of 1.7 years was reported
by the authors, with the replacement of ASHP systems by GSHP
systems yielding a CO2 emissions reduction of 54%.

The use of water solution with different antifreeze additives in
the GHE circulating fluid provides a different environmental
impact, depending on the case. This allows the circulating fluid
and the system to operate at temperatures below pure water freeze
conditions (0°C), leading to the reduction of the overall GHE
length. However, this solution could come at a high cost, when
there is a leakage in the closed system and the groundwater is
contaminated. Johnson (Johnson, 2011) demonstrated that the
refrigerant (circulating fluid) in an ASHP system accounts for
approximately 16% of the CO2 emissions by the system. The long
term potential for groundwater contamination with different
antifreeze solutions, namely propylene glycol (PG), ethylene
glycol (EG), and betaine, was examined by Klotzbucher et al.
(2007). The authors reported that EG and PG—as they are
readily biodegradable in many environments—are not at risk of
contamination in the long run. The case is different with the use of
betaine, where there is a potentially higher risk for groundwater
quality. Such effects were also investigated by Bartolini et al. (2020),
where three different antifreeze agents, namely PG, Calcium
Chloride (CaCl2) and pure water, were tested. Pure water was
clearly the best solution with the use of CaCl220%, leading to
reduced emissions compared to PG25%. Using an antifreeze
solution could endanger the groundwater in the case of leakage,
but also—through its ability to operate at very low
temperatures—could potentially lead to the freezing and
damaging of the grouting materials of the GHE (Erol and
François, 2016; Dalla Santa et al., 2019).

Following the above, and as the literature indicates, one could
expect that the use of GSHPs would be of a lower environmental
impact compared to ASHPs in most cases. However, as every
GSHP system is custom-designed per case and depends on the
residential building’s characteristics, the ground thermal
properties, climate conditions, and so on, such a comparison
does not lead to so obvious results. The present study attempts to
fill such a gap, by investigating—for the first time—the
environmental impact of GSHP systems versus ASHP systems
in residential buildings with nearly Zero Energy Building (nZEB)
characteristics (mandatory for new buildings in the EU). The
comparison is made for a “typical” three-bedroom dwelling for a
household of four in seven different locations (countries)
covering the whole of Europe geography-wise, from South to
North. The goal is to assess whether three specific different GSHP
systems (RES) are environmentally more beneficial than
conventional ASHP systems, and to which extent in each
country with regard to the EU targets mentioned above.

The methodology followed in this research is given in Section
2, where first a case study, as explained above, is examined in each

country in order to size the required GHEs, and secondly LCA
characteristics used for assessing the environmental impact of all
GSHP systems are described. The results of the LCA are then
presented in detail in Section 3 for both a mid-point and an end-
point perspectives. Conclusions are discussed in Section 4.

2 METHODOLOGY

An important step for the LCA and the estimation of the LCIA is
the relevant data collection. The choice of a heating and cooling
system for any dwelling is based on the estimated building’s loads
and peak loads. The data (heating and cooling loads) for seven
cases (European cities in different countries), namely
Lefkosia–Cyprus (CY), Seville–Spain (ES), Bologna–Italy (IT),
Lisbon–Portugal (PT), Belgrade–Serbia (SRB), Berlin-Germany
(DE), Stockholm–Sweden (SE), are provided in the literature
(Aresti et al., 2020; Bartolini et al., 2020). Specifically, the thermal
loads from several case studies in six different countries were used
to perform GHE sizing from an economic and environmental
point of view (Bartolini et al., 2020), while analogous data for
Cyprus were used for a study of foundations as GHEs (Aresti
et al., 2020). The residential heating and cooling loads data, as
well as the ground thermal characteristics for each area, are used
as input to GLD (Ground Loop Design, Thermal Dynamics Inc.,
MN, United States). GLD is a commercially available software
package for GSHP systems design professionals. In all seven
cases/locations, a high insulated residential building (detached
house) for a household of four is considered, with an area of
220 m2, a U-value (thermal transmittance) of less than 0.4 Wm2

