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Abstract:

Air-source heat pumps (ASHP) have a significant potential for decarbonizing the heating sector. In this article, we compare the
environmental impacts (climate change, particulate matter formation, human toxicity, and ozone depletion) of an ASHP and a natural
gas boiler (NGB). The main originality is that we perform the life-cycle analysis (LCA) of the ASHP and the NGB for 18 European
countries while sizing the ASHP according to the dwelling thermal demand. We highlight that using refrigerant R290 instead of
R32 decreases the ASHP impact on climate change and ozone depletion. Moreover, the building stock is found to greatly influence
the potential benefits of ASHP in several countries (e.g. the Czech Republic, Greece). In recent dwellings, ASHP reduces climate
change in 17 out of 18 countries, with a 54% average reduction. However, it often increases particulate matter formation mainly
due to the electricity mix, and the use of copper for ASHP manufacturing. Our results can be helpful to European policy makers
since they assess in which country ASHP should be installed to yield the highest reduction of environmental impacts. Countrywide,
our results can help to deploy ASHP as they indicate which dwelling type should be given priority for ASHP installation.

Highlights:

¢ A methodology to perform the LCA of a heat pump and a gas boiler is presented.

e The method is applied to study influential parameters (e.g. building stock).

e  Using refrigerant R290 instead of R32 reduces climate change and ozone depletion.
e Important influence of the building stock in countries with high carbon electricity.
e Inrecent dwellings, heat pumps reduce CO emissions in 17 countries out of 18.
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Nomenclature

Abbreviations

ASHP Air-source heat pump

COP Coefficient of performance
DHWT Domestic hot water tank
GHGE Greenhouse gases emissions
GSHP Ground-source heat pump

GWP100 Global warming potential

HTPinf Human toxicity potential

LCA Life-cycle analysis

LCI Life-cycle inventory

NGB Natural gas boiler

ODPinf Ozone depletion potential

PMFP Particulate matter formation potential
Parameters

c Volumetric heat capacity of water (KWh/K.L)
cop Coefficient of performance

DHL Design heat load (kW)

AT Temperature difference between the hot and cold temperatures (°C)
m Heat pump mass (kg)

Qup.max Heat pump maximal heating capacity (kW)
Quw Thermal demand for hot water (kwWh)

Qnom Heat pump nominal heating capacity (kW)

Ty Base temperature (°C)

T, Outdoor temperature (°C)

T Supply water temperature (°C)

Tsnom Nominal supply water temperature (°C)

avg Average U-value (W/(m2.K))

U
%4 Hot water tank volume (L)



1 Introduction

1.1 Context and literature review

Energy consumption in the building sector accounts for 17.5% of global greenhouse gas emissions (GHGE) [1]. In Europe, 67%
of this energy is used for space heating and 13% for water heating [2]. Therefore, the heating sector is a significant contributor
to climate change, which has many consequences, such as declining food and water resources, extinction of species, and human
health damage [3]. Hence, there is an urgent need for heating decarbonisation. A promising technology for this purpose is the
electrically driven heat pump. Indeed, heat pumps have a high (around 3) coefficient of performance (COP, ratio of the thermal
energy supplied over the electrical energy consumed). As a result, heat pumps can reduce energy consumption and GHGE
compared to conventional heating systems such as natural gas boilers and resistive electric heaters [4] [5]. Following this need
for decarbonisation, the number of heat pumps on the market has increased over the past decade: it has increased fivefold between
2011 and 2021 [6]. In 2021, the total number of heat pumps installed in Europe reached 16.98 million [7]. By 2030, the number
of heat pumps in the European market is expected to triple [8]. Moreover, with temperatures that will tend to be less extreme in
winter, the large-scale implementation of heat pumps will be facilitated especially in cold climates [9]. Other emerging
technologies can also help this deployment of heat pumps. Indeed, heat pumps can be included in waste water heat recovery
systems [10] or in combined heat and power systems. In this latter situation, heat pumps are coupled to a fuel cell [11], [12],
more specifically to a proton exchange membrane fuel cell [13].

