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Heat pumps are a promising technology to reduce greenhouse gas
emissions (GHGE). Their use benefits from decarbonization of the national
electricity mixes across the EU, as running on cleaner electricity would
reduce the emissions associated with the heat generated from heat pumps.
The study aimed to perform a life cycle assessment (LCA) to compare the
impact of using heat pumps as a heating source in Slovenia and Serbia
under different electricity scenarios that align with measures presented in
National Energy and Climate plans. The results show significant differences
in the environmental profiles of Serbian and Slovenian electricity sectors
and improvements from the current to the future mixes (2030) with a higher
share of renewables such as photovoltaics. In the impact category of global
warming, an 84.7 % higher value of 1 MJ of heat produced by ground
source heat pump in Serbia (0.080 kg CO, eq) was observed compared to
Slovenia (0.033 kg CO, eq) and 85.9 % higher value compared to Europe
(0.032 kg CO; eq). The reduction in the impact category global warming in
NECP 2030 scenarios that model reduction in coal and increase solar PV
was observed in both countries (-17.1% Serbia; -28.6 % Slovenia). On the
other hand, an increase in the impact category of mineral resource scarcity
was observed, with values higher in Slovenia than in Serbia due to a higher
share of PV. The study demonstrates that LCA provides a powerful tool to
consider GHGE reduction and other environmental impacts, such as land
use and mineral resource scarcity, and it can be used to support decision-



makers dealing with future national energy plans and decarbonization
strategies.
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1. Introduction

Renewable energy systems (RES) are under the spotlight to fulfill Sustainable Development
Goals (SDGs) [1]. The European Union (EU) adopted the European Climate Law (ECL), which
writes into law the goal set in the European Green Deal: to become climate-neutral by 2050 [2,3]. The
ECL sets an intermediate target goal of reducing net greenhouse gas emissions (GHGE) by at least
55 %, compared to 1990 levels [4,5].

The heating sector is a significant contributor to climate change, and in Europe, 67 % of final
energy use in the building sector is used for space heating and 13 % for water heating [6,7]. The
heating sector significantly contributes to climate change, emphasizing the need for sector
decarbonization [7,8]. Based on the 2022 Eurostat data final energy use in residential sector, the
shares of energy use for space heating and water heating in Slovenia is 61.4 % and 16.5 %, while in
Serbia, it is 65.9 % and 11.9 % [9]. Although electrification of heating is an often-cited approach to
decarbonizing the heating sector [9], challenges remain, as extensive electrification can burden the
system heavily and require capacity expansions [10]. Depending on the electricity mix, rising demand
might produce additional CO, emissions [11]. With the increased awareness about reducing energy
use and lowering environmental impact, the issue of home energy use has attracted a lot of attention
[12]. Electricity generation significantly contributes to global GHGE, NOx, and SO, emissions and
their related impact. However, GHGE alone cannot be used as a single indicator to represent the
environmental impact of a system or technology. As electricity use is a major hotspot in many
products' environment, electricity production's environmental impact can be measured with life cycle
assessment (LCA) [13,14]. The LCA approach has been used to evaluate the environmental
sustainability of several electrical country mixes such as Italy [15,16], Ecuador [17], United Kingdom
[18], and Spain [19].

In Fig 1, electricity generation source profiles are shown, and these vary greatly between
Slovenia and Serbia [20,21]. The electricity in Serbia is mainly produced from thermal power plants
(63.2 %), followed by hydropower plants (31.3 %). The wind has 2.8 % share. In contrast, Slovenia's
thermal power plant electricity production accounts for 23.7 % share. Nuclear (41.1 %) and
hydropower (25.0 %) are the two sources with the highest share. Regarding solar and wind power
electricity generation, wind power in Serbia accounts for 2.8 % share, while in Slovenia the share is
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Fig. 1: Comparison of electricity production share by source (source of data [20, 21].



less than 0.1 %. In contrast, solar power in Slovenia has 4.7 % share, while in Serbia solar power
share is lower than 0.1 % [20,21].

In terms of electricity imports, the IEA data for 2021 and 2022 show that Slovenia's net electricity
imports amounted to 11.4 %, compared to 2.2 % in Serbia, highlighting the higher import dependency
of Slovenia [20,21]. Compared to Slovenia and Serbia, Europe has, in general, a lower share of coal
and a higher share of wind and natural gas for electricity generation. Additionally, nuclear power has
21.4 % share in Europe, compared to 41.1 % in Slovenia.

To reach EU's declared energy and climate targets by 2030, the EU member and accession
countries have drafted and elaborated their 10-year integrated National Energy and Climate Plans
(NECP) that will be implemented during 2021 — 2030 [22]. Slovenia published its original integrated
NECP in February 2020, setting national targets for Slovenia [23]. Similarly, Serbia has also
presented a draft NECP in 2023 for 2030 with projections up to 2050 [24]. Slovenia and other EU
member states submitted a draft of the updated NECP per EU regulation with new targets set for 2030
[25]. Set 2030 targets aim to reduce GHGE compared to 2005 under Effort Sharing Regulation by
40 % and increase the share of renewable sources. Slovenia aims to achieve 27 % share of RE
according to NECP targets and 30-35 % according to revised NECP targets focusing on the higher
share of photovoltaics [26]. In contrast, Serbia aims to achieve a 33.6 % share of RE under NECP
targets and a 40.7 % share under revised NECP targets [23-25,27]. Additionally, Serbia has signed
the Sofia Declaration on the Green Agenda for the Western Balkans, in which Serbia, along with the
countries of the region, committed to several concrete measures that include the introduction of CO,
taxes and market models to promote RES as well as the phasing out of coal subsidies [28,29].