K−1 for the external wall and the ceiling, and less than 2.25Wm−2

K−1 for the doors and windows. Note that these technical
characteristics fall under the nZEB characteristics, according to
Derivative 366/2014 (Ministry CIET, 2017). The heating and
cooling loads per country as well as the relevant COPs are shown
in Figure 1. The ASHP COPs are assumed values based on
previous ambient temperature and HP performance at entering
fluid temperature (Christodoulides et al., 2019), whereas the
GSHP COP values are elaborated values from GLD. The COP
values depend on the HP characteristics and capacity; therefore,
the HPs were sized according to the peak load and varied for each
case. The capacity of the HPs to satisfy the peak heating or cooling

FIGURE 1 | Yearly heating and cooling loads per country for the same
dwelling under investigation.
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loads, are 9, 10.5, 7.8, 9, 11.3, 12.4, and 14.7 kW for the cases of
CY, ES, PT, IT, SRB, DE, and SE respectively.

As previously mentioned, GSHPs consisting of vertical closed-
loop GHEs are the conventional type in residential areas (Aresti
et al., 2018). Here, three different GHE configurations are
considered, namely single U-tube, double U-tube and coaxial
(all borehole GHEs). Depending on the application, there may be
multiple numbers of boreholes to reach the necessary depth of the
GHE required to meet the heating and cooling demands. For the
current application, the borehole number was set to 3 (i.e., there
were three boreholes), for all cases, with a separation (distance) of
4 m between each borehole, a 0.2 m diameter borehole and a
32 mm-outer-diameter P100 SDR11-OD pipe applied. The
ground temperatures were 22.7°C, 21.5°C, 19.5°C, 16.0°C,
15.0°C, 12.5°C, and 9.0°C, for CY, ES, PT, IT, SRB, DE, and SE
respectively. The selected HP varied from country to country due
to the difference in the heating/cooling demand, but is kept the
same for each country for all configurations. A major difference
in system design between southern and northern Europe is the
use of a higher percentage of antifreeze solution as circulating
fluid in the GHEs. The further north in Europe, the lower the
ambient and ground temperatures, and therefore an increased
antifreeze solution is required.

An environmental impact assessment of the systems under
investigation, which is essentially an estimation of the impact on
the examined processes, products or services, is performed using
Life Cycle Analysis (LCA) in accordance with the ISO 14040 (ISO
14040, 2006) and ISO 14044 (ISO 14044, 2006). LCA consists of:
1) the goal and scope definition, 2) the life cycle inventory (LCI)

analysis, 3) the LCIA, and 4) the interpretation of results. The
chosen LCA methodology was based on previous studies, such as
(ISO 14040, 2006; ISO 14044, 2006; Aresti et al., 2021; Sutman
et al., 2020; Ren et al., 2018; Bartolozzi et al., 2017; Kljajić et al.,
2020; Goedkoop et al., 2008).

2.1 Goal and Scope
The scope of the LCA is set to be the examination of the overall
environmental load of different vertical GHE types for a detached
residential building, and the evaluation of the different impacts in
relation to the systems’ installation location in Europe. The overall
goal is to identify whether a GSHP system is environmentally
beneficial as a heating and cooling system across Europe and
how geographic location (countries from southern to northern
Europe) affects this impact. Another question to answer is
whether the change from an ASHP (conventional) system to a
GSHP (RES) system would be beneficial to EU countries toward
their goal to reach the EU climate targets.

The system boundaries for the GSHP systems with different types
of GHEs are presented in Figure 2. A cradle-to-grave approach
impact has been adopted with the boundaries including the
extraction and process of raw materials, transportation, installation
and operation related only to the GHEs and not theHPs. TheHPs are
assumed to have the samematerial volume and processes for all cases,
and were therefore neglected from the study. The LCA flow of the
systems starts with the extraction of raw material related to GHEs,
continues with the production and processes of the products, and
finishes with the installation and operation of the system. The
distribution and transportation of the products to and from the

FIGURE 2 | LCA System boundaries for all GSHP systems under investigation.
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construction site are not taken into account because of their negligible
impact, as observed in previous studies (Sutman et al., 2020; Aresti
et al., 2021). The operation stage is considered for the lifetime of the
system. In this study the lifetime of the HP is set at 15 years
(Christodoulides et al., 2019; Aresti et al., 2021) (note that for the
GHE, it can be higher).