Three types of heat pumps are present in the current market: air-source heat pumps (ASHP), water-source heat pumps and ground-
source heat pumps (GSHP). However, ASHP are largely prominent in the European market, representing 90% of the sales in
2021 [6]. Despite this growing interest in heat pumps, 46% of the heat in Europe is still provided by natural gas [14]. Since
natural gas boilers (NGB) are one of the most widespread systems for residential heating, it is relevant to compare the
environmental impacts of ASHP to the ones of NGB. It is also better if the assessment does not only consider climate change but
also other environmental impacts such as human toxicity or ozone depletion. Additionally, it is essential to consider the system’s
entire life cycle [15]. Indeed, considering, for instance, only the GHGE during the use phase might lead to an overestimation of
the GHGE reduction reached by installing ASHP since they have higher embodied emissions than NGB due to the
refrigerant [16]. Moreover, from one European country to another, many sources of variability may affect the ASHP
environmental impacts such as the electricity mix and the building stock. Therefore, those environmental indicators should be
quantified for each country separately.

To compute the environmental impacts of a system over its life cycle, life-cycle analysis (LCA) is performed. LCA is a
methodology to assess the environmental impacts of a system from raw materials extraction to the management of its end-of-
life [17] [18]. Therefore, in this work, we use LCA to assess whether installing ASHP instead of NGB across Europe would be
beneficial to reach EU climate targets.

Some articles compared ASHP to competing technologies (e.g. GSHP, NGB or resistive heating). In most articles, the LCA is
performed for a single location and a single heat pump size. In the UK, an LCA for air, ground and water source heat pumps was
conducted [19] and a hybrid ASHP was compared to an NGB [20]. Moreover, electric heating systems retrofit options (including
ASHP) have been compared to gas boilers in the UK using building information modelling [21]. Heat pumps and gas boilers
were also studied under several scenarios (circular economy, resource efficiency and limited growth) [22]. In Spain, the
replacement of an electric resistive space heating system by an ASHP was studied [23]. In Italy, an ASHP was compared to a
GSHP [24] and the environmental impacts of a photovoltaic-driven reversible heat pump were investigated [25]. In Lebanon, an
ASHP was compared with solar and conventional electric water heaters [26]. Finally, the comparison between an ASHP and a
GSHP in a cold climate (Finland) was performed [16]. For most studies, heat pumps are found to reduce CO, emissions and to
have several other positive environmental impacts (e.g. reduction of ozone depletion) in comparison to the considered competing
technology but, in some cases, they are found to also negatively affect some indicators (e.g. human toxicity and metal depletion).

Johnson [27] considered several heat pump sizes. He performed the LCA of ASHP for typical dwellings (e.g. terraced, semi-
detached and detached) in the UK. The author sized the ASHP to match the dwelling's thermal demand (hot water and space
heating). Finally, two articles [28] [29] performed the LCA of heat pumps for several countries. Saner et al. [28] conducted the
LCA of GSHP for 29 European countries and compared it with conventional heating systems (gas boilers and oil boilers). They
found that the highest reduction of GHGE (84%) occurs in Norway. Knobloch et al. [29] quantified the life-cycle CO, emissions
reduction induced by the use of heat pumps in replacement of fossil boilers for 59 countries worldwide under several scenarios.
They pointed out that, in the current situation, heat pumps emit less CO; than fossil fuel boilers in 53 countries.



1.2 Research gaps, contributions to the research field and article structure

Analysis of the aforementioned literature review allows drawing attention to several aspects that are insufficiently addressed by
articles that performed a comparative LCA between a heat pump and another heating system (e.g. NGB or resistive heating) for a
single heat pump size and a single country. Even though the country considered usually varies from one study to another, comparing
the results of these studies is difficult since they do not consider the same functional unit, system boundary or inventory. In addition,
each study performed its LCA for a single heat pump size, although the LCA results strongly depend on it [22], [27]. The influence
of heat pump sizing on the LCA was investigated by article [27] but the author did not perform the LCA of another conventional
heating system for comparison. Furthermore, the results are obtained for a single location and the author only assessed the impact
on climate change.