Heat pumps are a promising technology for achieving decarbonization as they have a high
coefficient of performance and energy efficiency ratio, i.e., the ratio of the thermal or cooling energy
supplied over the electrical energy used. Heat pumps can reduce energy use and greenhouse gas
emissions (GHGE) compared to conventional heating systems such as natural gas boilers [7,8]. Three
types of heat pumps are present in the current market: air-source (ASHP), water-source, and ground-
source heat pumps (GSHP) [7]. GSHPs utilize the relatively stable temperature of the ground
throughout the year. The initial investment cost is higher; however, a better coefficient of
performance (COP) is achieved, which results in electricity savings, lower fossil fuel consumption,
and lower environmental impact [30,31]. Their use benefits from the increasing decarbonization of the
national electricity mixes across the EU as running on cleaner electricity would reduce the emissions
associated with the heating sector [32]. Nevertheless, the electrification of heating presents some
challenges. The two key risks identified are that heat pumps are most efficient when they supply heat
at low temperatures and their efficiency decreases in poorly insulated buildings as they demand higher
supply temperatures [33]. In Europe, ASHP are the most commonly adopted type of heat pumps as
they are highly efficient, considered environmentally friendly, and capable of maintaining an adequate
indoor climate [34]. They present a source of flexibility to the power system, which facilitates the
management of electricity supply to meet demand in a power system with high shares of variable
RES, reducing curtailment and fossil fuel consumption [33,35]. Although heat pumps represent an
attractive option as a heat source and are recognized as key energy technology in the energy transition
[36], they need to be driven by use of electric energy. Their environmental impact depends on their
performance and the energy mix used for electricity generation [37]. LCA has been used to compare
the environmental impacts of heat pumps [38—40]. Studies have shown that envrionmental impact of
the use of heat pumps can be lowered by applying RES to provide electricity for the system [37,40].

The widespread rollout of heat pumps faces several technical and socio-economic challenges.
Adopting heat pumps to the existing network may increase peak demand for electricity, causing
network congestion and requiring additional investment in the electricity grid infrastructure. Heat



pumps can efficiently replace conventional heating systems in only well-insulated old dwellings,
increasing the overall retrofitting cost. The technology of heat pumps to be installed is location- and
application-specific, which can lead to minimal savings and high payback periods in the case of sub-
optimal installations. Additionally, the environmental cost of heat produced by heat pumps is low
only if the renewable penetration in the considered system is significant [41].

The research aimed to assess the environmental impact of introducing a higher share of RES in
the power system using LCA to determine the environmental impact of such an electricity mix.

The second aim of this study was to perform LCA of the heat generated from air-water and
ground-water heat pumps to determine the environmental impact under different hypothetical
electricity mixes of the two countries, which model the higher uptake of RES in 2030 according to the
aims of NECP scenarios.

2. Materials and methods

The International Organization for Standardization (ISO) has standardized guidelines for the
LCA methodology, 1SO 14044 and 14040 standards being the most important [42,43]. According to
the 1SO standards, LCA is a methodology consisting of four phases: (1) goal and scope definition,
where the goal and purpose of the study is determined; (2) the inventory analysis in which the data are
collected and analyzed and outputs related to the functional unit of the system; (3) the impact
assessment, where environmental impacts were evaluated; and (4) the interpretation phase where the
results are evaluated, compared with the defined goals to draw conclusions and formulate
recommendations [44]. Country-LCA studies of electricity generation are relevant due to the
increasing electrification of different sectors, the increase in overall electricity demand, and the
significant spatial and temporal changes and variability in electricity generation systems, and they
allow the understanding and analysis of electricity matrices and electricity matrices scenarios
regarding their environmental impact [45,46].

2.1. LCA modeling and software

This study's modeling was performed using SimaPro 9.5 software [47] and Ecoinvent 3.9.1
database [48]. The characterization method adopted to calculate the impacts was ReCiPe Midpoint
(H) method [49,50].

2.2. System definition and boundaries

The study's main goal is to evaluate and compare the potential environmental impact of the
different electricity production mix scenarios for Slovenia and Serbia. The second goal of the study
was to evaluate and compare the resources consumed and substances emitted during the life cycle of
the two heat pump systems — ground-source heat pump and air-water heat pumps with respect to
different electricity country mix scenarios (Slovenia vs. Serbia) and the uptake of RES in Serbia and
Slovenia concerning NECP plan in 2030 to illustrate the role of electricity mix.

For the electricity generation scenarios, all input and output data were related to the 1 kwh of
produced electricity as the functional unit (FU)

All input and output data were related to the MJ of produced heat set as the functional unit (FU)
for the heat generation.