A key step in LCA estimation is the classification of the functional
unit (FU), which serves as a referencewhere inputs and outputs of the
systems are measured upon. In this study, FU is represented by the
energy required to satisfy the yearly demand (for heating and cooling)
of the building under consideration. Note that this demand varies by
country. A similar choice of FU has already been observed in the
literature (Bartolozzi et al., 2017; Ren et al., 2018; Sutman et al., 2020;
Aresti et al., 2021). It should be emphasized here that, if a fixed energy
was selected (for example one kWh), the difference between the cases
would only lie in the extramaterial and processes required for drilling
the boreholes.

The open source and user friendly OpenLCA software (http://
www.openlca.org/) was selected for the sustainability assessment
and LCA. OpenLCA, being a freeware software, does not contain
any databases or methods. Free or commercial databases and
methods can be imported. Such a database is the Ecoinvent 3.6
database (Steubing et al., 2016; Wernet et al., 2016), which is used
in this study (with educational license), along with the Cut-off
system model (Wernet et al., 2016).

2.2 Life Cycle Inventory
The GSHP systems, with different GHEs and characteristics, are
connected to input and output flows based on the Ecoinvent 3.6
database, while the background LCI data are also obtained from
the Ecoinvent 3.6 database. The LCI with the input and output
(emissions) processes of the system is described in Table 1. The
LCI table is divided into three stages, namely the materials
production/manufacturing, the installation of the system and
the operation. The transportation of the system has not been

TABLE 1 | Life cycle inventory.

Life cycle
stage/process

Input Amount per FU Unit Unit process Emissions in
kg per
unit

Materials
production

HDPE pipes Depending on the GHE type and city, as
defined in Table 3

[m] Polyethylene pipe production CO2: 8.4;
CO: 1.27 × 10−2;
SO2: 2.34 × 10−2;
NOx: 1.81 × 10−2;
N2O: 3.13×10

−14;
CH4: 4.38 × 10−2.

Tube insulation 6 [kg] Tube insulation production, elastomer CO2: 0.225;
CO: 2.4 × 10−4;
SO2: 0.0121;

NOx: 2.9 × 10−4;
PM > 10 μm: 5.04

× 10−5.
Refrigerant calcium
chloride

Depending on the pipe length, as defined in
Table 3

[kg] Calcium chloride production CO2: 1.37;
CO: 1.9 × 10−3;

CH4: 4.78;
CH3CHO: 1.41

× 10−6;
C2H4: 6.05 × 10−6.

Manifold 6.6 [kg] Brass production CO2:3.89;
CO: 1.6 × 10−2;
Zn: 3.03 × 10−4.

Grout Depended on borehole length, as defined in
Table 3

[kg] Bentonite quarry operation CO2: 3.86 × 10−2;
CO: 1.14 × 10−4;
SO2: 8.19 × 10−5;
CH4: 4.76 × 10−7.

Installation Excavation and drilling 5–7 h/100 m [h] Machine operation, diesel ≥ 74.57 kW,
high load factor

CO2: 119;
CO: 0.16;

CH4: 5.6 × 10−4;
NOx: 0.5;

SO2: 1.1 × 10−3.

Operation Heating and cooling Defined in Table 2 [kWh] Electricity, low voltage CO2: 0.433;
CO: 2.86 × 10−4;
CH4: 7.26 × 10−4;
NOx: 7.86×10−17;
SO2: 2.96 × 10−7.

(RER values)

Frontiers in Built Environment | www.frontiersin.org July 2022 | Volume 8 | Article 9142275

Aresti et al. Environmental Impact of GSHP Systems

http://www.openlca.org/
http://www.openlca.org/
https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


included, as it was found to have a neglected effect in previous
studies (Aresti et al., 2021). The data shown in Table 1, but also in
Tables 2 and 3, are all linked to the FU for each different case.