To our best knowledge, only two articles ([28] and [29]) performed the LCA of heat pumps for several countries. However, [28]
did not consider the building stock as a source of variability between countries. The authors used a constant COP (whereas the
climate influences it) and considered GSHP while the focus of our article is on ASHP (which represents the majority of the sales in
Europe [6]). Moreover, article [29] did not size the heat pump according to the thermal demand of the dwelling and the authors only
considered climate change as environmental impact.

On the current European market, 71% of the heat pumps sold in 2019 were equipped with R410a and 28% with R134a [30]. Under
the f-gas regulation, the use of these refrigerants is expected to decrease due to their high global warming potential [31].
Maeng et al. [32] studied the LCA of refrigerants with lower global warming potential such as R152a or R1234yf. However, these
refrigerants are not currently used for space heating application. Potential interesting refrigerants for space heating are R32
(difluoromethane) or R290 (propane) [33] and R32 is already used by some heat pump manufacturers [30]. To our best knowledge,
only articles [24] and [34] considered one of these refrigerants (R32). However study [24] did not include the refrigerant in the LCA
and study [34] did not study space heating. Thus, the LCA of an ASHP used for space heating with refrigerant R32 or R290 has not
been carried out in previous literature.

In addition, the articles that compared the LCA results of an ASHP to the ones of an NGB did not consider the domestic hot water
tank (DHWT) for the NGB. However, there are two possible configurations for the NGB, without a tank (since it can produce hot
water instantly) and with a tank.

In this article, we address the scientific gaps arisen from the literature review. The main contribution of this article, in comparison
to the existing literature, is the evaluation of the environmental impacts of an ASHP, while sizing it according to the dwelling
thermal demand, and of an NGB for 18 European countries. Another contribution consists in performing the LCA of an ASHP
equipped with refrigerant R32 and R290. Finally, we compare the LCA of an ASHP to the one of an NGB for two system
configurations (with or without a hot water tank for the NGB).

1.3 Article overview and structure

In this article, we present a methodology to compare the LCA of an ASHP and of an NGB for 18 European countries. We perform
the LCA while sizing the ASHP according to the thermal demand of the considered dwelling. For each country, we consider 4
dwellings based on their construction year. Therefore, we have a different size of ASHP (in kW) and DHWT (in L) for each country
and dwelling. To perform the LCA, we need to know the life-cycle inventory (LCI) of these two systems for their specific sizing.
For this purpose, we base ourselves on the inventories of reference systems (e.g. 10 kW ASHP) and we consider that the materials
of the newly sized system are in the same proportions as those of the reference system [35]. The remainder of this article includes a
detailed description of the method in Section 2. In this Section, we detail the LCI of the reference ASHP, NGB and DHWT. We
compute the demand for space heating and hot water using the TABULA database [36] with a heat balance. Then, we size the ASHP
and DHWT according to these demands. Finally, we explain how we determine the inventory of the sized systems.

The results of the LCA for the NGB and ASHP and for the considered European countries are presented in Section 3. In this Section,
we notably investigate which phase of the life-cycle has the strongest influence on the environmental impacts as well as the influence
of the refrigerant, the system configuration and the dwelling characteristics on the LCA results. Finally, Section 4 concludes the
article.

2 Method

In this Section, we present the adopted method to perform the LCA of an ASHP and an NGB for 18 European countries. The method
is generic and the databases allow us to provide the results for 18 European countries. However, for the sake of conciseness and
clarity, we detail here the input data for solely 4 countries (Belgium, the Czech Republic, Greece and Norway) but similar data are
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available for all [36], [37]. Note that these 4 countries have been chosen as illustrative examples because they have very different
electricity mix and climate. This can be observed in the following values where we provide the average carbon content of electricity
and the average outdoor temperature during the heating season for these 4 countries [36], [38]: Belgium (0.24 kgCO-eq/kWh,
6.2°C), Czech Republic (0.85 kgCO»-eq/kWh, 3.8°C), Greece (0.77 kgCO2-eq/kWh, 10.1°C) and Norway (0.02 kgCO,-eq/kWh,
1.8°C).