2.3. Life cycle inventory

This LCA uses Ecoinvent data about electricity generation in Slovenia and Serbia to report
environmental data about the impact of producing 1 kWh of electricity in Slovenia. For the
calculation of environmental impacts ReCiPe midpoint method was used. On the whole, Slovenia has
three major primary energy sources: nuclear energy plant, hydroelectric power plant and thermal
power plant while Serbia has two major primary energy sources: thermal power plant and
hydroelectric power plant. In total, eight scenarios were modelled:

1. Sl Low voltage electricity mix for Slovenia (year 2020): imports included

2. SER: Low voltage electricity mix for Serbia (year 2020): imports included

3. Europe: Low voltage electricity mix for Europe (year 2020)

4. SER_Currentmix: Electricity production mix for Serbia (year 2020): electricity generation
sources with different shares without import

5. SI_Currentmix: Electricity production mix for Slovenia (year 2020): electricity generation
sources with different shares without import

6. S12030: NECP based electricity production mix for Slovenia that models the decline in TES
and additional uptake of solar power without import with shares: Wind 0.04 %, Pump Hydro
1.4 %, Hydro 28.6 %, Lignite 13.3 %, Gas 0.15 %, Nuclear 37.1 %, Biogas CHP 0.01 %,
Lignite CHP 2.5 %, Gas CHP 2.3 %, Oil CHP 0.05 %, Biomass CHP 0.05 % and Solar
13.5 %.

7. Slupdated2030: NECP based electricity production mix for Slovenia that models durther
decline in TES, increase in hiydro and solar power share: Wind 0.04 %, Pump Hydro 1.4 %,
Hydro 33.6 %, Lignite 8.3 %, Gas 0.15 %, Nuclear 37.1 %, Biogas CHP 0.01 %, Lignite CHP
2.5 %, Gas CHP 2.3 %, Oil CHP 0.05 %, Biomass CHP 0.05 % and Solar 13.5 %.

8. SER2030: NECP based electricity mix production mix for Serbia that models decline in
thermal power, higher penetration of wind power and solar: with shares of lignite 42 %,
Lignite CHP 8 %, Hydro 27 %, Pump Hydro 7 %, Wind 8 %, Solar 4 %, Industrial CHP 2 %,
and Gas and Oil CHP 2 %.

The study focused on the use phase — generation of heat and the environmental impact of using heat
pumps under different electricity mix and electricity mix scenarios. The datasets for 1 MJ of heat
generated from ASHP and GSHP, available in the Ecoinvent database, 3.9.1, with a geographical
denomination Europe without Switzerland, were used for the heat produced. Both processes assume
the heat pump's lifetime to be 20 years for use in an average one-family house with a heating
requirement of 10 kW and a heat supply of approximately 20.000 kwh with 2000 operating hours.
The assumed seasonal performances factors were taken from the Ecoinvent processes, which was 2.8
for ASHP and 3.9 for GSHP, respectively.

3. Results and discussion

3.1. Life cycle assessment of electricity mixes studied

Table 1 shows the environmental impacts of the nine midpoint impact categories generated by
producing 1 kWh of electricity in the six scenarios. These represent different geographical locations
and involve different shares of some fuels. The scenarios are the current electricity mix for the year



2021 for Slovenia, Serbia, and Europe, available in the Ecoinvent 3.9.1 database, and NECP scenarios
for Slovenia and Serbia, which assume a reduction of electricity from coal and its replacement by
wind (Serbia) and solar (Slovenia, Serbia).

Table 1: Environmental impact assessment in selected impact categories of 1 kWh of
electricity mix scenarios studied.

Impact category Unit Sl SER Europe S12030 Slupdated2030 SER2030
Global warming kg CO, 0.37443 1.04566 0.36197  0.23539 0.18386 0.78124
€q
lonizing radiation kBq 0.20110 0.03499 0.21036  0.26257 0.26235 0.00716
Co-60
€q
Ozone formation, Human kg 0.00084 0.00187 0.00067  0.00057 0.00044 0.00137
health NOXx
€q
Fine particulate matter kg 0.00155 0.00580 0.00056  0.00119 0.00089 0.00421
formation PM_5
€q
Ozone formation, kg 0.00085 0.00188 0.00069  0.00057 0.00045 0.00137
Terrestrial ecosystems NOx
€q
Land use m’a 0.00716 0.00371 0.01193  0.00290 0.00284 0.00182
crop eq
Mineral resource scarcity kg Cu 0.00129 0.00115 0.00143 0.00052 0.00052 0.00031
€q
Fossil resource scarcity kg oil 0.08607 0.26004 0.09803  0.05233 0.04151 0.19776
€q

Water consumption m’ 0.00450 0.00635 0.00652 0.00241 0.00232 0.00323

Table 1 indicates that 1 kWh of Slovenian electricity production releases 0.37 kg CO, eq
compared, accounting for a 94.5 % difference in the value of kg CO, eq released in Serbia (1.05 kg
CO, eq). The higher values can be attributed to the higher share of thermal power plants in Serbia
(62.3 %) compared to Slovenia (23.7 %). The values of emitted CO, eq are higher when electricity is
generated primarily from coal and lignite sources [14]. Other sources of high values of emitted CO,
eq and thus higher impact in the global warming category are electricity systems with higher shares of
natural gas and oil, which emit 0.38-1.00 and 0.53-0.90 kg CO, eq/kWh,,, respectively.