The operation of the system depends on the annual heating
energy demand and the performance of the system (related to
operation process, see Table 1). The electricity demand of each
system, estimated using the COP of each system, are presented in
Table 2, where the COPs for the different GSHP systems were
estimated using the GLD software and are presented in Figure 1.
Based on the heating and cooling loads, the percentage difference
(saving) in electricity demand between using a GSHP instead of
an ASHP system, is 32%–39% for southern European countries
and 41%–50% for central and northern European countries. The
electricity demand was assumed to be contant for the lifetime of
the system, with similar assumptions performed in literature
(Sutman et al., 2020; Aresti et al., 2021).

2.3 Life Cycle Impact Assessment
Several methods are available for use with the LCIA, depending
on the scope of the problem under consideration. Such methods
can be found in the literature with both mid-point and end-point
impact perspectives (Dreyer et al., 2003; Monteiro and Freire,
2012; Weidema, 2015). Examples of available LCIA methods for
the Ecoinvent 3.6 dataset are CML2001, Cumulative Energy
Demand, Eco-indicator 99, Eco-Scarcity 2006, ILCD 2011,
ReCiPe and the TRACI 2.1 (Acero et al., 2016).

In particular, CML (Guinée et al., 2001) and Eco-indicator
(Goedkoop and Spriensma, 1999) are two widely accepted
impact methods, with different approaches, the former being
a problem-oriented method with a mid-point perspective and
the latter being a damage-oriented method with an end-point

perceptive. In mid-point impact perspective methods, one has
to interpret each impact category (from dozens) through
different indicators (such as CO2 for climate change), while
in end-point perspective methods, one has to simply use
weighted results of only three to four damage categories,
which arise from a set of impact categories converted into
a point impact Eco-indicator system (Dong and Ng, 2014). In
such a point system, every 1,000 points (Pt) represent the
yearly environmental load of an average European citizen.
Although the end-point perspective may seem like an ideal
approach, it exhibits higher uncertainties compared to the
mid-point method.

ReCiPe, on the other hand, builds upon the two methods
and provides a harmonized mid-point and end-point
consistent methodology. A more detailed analysis, the areas
of protection, as well as the methodology used for the ReCiPe
impact method can be found in (Goedkoop et al., 2008). In the
current study the selected LCIA method is the ReCiPe
methodology with the Hierarchist (H) perspective, which is
a consensus model with regard to time frame and plausibility
of impact mechanisms (Goedkoop et al., 2008; Foteinis et al.,
2018). The impact categories were selected according to the
goal and scope of this study, which is to identify the effect of a
change from ASHP systems to GSHP systems throughout
Europe and how it would benefit the EU climate targets.
Therefore, the main impact categories of the study,
associated with the climate change, are the Global Warming
Potential (GWP) for the midpoint perspective, and the
ecosystem quality for the endpoint perspective. Evaluation
of the human health and resources was also selected for the
endpoint perspective for comparison reasons.

TABLE 2 | Annual and lifetime electricity demand of GSHP and ASHP systems.

City, country GSHP annual and
(lifetime) electricity demand

[kWh]

ASHP annual and
(lifetime) electricity demand

[kWh]

Annual and lifetime
difference between GSHP

and ASHP [%]

Lefkosia, CY 1334 (20006) 2093 (31398) 36
Seville, ES 1498 (22475) 2211 (33164) 32
Lisbon, PT 791 (11872) 1224 (18335) 39
Bologna, IT 2156 (32335) 3231 (48472) 35
Belgrade, SRB 2353 (35294) 3970 (59557) 41
Berlin, DE 2629 (39437) 5101 (76510) 48
Stockholm, SE 4204 (63053) 8407 (126105) 50

TABLE 3 | Total borehole length with different GHE configurations and different rate of antifreeze solution at each city, estimated using the GLD software.

City, country Total borehole length, m Refrigerant calcium chloride

Single U-tube Double U-tube Coaxial

Lefkosia, CY 152.4 132.5 131.9 (pure water)
Seville, ES 267.3 227.3 200.5 (pure water)
Lisbon, PT 136.0 116.5 114.2 9.7%
Bologna, IT 142.6 124.4 120.4 11.3%
Belgrade, SRB 158.8 139.6 125.2 18.1%
Berlin, DE 238.9 211.8 196.5 18.1%
Stockholm, SE 411.7 367.3 320.4 18.1%
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3 RESULTS AND DISCUSSION

Before proceeding to the LCA, the different GHE configurations
for each city/country were estimated using the GLD software and
are presented in Table 3. The southern Mediterranean countries,
which have higher average temperatures, require a lower
percentage antifreeze solution than the central and northern
European countries. Additionally, based on the FU, it can be
seen that the Mediterranean countries exhibit lower heating and
cooling demand (see Table 2), but not necessarily shallower
boreholes, due to the fact that the peak loads may be higher
than northern countries because of the hot summers in the
Mediterranean countries. The calculated values are then
incorporated into the openLCA software for the estimation of
the systems’ LCA and LCIA.