The scope of the LCA is from cradle to grave: we consider the extraction, assembly, transport, maintenance, use and end-of-life
phases for both heating systems. The following functional unit is considered: heat the indoor air at 20°C and satisfy the hot water
demand for the considered dwelling over 20 years. Concerning the boundary conditions, the heating system (ASHP or NGB) is
always included. The DHWT is always included with the ASHP. The method offers the possibility to consider two system
configurations for the NGB: an NGB equipped with a DHWT and an NGB without DHWT (since the NGB can produce hot water
instantly, contrary to the ASHP). The hydraulic circuit, circulating pumps and distribution system (radiators or floor heating) are
not included in the LCA. To perform the LCA, we use the Ecoinvent database [38] and the software OpenLCA. The characterization
method adopted to calculate the impacts is ReCiPe Midpoint (Hierarchist) [39] [40]. It is a widespread method that previous LCA
studies on heat pumps have already used [20], [22], [41].

In Section 2.1, we list the LCI of a reference ASHP, a reference NGB and a reference DHWT. In Section 2.2, we explain how we
compute the dwelling thermal demand and how we size the ASHP and DHWT according to the demand of the considered dwelling.
We also present how we determine the LCI of the newly sized systems. Finally, in Section 2.3 we present the method for the
uncertainty analysis.

2.1 Life-cycle inventory

In this Section, we introduce the 10 kW reference ASHP, the 10 kW reference NGB and the 315 L reference DHWT. |In
Section 2.1.1, we present the LCI for extraction, assembly, transport, maintenance and end-of-life. In Section 2.1.2, we focus on the
use phase, more specifically on the efficiencies of the heating systems.

2.1.1 Extraction, assembly, transport, maintenance and end-of-life

The LCls of the 10 kw ASHP, the 10 kW NGB and the 315 L DHWT for the following phases: extraction, assembly, transport,
maintenance and end-of-life were compiled and are presented in Table 1. Regarding the amount of refrigerant considered, we use
the charging ratios reported in the literature: the charging ratio of R32 is 0.22 kg/kW [42] [43] and the charging ratio of R290 is
0.15 kg/kW [42]. Refrigerants R32 and R290 are not included in the Ecoinvent database [38]. Therefore, LCI of refrigerant were
re-built using the work from [44] for R32 and [45] for R290. For transport, we consider that the systems are manufactured in Europe
[22]. Therefore, the generic values from Ecoinvent are used [38]. As far as maintenance is concerned, for the ASHP, the refrigerant
must be refilled annually due to annual leakage. We consider an annual leakage rate for R32 and R290 of 3.5% [46]. No maintenance
is considered for the NGB and the DHWT [19], [47]. Finally, for the end-of-life, we assume the same recycling rates for all
countries [41].



Table 1: Reference life-cycle inventories of ASHP, NGB and DHWT for the extraction, assembly, transport, maintenance and end of life phases.

Phase of the life-cycle Component, energy source or mean Quantity
of transport ASHP NGB DHWT
Extraction Elastomer (tube insulation) 12.6 kg [19]
Polyvinylchloride 1.6 kg [19]
Lubricating oil 2.7 kg [19]
HDPE (high density polyethylene) 0.5 kg [19] 0.9 kg [19]
Steel, low alloyed 32 kg [19] 120 kg [19] 83.7 kg [47]
Reinforcing steel 120 kg [19]
Copper 36.6 kg [19] 3.03 kg [19] 0.3 kg [47]
Refrigerant R32: 2.2 kg
[19], [42],
[43]
R290: 1.5 kg
[19], [42]
Brass 0.05 kg [19]
Aluminum 7.5 kg [19]
Rockwool 8 kg [19]
Enamel coating 2.5kg [47]
Polyurethane 5.7 kg [47]
Anode 1.3kg [47]
Assembly Electricity (medium voltage) 504 MJ [19] 294 MJ [19] 30 MJ [48]
Natural gas 37 mé[19] 12.5 m3[19]
Refrigerant leakage during manufacture | 3 % [19]
Light fuel oil 249 MJ [19]
Transport Train 700 km [22]
Heavy Truck 300 km [22]
Light truck 200 km [22]
Maintenance Refrigerant leakage 3.5%/year [46]
End of life — recycling rates | Copper 61% [22]
Steel 75% [22]
Plastics 32% [22]
Aluminum 69% [22]
Refrigerant 80% [22]
Rockwool 45% [49]
Polyurethane 10% [50]

2.1.2  Efficiency of the heating systems for the use phase

In this article, we compare the environmental impacts of an ASHP with those of an NGB for 18 European countries. For each
country, we consider 4 dwellings chosen from the TABULA database according to their construction year (we only considered
dwellings built after 1960 because the oldest ones are not isolated enough to install ASHP [51]). To compute the total energy use of
each system (electricity for ASHP and natural gas for NGB), we first need the efficiency of the heating systems, as detailed below.