In contrast, hard coal and lignite emit 0.66-1.05 and 0.8-1.3 kg CO, eq/kWh,, respectively
[51]. Few other studies have also reported on the environmental impact of generated electricity. 1
kWh of electricity produced in the Italian net electricity production mix (44.3 % share of natural gas
and 4.4 % share of coal) emitted 0.62 kg CO, eq/kWh,,, higher than that produced in Slovenia and
Europe. The modeled European scenario has a lower share of coal and a higher share of natural gas,
resulting in values similar to those for global warming compared to Slovenia. Burchart-Korol et al.
(2018) modeled the environmental impact of electricity generation in the Czech Republic and Poland,
which showed that the primary determinant of negative impact on the environment was the use of
lignite-fired thermal power plants [52]. The higher share of lignite thermal power plants in the
production mix has resulted in higher values for impact categories ozone formation, Human health,
Fine particulate matter formation, Ozone formation, Terrestrial ecosystems, and Fossil resource
scarcity in Serbia compared to Slovenia and Europe, which is consistent with the available literature
data [53-56]. The higher share of solar power resulted in a higher impact in the category of mineral
resource scarcity for 1 kwWh of produced electricity, as the values are 11.4 % lower in Serbia
compared to Slovenia and 10.3 % lower compared to the Europe electricity mix, which is consistent
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with literature data as mineral resources consumption is increased with the uptake in photovoltaic
technologies [57]. The 1 kWh of Slovenian electricity production releases 0.20 kBg Co-60 eq,
compared to 0.034 kBqg Co-60 eq with a 140.7 % difference, resulting in a higher impact in the
category ionizing radiation, which can be attributed to the higher share of nuclear power, which is
consistent with the available literature [16,17,45].

In the NECP scenario 2030, a decrease in global warming potential is observed due to the
modeled reduction in the electricity generation from lignite. The Slovenia uptake of the scenarios
results in a 37.1 % decrease in the global warming category for the 2030 NECP scenario and a 50.9 %
decrease in the updated NECP scenario. The reduction in the case of Serbia is 25.2 %, and the values
remain high due to the 42 % of the lignite-fired thermal plants in the 2030 scenario. In both countries,
the reduction of lignite-fired thermal power plants' share in the production mix has resulted in a
decrease in impact categories ozone formation, human health, fine particulate matter formation, ozone
formation, terrestrial ecosystems, and fossil resource scarcity, which is consistent with life cycle
assessment of electricity mixes in other countries such as Italy [15,56], Spain [19], UK [18], and Chile
[58].

On the other hand, the higher share of nuclear power plant in Slovenia resulted in a 30.5 %
increase in the impact category ionizing radiation. In Slovenia, the impact can be attributed to the
production of infrastructure and materials, as Serbia does not have nuclear power plants.

3.2. Life cycle assessment of heat generated from heat pumps: comparison of ASHP and GSHP

Table 2 shows the environmental impact in selected impact categories for generation of heat
using heat pumps for Slovenia and Serbia using Ecoinvent low voltage electricity mix for Slovenia
and Serbia.

Table 2: Environmental impact assessment in selected impact categories of 1 MJ of heat
generated from air-source (ASHP) and ground-source (GSHP) heat pump with electricity mix
scenarios for Slovenia, Serbia, and Europe (Ecoinvent 2020 low voltage data).

Impact category Unit SI_ASHP SI_GSHP SER_ SER _ Europe _ Europe_
ASHP GSHP ASHP ASHP

Global warming kg CO.eq 0.0453076 0.0325183 0.1118944 0.0803104 0.0440719 0.0320486

lonizing radiation kBq Co-60 0.0199897 0.0143553 0.0035116 0.0025283 0.0209080 0.0150774
eq

Ozone formation, kg NOx eq 0.0000860 0.0000676 0.0001885 0.0001412 0.0000694 0.0000565

Human health

Fine particulate matter kg PM,s eq 0.0001583 0.0001148 0.0005797 0.0004172 0.0000593 0.0000443

formation

Ozone formation, kg NOx eq 0.0000873 0.0000687 0.0001895 0.0001421 0.0000718 0.0000584

Terrestrial ecosystems

Land use m?a crop eq 0.0007459 0.0005375 0.0004040 0.0002921 0.0012194 0.0008874

Mineral resource kg Cueq 0.0001782 0.0001253 0.0001641 0.0001152 0.0001915 0.0001352

scarcity

Fossil resource scarcity | kg oil eq 0.0087296 0.0065231 0.0259879 0.0189101 0.0099162 0.0074903