Generally, one of the most important impact categories is the
GWP, which is associated with climate change and the
greenhouse effect, having an impact on air quality, ecosystems
and human health. GWP can arise during fuel combustion and
industrial processes, and therefore can occur at all stages, namely
the manufacturing, installation and operation of the GSHP
system. GWP has potential mid-point impact effects such as
the increased radiative forcing. Moreover, from an end-point
perspective, GWP has major effects such as sea level increase,
wind and ocean currents change, and increased extreme weather
frequency.

3.1 Mid-Point Perspective
The investigated GWP impact of manufacturing (material
processing) the different types of GHEs in different European
locations is presented in Figure 3, where 100% is represented by
the SE coaxial configuration at 2683 kg CO2-Eq per FU. The
results, as expected, demonstrate that with the increased borehole
length (see Table 3), there is an increased impact, regardless of
geographical location (i.e., south or north), as explained above.
Notably, among all configurations, the coaxial GHE produces the
highest environmental impact in all cases, despite requiring the
lowest total borehole length, as it requires higher pipe volume

compared to the other configurations. These results are in line
with previous studies (Aresti et al., 2021).

Having noted that the highest manufacturing impact was
produced by the coaxial configuration in all cases (countries)
and with the highest being in SE, the overall impact comparison
between the differences of GSHP and ASHP systems is
investigated and plotted in Figure 4. It is evident that for all
cases the ASHP system produces the highest impact, except for
the case of SE where all types of GSHP systems have a higher
GWP impact than ASHP. The ASHP system corresponding to
100% has different values (per FU) for each country, namely 3.12
× 104, 1.09 × 104, 2.05 × 104, 7.63 × 103, 2.49 × 104, 4.38 × 104, and
6.71 × 103 kg CO2-eq for CY, ES, IT, PT, SRB, DE and SE
respectively. The GWP impacts for all cases, except SE, are
lower by 13%–43%, while for SE higher by 11%–18%. The
higher heating loads in the northern countries lead to higher
differences in electricity demand between GSHP and ASHP
systems, and hence the GWP impact produced was expected
to be lower; this is though not the case for SE where a higher
impact is observed, owing to the high share of renewables in the
electricity mix of that country. The installation and
manufacturing processes, with the exception of SE, exhibit
lower emissions than the operation process, and this could be
justified by the low time required for these processes compared to
the operation time required for the lifespan of the system.

Next, the share of each process in the overall system impact is
examined. The results for CY and SE can be seen in Figure 5,
where the operation process for all cases ranges between
91%–93% and 42%–45% for each country respectively. For the
rest of the countries under investigation, the operation process
share ranged between 74% and 91% for all cases. Similar
behaviors were observed in previous studies, where the
operation process was predominant in terms of environmental
impact (Bartolozzi et al., 2017; Koroneos and Nanaki, 2017;
Sutman et al., 2020; Aresti et al., 2021), due to its longer
lifespan. In the northern countries, due to the use of
environmentally friendlier ways and RES for electricity
generation, the grid electricity mix has lower carbon emissions

FIGURE 3 | GWP impact for the manufacturing process of the boreholes (GHEs), with the coaxial GHE in SE representing 2,683 kg CO2-Eq. per FU.
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(Saner et al., 2010; Greening and Azapagic, 2012) than the
southern countries, but higher heating demand. In cases where
the lifespan of the system is longer than 15 years, the operation
process is practically the one that counts for the environmental
impact; such cases were reported by Sutman et al. (2020) for
20 years lifespan and Bartolozzi et al. (Bartolozzi et al., 2017) for
50 years lifespan.