ASHP. The coefficient of performance COP of the ASHP is the ratio of the thermal power produced by the ASHP over the electrical
power it consumes. To compute the COP, we use the following equation [52] [53]:



COP=(ap+a, T,+ay, Ty+a;-T?+a, - T¢+as T, Ty) K (1)

with T, the outdoor temperature, T the supply water temperature and K, a,, a,, a,, as, a,, as coefficients based on manufacturer
data. The coefficients values are gathered in Table 2. The supply water temperature T is usually computed using a heating curve
and depends on the heat distribution system (floor heating or radiator) and the dwelling average U-value Uy, 4, which quantifies the
global insulation of the dwelling [54]. In this study, we use the average outdoor temperature during the heating season for T, and
the supply water temperature is equal to its nominal value Ty ,,,,, , computed according to the following process [54]:

- For floor heating, T 0, = 35°C

- For radiators [55], [56]:
o IfUgg >0.55, T 0m = 55°C
o 1f0.35< Ugyy < 0.55, Ty om=50°C
o If Ugyy <0.35, T pom = 45°C

- For hot water: Ts o, = 60°C

We assume that the most recent dwelling is equipped with floor heating and the others are equipped with radiators. Indeed, the
market for floor heating is expected to increase in the following years and those heating distribution systems are mostly installed in
new dwellings [57]. ASHP coupled to floor heating have a higher COP than those coupled to radiator, since the nominal supply
water temperature T ..., is lower [54]. The level of insulation and the climate of the considered country influence the ASHP
coefficient of performance. The COP for the 4 countries are shown in Table 3.

NGB. For the NGB, we consider a constant efficiency of 95% [58].
2.2 Dwellings characteristics and sizing/scaling of the systems

In Section 2.2.1, we detail the space heating and hot water demands for Belgium, the Czech Republic, Greece and Norway. In
Section 2.2.2, we explain how the ASHP and DHWT are sized according to the demand of the considered dwelling. Once the
systems are sized, we scale, in Section 2.2.3, their inventory (based on the reference inventory of Section 2.1) in order to perform
the LCA.

2.2.1  Space heating and hot water demands

The space heating demands are based on the TABULA database [36]. This database characterizes the building stock of 18 European
countries. To this end, each building stock is described by several archetype dwellings. Dwellings are classified by their construction
year. The buildings differ from each other in terms of surface areas and thermal insulations (e.g. U-value of the walls, roof, ...).

For each country, we select 4 detached dwellings from the TABULA database [36] based on their construction year (1961-1990,
1991-2005, 2006-2010 and after 2010). The annual energy demand for space heating Q, is computed following the methodology
presented in TABULA [59], which is based on the European standard EN 1SO 13790:

Qn = Qne =1 - (Qso1 + Qint) (2)

with Q;,; the internal heat sources, Q,,; the solar heat load during the heating season, n the gain utilization factor for heating and
Qn: the total heat transfer of the dwelling (heat transfer by transmission and ventilation). The total heat transfer @, is computed
using the average outdoor temperature during the heating season, a temperature setpoint of 20°C and the number of days in the
heating season [59].

The hot water demand is based on [37]. It depends on the country and the area of the dwelling. Table 3 gathers the thermal demand
(MWh) for space heating and hot water for the 4 countries. Finally, the heating system is considered to perfectly satisfy the thermal
demand for space heating and hot water [59]. Using these thermal demands and the efficiency of the heating system (see Section
2.1.2), we compute the electricity or natural gas required during the use phase, which is a key input for performing the LCA.