Water consumption m’ 0.0004553 0.0003281 0.0006383 0.0004594 0.0006549 0.0004656

The results show that the use of air-water heat pumps resulted in higher impacts for all impact
categories considered in all of the modeled scenarios, which can be attributed to a better COP of
ground-source heat pumps which results in the lower use of electricity and subsequently in lower
environmental impact [30,31]. Serbia still has a large share of coal-based sector which is not being



planned to be completely phased out, resulting in the 84.7 % higher value of impact category global
warming for 1 MJ of heat produced by ground source heat-pump in Serbia (0.080 kg CO, eq)
compared to Slovenia (0.033 kg CO; eq) and 85.9 % higher value compared to Europe (0.032 kg CO,
eq) and in higher values for impact categories Ozone formation, Human health, Fine particulate
matter formation, Fossil resource scarcity and Water consumption. The impact in categories land use
was 59.2 % lower in Serbia (0.0003 m?a crop eq) compared to Slovenia (0.0005 m?a crop eq) and
100.9 % lower compared to Europe (0.0009 m?a crop eq) due to lower share of solar PV. The values
in the impact category mineral resource scarcity were also lower in Serbia compared to Slovenia
(0.0001 kg Cu eq) and Europe (0.0002) kg Cu eq, although the difference was smaller (8.4 % and
49.8 %, respectively). The 140.1 % lower value in impact category ionizing radiation in Serbia
(0.0025 kBq Co-60 eq) compared to Slovenia (0.0143 kBq Co-60 eq) and 142.6 % compared to
Europe (0.0151 kBqg Co-60 eq) can be attributed to the lack of nuclear power electricity generation
sources.

Recently, the environmental impact of heat generated from combustions of firewood and wood
pellets was published [59]. The values in impact category for global warming of 1 MJ of heat was
68.1 % lower in the case of combustion of firewood (0.016 kg CO, eq) and 23.1 % lower (0.041 kg
CO; eq) in wood pellets combustion. The lower values for firewood combustion can be attributed to
private ownership, very short transportation routes, and the use of wood log boilers with high
combustion efficiency. In the case of wood pellets, the higher values can be attributed due to the pellet
production process and modeled long transportation routes as the wood pellets in Slovenia are
primarily imported [59]. Miralles et al. (2020) compared the air-water heat pump and wood pellets
biomass boiler in Spain, where the impact in category global warming was lower in the biomass boiler
[60], which is in accordance with our results and the results published for wood pellets combustion by
Topi¢ Bozic et al. 2024 [59].

3.3. Life cycle impact assessment of the GHSP: comparison of current electricity production
mix and NECP mix for Slovenia and Serbia

Figure 2 shows the environmental impact in selected impact categories for generation of heat
using heat pumps for Serbia and Slovenia using current electricity production and NECP 2030
scenario electricity production mixes for Serbia and Slovenia.

The NECP 2030 scenarios for both countries model reduced coal and increased solar PV, which
reduces the impact categories of global warming (-17.1% Serbia; -28.6 % Slovenia). Additionally, a
reduction in the impact in the categories fine particulate matter formation (-18.1 % Serbia, -38.2 %
Slovenia) and fossil resource scarcity (-18.4 % Serbia, -31.3 % Slovenia) is also achieved, which is
directly impacted by the share of coal power. The higher reduction in Slovenia can be attributed to the
lower share of coal power in the modeled electricity mix. The results are consistent with the published
data from other countries, as decarbonization scenarios show a reduction in GHG emissions (global
warming impact category) due to the elimination of coal and oil from the mix and the strong
contribution of renewables [15,19].

In contrast, the increase in the impact category mineral resource scarcity (17.0 % Serbia,
12.7 % Slovenia) and land use (121.3 % Serbia, 114.7 % Slovenia) is observed compared to the
baseline scenarios due to the penetration and higher share of photovoltaics. The higher impact in
mineral resource category can be due to the metals in the inverter and to the modules’ aluminum



frames and support structures [15]. The results show that the electricity mix plays a significant role in
the decarbonization of the heating sector and should be considered when deciding which heating
options



has the potential to mitigate climate change and support decarbonization measures. The increase in the share of renewables has a beneficial effect on reducing
the impact of using heat pumps for heating. The trade-off seems to occur between the impact categories related to resource depletion; however, particular
attention has to be paid to the possibility of the recycling processes as a reduction in resource depletion impact may depend on recycling [15].
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Figure 2: Environmental impact assessment in selected impact categories of 1 MJ of heat generated from ground-source heat pumps (GSHP) with
electricity production mix scenarios for Slovenia, Serbia, and the 2030 NECP scenario.
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4. Conclusions

The transition to low carbon energy future requires decarbonization of electricity and heating
sector simultaneously as together with transportation they are interconnected via electricity. Heat
pumps are considered one of the most energy efficient and environmentally friendly technologies,
however the environmental impact of the heat generated from heat pumps differs from country to
country due to different electricity production sources and its shares. The results show that use of air-
water heat pumps resulted in higher impacts for all impact categories considered in all the modelled
scenarios which can be attributed to a better COP of ground-source heat pumps and lower use of
electricity and subsequently lower environmental impact.