By setting the ASHP performance (COP) shown in Figure 1 as
benchmark, an analysis of the effect of the GSHP to ASHP ratio
on the environmental impacts can be performed by increasing the
ASHP COP. This scenario is presented in Figure 6 for the case of
the GWP impact per FU (recall Figure 4), where all cases/
countries are compared with increments of 10%, 20% and 30%
in the ASHP COP, with one representing the ASHP system
environmental impact for each country/case for a double

FIGURE 4 | Percentage ratio of GSHP systems to ASHP per country per FU, for the GWP impact.

FIGURE 5 | Percentage share of the different processes for the GWP impact per FU in two different cases/countries, CY (top row) and SE (bottom row), for single
U-tube GHE (first column), double U-tube GHE (middle column), and coaxial GHE configurations (last column).

FIGURE 6 | Percentage ratio of GSHP systems to ASHP for various
increments in ASHP efficiency (COP), for the GWP impact per FU.
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U-tube GHE. It can be observed that, even with a 30% increase in
the ASHP performance (i.e., a reduction in electricity demand),
yielding a lower difference in the operation process, the GSHP
systems in most cases continue to produce a lower environmental
impact. In particular, for the cases of CY, IT, SRB and DE, the
GSHP systems are still superior in the range of 7%–26% even for
the “worst”-case scenario (30% increase in ASHP performance).

3.2 End-Point Perspective
Following the results of the mid-point impact (shown in
Figure 4), the end-point-impact was also examined using the
ReCiPe method with the Hierarchist perceptive for the ecosystem
quality impact category. As before, the ASHP system,
corresponding to 100%, has different values (per FU) for each
country, namely 5.95 × 102, 3.36 × 102, 4.45 × 102, 1.64 × 102, 5.52
× 102, 8.79 × 102, and 4.62 × 102 points for CY, ES, IT, PT, SRB,
DE, and SE respectively. The results (shown for all configurations
in Figure 7) follow the same trend as the mid-point impact, and
constitute a verification that the ASHP systems exhibits a higher
impact than all GSHP systems in all countries. The impact
reduction between the ASHP system and the GSHP system for
all cases, with the exception of SE, ranges between 8% and 43%.
Low impact differences are observed between GHE

configurations, with only 0.5%–3.5% difference noted between
the single U-tube and coaxial configurations. The operation
process plays the most important role in the environmental
impact showing the highest percentage, ranging from 52%
to 68%.

By further investigating the three damage weighted impact
categories, namely the ecosystem quality, human health and
resources, once more all GSHP systems outperform the ASHP
system in all cases, except for SE, as shown in Figure 8. As before,

FIGURE 7 | Percentage ratio of the different types of GSHP systems to the ASHP per country, using ReCiPe end-point method for the ecosystem quality impact
per FU.

FIGURE 8 | Percentage ratio of the double U-tube GSHP system to the ASHP per country, using ReCiPe end-point method for all three damage categories per FU.

FIGURE 9 | CO2 payback period per country for the double U-tube
GSHP system (compared to ASHP), with baseline COPs as presented in
Figure 1, for the GWP impact per FU.
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the operation process is crucial as it exhibits the highest impact in
all cases and follows the same pattern observed in Figure 7.
Regarding the human health category, the impact reduction
between the ASHP system and the GSHP system for all cases,
including SE, ranges between 7% and 43%. Finally, regarding the
resources category, the impact reduction between the ASHP
system and the GSHP system for all cases, with the exception of
SE, ranges between 2% and 39%, and is always smaller than the
ecosystemquality respective impact reduction. As for SE, it seems that
the high impact in this category (a 26% increase compared to ASHP)
is due to the high share of renewables in the electricity mix.

All the above agree with the findings of the mid-point
perspective, where all GSHPs are environmentally beneficial
compared to ASHPs, for all cases except SE.

Clearly, the operation process, which provides the highest impact,
could be decreased with the use of other RES, such as Photovoltaic
(PV) systems, in the residential building. In such a case, GSHP
systems may not be environmentally friendlier solutions than ASHP
systems, as there will be very low emissions during the operation
process; hence ASHPs will be a preferable choice. On the other hand,
ASHP systems might not be sufficient in areas of very low ambient
temperatures like the case of SE, and a secondary heating system
(such as gas boiler, etc.) would be required. This would raise even
further the environmental impact, thus making the GSHP systems a
clearly environmentally friendlier system.

3.3 CO2 Payback Period
Furthermore, performing a simple payback period (PBP) method,
one can investigate the CO2 PBP when using a GSHP system
instead of an ASHP system. A simple method for a comparable
evaluation, similar to the simple PBP used for economic
evaluation, is applied, where the years required for the ASHP
system to produce higher CO2-eq emissions than the GSHP
system, are calculated. The PBP in years can be described by
the following equation:

PBP � (Ek, GSHP − Ek, ASHP) − k
k−1 (Ek, GSHP − E1, GSHP − Ek, ASHP + E1, ASHP)

1
k−1 (Ek, ASHP − E1, ASHP − Ek, GSHP + E1, GSHP)

(1)
where k is the number of years, E1 repressnts the emissions
during the first operating year in kg CO2-eq, and Ek the emissions
of each system (ASHP and GSHP) in the kth operating year in kg
CO2-eq, expressed as

Ek � EM + EI +∑
k

i�1
EO, i (2)

where EM represents the manufacturing emissions in kg CO2-
eq, EI the installation emissions in kg CO2-eq, and EO, i the
operation emissions for the ith year in kg CO2-eq. Note that
the operation process is assumed to be steady each year in the
above equations.

The COP values were assumed to be constant in the 15 year
lifetime of the systems, although in some cases for the GSHP
systems, when unbalanced loads are observed, the ground
temperature could rise, yielding a COP difference [in some
cases reported at +1.76% (Marinelli et al., 2020)]. The effect of
change in COP difference on PBP is studied for various
increments in the COP values of the two compared systems.

Figure 9 presents the estimated CO2 PBP based on the COP
values of Figure 1 for the double U-tube configuration. The PBP for
all cases, except SE, is within an acceptable time frame, always below
the lifetime of the system of 15 years. Even for SE, the PBP of
20.4 years is not prohibitive of installing a GSHP system, as the GHE
have life expectancies of 50+ years; hence by replacing the HP, the
system would extend its lifetime much further than 15 years. Once
more there is no specific trend for southern or northern countries, as
the factors affecting the whole analysis, in addition to the ground
thermal characteristics, are the heating/cooling demands, the heating/
cooling peak loads and electricity mix. Of note is the particularly low
PBPs for the cases of DE, CY, SRB and IT.

Figure 10 presents a kind of “sensitivity” analysis of the PBP
baseline presented in Figure 9 for all countries except SE, where
incremental factors of 10% are applied for the ASHP COP values for
fixed GSHP COP values. For increased COPs up to 10%, all GSHP
cases exhibit a lower CO2 PBP than the specified lifetime (15 years)
of the system. Moreover, for the cases of DE, SRB and CY, all GSHP
cases exhibit a lower CO2 PBP than the specified lifetime (15 years)
of the system even for increased COPs up to 40%.

A different approach is followed in Figure 11, where the CO2 PBP
per country is presented for percent differences between GSHP and
ASHP, using the GSHP COP values of Figure 1 as baseline. For
example, for the GSHP heating and cooling COP values of CY,

FIGURE 10 | CO2 payback period per country for the double U-tube
GSHP system (compared to ASHP), with various increments added in ASHP
efficiency (COP) from values presented in Figure 1, for the GWP impact
per FU.

FIGURE 11 | CO2 payback period per country for the double U-tube
GSHP system (compared to ASHP), with various drops in ASHP efficiency
(COP), for the GWP impact per FU.
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namely 5.1 and 4.4, and ASHP values smaller by 10%, i.e., 4.59 and
3.96, respectively, one observes a PBP of 13 years. More specifically,
the GSHP cases of CY, DE, SRB and IT exhibit a lower PBP than the
specified lifetime (15 years) of the system for percent differences of
15% ormore. Moreover, the GSHP cases of ES and PT exhibit a lower
PBP than the specified lifetime of the system for percent differences of
30% or more, while a 60% percent difference is needed for SE. For
comparison reasons, with a factor of 30%, which is reported in the
literature (Aresti et al., 2021), the PBP time can be reduced to a most
desirable 3.4 years in the best case (CY), not far from 1.7 years
reported by (Genchi et al., 2002).