The results showed that the use of heat pumps in Serbia has a higher impact in categories global
warming, fine particulate matter formation and fossil resource scarcity than Slovenia. Serbia still has a
large share of coal-based sector which is not being planned to be completely phased out resulting in
the 84.7 % higher value of impact category global warming for 1 MJ of heat produced by ground
source heat-pump in Serbia (0.080 kg CO, eq) compared to Slovenia (0.033 kg CO, eq) and 85.9 %
higher value compared to Europe (0.032 kg CO, eq). Decarbonization of the electricity sector is an
important contributor to the decrease in the environmental impact of the use of heat pumps. The
reduction in the impact category global warming in NECP 2030 scenarios that model reduction in coal
and increase solar PV can be observed in both countries (-17.1% Serbia; -28.6 % Slovenia).
Additionally, reduction in the impact in the categories fine particulate matter formation (-18.1 %
Serbia, -38.2 % Slovenia) and fossil resource scarcity (-18.4 % Serbia, -31.3 % Slovenia) can be also
observed in NECP 2030 scenarios. The results showcase that electricity of the system has
repercussions on its sustainability and effectiveness of decarbonization goals. One of the limitations
of the study is that does not take into consideration the wide variation of the actual power generation
mix on both seasonal and daily basis which can lead to over- or underestimation of the impacts of the
electricity in the related sector. In the case of high-RES penetration, the spatiotemporal aspect should
be analyzed and further elaborated.

The widespread adoption of heat pumps still faces several technical and socio-economic
challenges as the addition of heat pumps to the existing network may lead to an increase in peak
demoing and heat pumps can efficiently replace conventional heating systems in old buildings only if
they are well-insulated, which increases the overall costs of retrofitting. Lack of understanding of

costs and environmental benefits arising from HPs may also influence the uptake rate of heat pumps.

The study demonstrates that LCA provides a powerful tool to consider GHG emissions
reduction and other environmental impacts such as land use and mineral resource scarcity and can be
used in supporting decision makers dealing with future national energy plans and decarbonization
strategies. For a holistic assessment of the impact of green transition scenarios, aspects beyond the
environmental perspective can be included, namely life cycle costing and social LCA, to obtain a life
cycle sustainability assessment.

Acknowledgments

This research was funded by the Slovenian Research and Innovation Agency Research Program,
Public call ARRS-RPR0QJ/2023/Appl. 375.

This research was supported by the Science Fund of the Republic of Serbia, Project No. 4344,
#GRANT No 4344, "Forward-Looking Framework for Accelerating Households" Green Energy
Transition — FF GreEN and . the Ministry of Science, Technological Development and Innovation of

11



the Republic of Serbia, Contract No. 451-03-65/2024-03/200105, Mechanical Faculty, University of
Belgrade, from 05.02.2024., and Contract No. 451-03-47/2023-01/200213 from 03.02.2023,
Innovation Center, Faculty of Mechanical Engineering, University of Belgrade.

References

[1]
[2]
[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]
[19]
[20]
[21]

Bosnjakovi¢, M., Galovi¢, M., Kupresak, J., Bosnjakovi¢, T., The End of Life of PV Systems: Is
Europe Ready for It? Sustainability 2023, 15, 16466.

European Commission, The European Green Deal. 2019.

Dedinec, A., Dedinec, A., Taseska-Gjorgievska, V., Markovska, N., Kanevce, G., Energy
transition of a developing country following the pillars of the EU green deal. Therm sci 2022,
26, 1317-1329.

European Commission, Regulation (EU) 2021/1119 of the European Parliament and of the
Council of 30 June 2021 establishing the framework for achieving climate neutrality and
amending Regulations (EC) No 401/2009 and (EU) 2018/1999 (‘European Climate Law’).
2021.

Radovanovi¢, M., Filipovi¢, S., Vukadinovi¢, S., Trbojevi¢, M., Podbregar, I., Decarbonisation
of eastern European economies: monitoring, economic, social and security concerns. Energ
Sustain Soc 2022, 12, 16.

European Commission (EC), “REPOwerEU Plan, EU external energy management in a
changing world” (May 2022). 2022.

Masternak, C., Meunier, S., Reinbold, V., Saelens, D., Marchand, C., Leroy, Y., Potential of air-
source heat pumps to reduce environmental impacts in 18 European countries. Energy 2024,
292, 130487.

Ala, G., Orioli, A., Di Gangi, A., Energy and economic analysis of air-to-air heat pumps as an
alternative to domestic gas boiler heating systems in the South of Italy. Energy 2019, 173, 59—
74.

EUROSTAT, Energy consumption in households, https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Energy_consumption_in_households (last time accessed: August 13,
2024).

Connolly, D., Heat Roadmap Europe: Quantitative comparison between the electricity, heating,
and cooling sectors for different European countries. Energy 2017, 139, 580-593.

Sandvall, A. F., Ahlgren, E. O., Ekvall, T., Low-energy buildings heat supply—Modelling of
energy systems and carbon emissions impacts. Energy Policy 2017, 111, 371-382.