4 CONCLUSION

During this research the environmental impact of different GSHP
systems in different European countries was investigated.
Specifically, GSHP and ASHP systems were subjected to a
comparison to investigate whether the GSHP systems would
be an environmentally beneficial alternative to ASHP systems
in terms of their performance, depending on their geo-location.

Initially, data from several case studies in seven European
countries (CY, ES, IT, PT, SRB, DE and SE) were incorporated
into the GLD software, where the depth and the performance of each
GSHP/GHE system (for single U-tube, double U-tube, and coaxial
configurations) were estimated. The obtained data were then used as
input for the LCA estimation of the different systems using the
openLCA softwarewith the Ecoinvent 3.6 database andmethods. The
cut-off approach with the ReCiPemethodology and the GWP impact
category were selected for the LCIA calculation. The selected FU was
the annual heating and cooling loads required to satisfy a three-
bedroom detached residential building with an area of 220m2.

The results from a mid-point impact perspective, indicated that
the ASHP system exhibited the highest impact among all cases,
except SE, and that GSHP systems could be an environmentally
beneficial alternative. The GSHP systems of six out of the seven
investigated European countries (namely, CY, ES, IT, PT, SRB, DE)
outperformed (having a lower GWP impact) the ASHP system by
13%–43%, while the GSHP systems in SE were outperformed by the
ASHP system by 11%–18%. The further north the location of the
case is, the higher heating load is required, therefore the higher
difference in performance between ASHP andGSHP, and the higher
is the difference in electricity demand. However, the results are
affected by the electricity mix, which seems to be a factor out-
shadowing the geographical location. The operation process was
demonstrated to have the highest impact, ranging between 42% and
93%, with the environmental impact highly depending on the
electricity mix composure, where the higher the renewable energy
share in the electricity mix the lower the operation percentage
impact. Similar results obtained using an end-point impact
perspective confirm the results of the mid-point impact perspective.

Also, a simple PBP method was employed to investigate the CO2

PBP period of the GSHP systems, compared to ASHP, for different

ASHP COPs. It turns out that the PBP varies between 2.0 and
20.4 years, with theGSHP systems of four countries (namely, DE, CY,
SRB, IT) yielding very low PBP of less than 4 years. Also, the GSHP
systems of PT and ES yield acceptable PBPs considerably lower than
the 15-year specified lifetime of the system. Furthermore, two
“sensitivity” analysis scenarios were investigated, one where the
ASHP COP was increased by increments of 10%, and one where
the difference in COP between GSHP and ASHP was increased by
increments of 10%. It turns out that for the realistic scenarios
considered, all GSHPs can exhibit a lower CO2 PBP than the
specified lifetime of the system, according to the chosen
increment. In particular, for the first scenario, the “best-case” is
exhibited by DEwith a PBP period of less than 5 years even for a 40%
increase of the ASHPCOP. For the second scenario, the “best-case” is
exhibited by CY with a PBP period of less than 15 years even for a
10% COP difference between GSHPs and ASHPs.

Concluding, the use of GSHP systems in residential buildings,
even the ones with nZEB characteristics of low heating/cooling
demand, can be an environmentally friendlier solution than that
of an ASHP system. However, this depends on the factors
affecting the whole analysis, namely the ground thermal
characteristics, the heating/cooling demand, the heating/
cooling peak loads and electricity mix.

The study presented in this paper has addressed new grounds in
the usefulness and practical significance of implementing GSHP
systems in relation to environmental benefits. Consequently, one
could think of several future directions that such an analysis could
follow. One such direction is the adoption of more locations/cases,
based on data availability. That would require collecting data such as
thermal loads of case studies, ground thermal characteristics of the
case area, etc., in various countries. Another future direction could be
the examination of how potential novel GSHP designs would affect
the results of a similar study.

Equally important is the dynamic distribution of the electricity
mix in the production and supply. With the ongoing increase in
the mandated adoption of RES by EU countries, the electricity
mix has been varying continuously and has become a particularly
important factor in LCA.
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