Wang, Q., Chen, H., Zhu, H., Building energy consumption simulation and its application in
underground-water source thermal energy management system. Therm sci 2023, 27, 933-940.
Kiss, B., Kacsor, E., Szalay, Z., Environmental assessment of future electricity mix — Linking an
hourly economic model with LCA. Journal of Cleaner Production 2020, 264, 121536.

Turconi, R., Tonini, D., Nielsen, C. F. B., Simonsen, C. G., Astrup, T., Environmental impacts
of future low-carbon electricity systems: Detailed life cycle assessment of a Danish case study.
Applied Energy 2014, 132, 66-73.

Gargiulo, A., Carvalho, M. L., Girardi, P., Life Cycle Assessment of Italian Electricity
Scenarios to 2030. Energies 2020, 13, 3852.

Carvalho, M. L., Marmiroli, B., Girardi, P., Life cycle assessment of Italian electricity
production and comparison with the European context. Energy Reports 2022, 8, 561-568.
Ramirez, A. D., Boero, A., Rivela, B., Melendres, A. M., Espinoza, S., Salas, D. A., Life cycle
methods to analyze the environmental sustainability of electricity generation in Ecuador: Is
decarbonization the right path? Renewable and Sustainable Energy Reviews 2020, 134, 110373.
Raugei, M., Kamran, M., Hutchinson, A., A Prospective Net Energy and Environmental Life-
Cycle Assessment of the UK Electricity Grid. Energies 2020, 13, 2207.

San Miguel, G., Cerrato, M., Life Cycle Sustainability Assessment of the Spanish Electricity:
Past, Present and Future Projections. Energies 2020, 13, 1896.

International Energy Agency (IEA), 1., Energy system of Serbia,
https://www.iea.org/countries/serbia (last time accessed: April 15, 2024).

International Energy Agency (IEA), Energy system of Slovenia,
https://www.iea.org/countries/slovenia (last time accessed: April 15, 2024).

12



[22]
[23]
[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]

[33]
[34]
[35]

[36]
[37]
[38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]

Maris, G., Flouros, F., The Green Deal, National Energy and Climate Plans in Europe: Member
States” Compliance and Strategies. Administrative Sciences 2021, 11, 75.

Government of the Republic of Slovenia, Integrated national energy and climate plan of the
Republic of Slovenia. 2020.

Republic of Serbia, Integrated National Energy and Climate Plan of the Republic of Serbia for
the period 2030 with the projections up to 2050. 2023.

European Commission, National energy and climate plans,
https://commission.europa.eu/energy-climate-change-environment/implementation-eu-
countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en
(last time accessed: April 12, 2024).

Dimnik, J., Novak, P., Muhic, S., Decarbonising power system with high share of renewables
and optionally with or without nuclear: Slovenia case. Therm sci 2022, 26, 1593-1602.

Energy Community Secretariat, Ecs., Recommendations 1/2023 by the Energy Community
Secretariat on the Draft integrated National Energy and Climate Plan of the Republic of Serbia.
2023.

Mitrovié, S., The Green Agenda for the Western Balkans. 2022.

Jovanovi¢, M., Baki¢, V., Skobalj, P., Cvetinovié, D., Eri¢, A., Zivkovié, N., Duié, N.,
Scenarios for transitioning the electricity sector of the Republic of Serbia to sustainable climate
neutrality by 2050. Utilities Policy 2023, 85, 101681.

Aresti, L., Christodoulides, P., Florides, G. A., An investigation on the environmental impact of
various Ground Heat Exchangers configurations. Renewable Energy 2021, 171, 592—605.
Violante, A. C., Donato, F., Guidi, G., Proposito, M., Comparative life cycle assessment of the
ground source heat pump vs air source heat pump. Renewable Energy 2022, 188, 1029-1037.
Bosnjakovi¢, M., Santa, R., Katini¢, M., Experimental Testing of a Water-to-Water Heat Pump
with and without IHX by Using Refrigerants R1234yf and R1234ze(E). Sustainability 2023, 15,
8625.

ThomaBen, G., Kavvadias, K., Jiménez Navarro, J. P., The decarbonisation of the EU heating
sector through electrification: A parametric analysis. Energy Policy 2021, 148, 111929.
Congedo, P. M., Baglivo, C., D’Agostino, D., Mazzeo, D., The impact of climate change on air
source heat pumps. Energy Conversion and Management 2023, 276, 116554.

Bloess, A., Schill, W.-P., Zerrahn, A., Power-to-heat for renewable energy integration: A review
of technologies, modeling approaches, and flexibility potentials. Applied Energy 2018, 212,
1611-1626.

Rosenow, J., Gibb, D., Nowak, T., Lowes, R., Heating up the global heat pump market. Nat
Energy 2022, 7, 901-904.

Stanek, W., Simla, T., Gazda, W., Exergetic and thermo-ecological assessment of heat pump
supported by electricity from renewable sources. Renewable Energy 2019, 131, 404-412.

Smith, M., Bevacqua, A., Tembe, S., Lal, P., Life cycle analysis (LCA) of residential ground
source heat pump systems: A comparative analysis of energy efficiency in New Jersey.
Sustainable Energy Technologies and Assessments 2021, 47, 101364.

Shamoushaki, M., Koh, S. C. L., Heat pump supply chain environmental impact reduction to
improve the UK energy sustainability, resiliency and security. Sci Rep 2023, 13, 20633.
Famiglietti, J., Toppi, T., Bonalumi, D., Motta, M., Heat pumps for space heating and domestic
hot water production in residential buildings, an environmental comparison in a present and
future scenario. Energy Conversion and Management 2023, 276, 116527.

Gaur, A. S., Fitiwi, D. Z., Curtis, J., Heat pumps and our low-carbon future: A comprehensive
review. Energy Research & Social Science 2021, 71, 101764.

ISO, 1SO 14040:2006, https://www.iso.org/standard/37456.html (last time accessed: April 16,
2024).

ISO, 1SO 14044:2006, https://www.iso.org/standard/38498.html (last time accessed: April 16,
2024).

Saner, D., Juraske, R., Kiibert, M., Blum, P., Hellweg, S., Bayer, P., Is it only CO2 that matters?
A life cycle perspective on shallow geothermal systems. Renewable and Sustainable Energy
Reviews 2010, 14, 1798-1813.

Bastos, J., Prina, M. G., Garcia, R., Life-cycle assessment of current and future electricity
supply addressing average and marginal hourly demand: An application to Italy. Journal of
Cleaner Production 2023, 399, 136563.

13



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Barros, M. V., Salvador, R., Piekarski, C. M., de Francisco, A. C., Freire, F. M. C. S,, Life cycle
assessment of electricity generation: a review of the characteristics of existing literature. Int J
Life Cycle Assess 2020, 25, 36-54.

Pre Sustainability, SimaPro LCA software - PR¢ Sustainability. SimaPro 2024.

Ecoinvent, ecoinvent - Data with purpose., https://ecoinvent.org/ (last time accessed: April 16,
2024).

Huijbregts, M. A. J., Steinmann, Z. J. N., Elshout, P. M. F., Stam, G., Verones, F., Vieira, M.,
Zijp, M., Hollander, A., van Zelm, R., ReCiPe2016: a harmonised life cycle impact assessment
method at midpoint and endpoint level. Int J Life Cycle Assess 2017, 22, 138-147.

RIVM, The Dutch National Institute for Public Health and the Environment: LCIA: the ReCiPe
model | RIVM, https://www.rivm.nl/en/life-cycle-assessment-Ica/recipe (last time accessed:
December 13, 2023).

Turconi, R., Boldrin, A., Astrup, T., Life cycle assessment (LCA) of electricity generation
technologies: Overview, comparability and limitations. Renewable and Sustainable Energy
Reviews 2013, 28, 555-565.

Burchart-Korol, D., Pustejovska, P., Blaut, A., Jursova, S., Korol, J., Comparative life cycle
assessment of current and future electricity generation systems in the Czech Republic and
Poland. Int J Life Cycle Assess 2018, 23, 2165-2177.

Gibon, T., Arvesen, A., Hertwich, E. G., Life cycle assessment demonstrates environmental co-
benefits and trade-offs of low-carbon electricity supply options. Renewable and Sustainable
Energy Reviews 2017, 76, 1283-1290.

Hertwich, E. G., Gibon, T., Bouman, E. A., Arvesen, A., Suh, S., Heath, G. A., Bergesen, J. D.,
Ramirez, A., Vega, M. L., Shi, L., Integrated life-cycle assessment of electricity-supply scenarios
confirms global environmental benefit of low-carbon technologies. Proceedings of the National
Academy of Sciences 2015, 112, 6277-6282.

Garcia-Gusano, D., Garrain, D., Dufour, J., Prospective life cycle assessment of the Spanish
electricity production. Renewable and Sustainable Energy Reviews 2017, 75, 21-34.

Ghisellini, P., Passaro, R., Ulgiati, S., Environmental assessment of multiple “cleaner electricity
mix” scenarios within just energy and circular economy transitions, in Italy and Europe. Journal
of Cleaner Production 2023, 388, 135891.

Lieberei, J., Gheewala, S. H., Resource depletion assessment of renewable electricity generation
technologies—comparison of life cycle impact assessment methods with focus on mineral
resources. Int J Life Cycle Assess 2017, 22, 185-198.

Gaete-Morales, C., Gallego-Schmid, A., Stamford, L., Azapagic, A., Life cycle environmental
impacts of electricity from fossil fuels in Chile over a ten-year period. Journal of Cleaner
Production 2019, 232, 1499-1512.

Topié¢ Bozig, J., Fric, U., Ciki¢, A., Muhi¢, S., Life Cycle Assessment of Using Firewood and
Wood Pellets in Slovenia as Two Primary Wood-Based Heating Systems and Their
Environmental Impact. Sustainability 2024, 16, 1687.

Lozano Miralles, J. A., Lopez Garcia, R., Palomar Carnicero, J. M., Martinez, F. J. R.,
Comparative study of heat pump system and biomass boiler system to a tertiary building using
the Life Cycle Assessment (LCA). Renewable Energy 2020, 152, 1439-1450.

Submitted: 18.6.2024.

Revised:  02.8.2024.
Accepted:  18.8.2024

14