2.2.2  Sizing
For each country and dwelling, the heating system has to be sized according to the dwelling insulation and the climate.
ASHP. In this paragraph, we size the ASHP according to the thermal demand of the dwelling. More specifically, we consider the

same heat pump product for all dwellings but the heat pumps are sized according to the thermal demand of each dwelling. The
maximal thermal power produced by the ASHP Qpyp may is computed as follows [52]:



0.8-DHL ) 3)
bO + bl : Tb + b2 : Ts,nom + b3 : Tsz,nom + b4 : Tb : Ts,nom

QHP,max=b0+b1'Te+b2'Ts+b3'Tsz+b4’Te'Ts'(

with T, the outdoor temperature; T, the supply water temperature; by, b, b,, b3 and b, coefficients based on manufacturer data
(coefficients values provided in Table 2); DHL the dwelling design heat load; T}, the base temperature and T ,,,,,, the nominal supply
temperature. The DHL is computed using norm EN 12831. It corresponds to the thermal losses of the dwelling (by transmission and
ventilation) computed at the base temperature T;, (lowest temperature recorded for at least five days). The base temperatures for
each country are based on ASHRAE’s database [60]. The heating system must be able to supply at least 80% of the DHL. Finally,
the nominal supply temperature T ,,,,, is computed according to the process described in Section 2.1.2.

Table 2: Coefficients for the computation of the COP and of the maximal thermal power produced by the ASHP Qpp max

corp Qnpmax
a, 8.24 b, 9.35
a, | 1.58x107* | b, | 3.19%x 107!
a, | —1.95 x 107! | b, | —6.13 x 1072
a; | 1.01x1073 | by | 4.44x1073
a, | 148x1073 | b, | 2.45x 1073
as | —2.33x 1073
K 1.19

The heat pump nominal heating capacity Q. is given at T, = 2°C and T, = 35°C [19]:
Qnom = Qup,max(2°C,35°C) (4)
From the heat pump nominal heating capacity Q,,,.,, its mass m is computed as following [35]:
log(m) = 1.7 + 0.67 - 1og(Qrom) (5)

The ASHP heating capacity and its corresponding mass for Belgium, the Czech Republic, Greece and Norway are listed in Table 3.

DHWT. We size the DHWT according to the daily thermal power required for hot water Qpy, (kKWh):

_ Quw (6)
V= c-AT

with V7 the tank volume, ¢ the volumetric heat capacity of water (kWh/K.L), AT the temperature difference between the hot and cold
temperatures. The volumes for each country are summarized in Table 3.

NGB. In this study, we consider a fixed NGB size for all the countries and dwellings: a 30 kW NGB weighing 37 kg [61]. Indeed,
this NGB heating capacity is sufficient to satisfy the building thermal losses at base temperature and to provide hot water.
Considering a fixed size might slightly oversize the NGB for some countries (e.g. France). However, the heating capacity has little
influence on the materials required for NGB manufacturing [41].



Table 3: Climate,

thermal demands for space heating and hot water, systems sizing and ASHP COP for 4 TABULA archetype dwellings of

4 countries
Country TABULA dwelling reference, Demand for space ASHP heating DHWT ASHP COP for
Average outdoor construction year and age category. heating (MWh/year) capacity (kW) and | volume space heating and
temperature T, Notation: [TABULA dwelling [36] and hot water mass (kg) L) for hot water
[36] and base reference] ([construction year]); [age | (MWh/year) [37] Notation: [value Notation: [value
temperature category] o for heating for space
Ty [60] Notation: [valus for capacity]; [value heating]; [value
space heating]; [value | for mass] for hot water]
for hot water]
Belgium BE.N.SFH.06.Gen (>2012); 20.4 MWhlyear; 17.4 KW; 340 kg 340 L 4.4;24
T —6.2°C most recent 6.4 MWh/year
. = 6.
T, = -5°C BE.N.SFH.05.Gen (2006-2011); 26.0 MWh/year; 28.2 kW; 470 kg 340 L 2.6;24
recent 6.4 MWh/year
BE.N.SFH.04.Gen (1991-2005); 33.5 MWh/year; 33.6 kW; 528 kg 330L 2.6;24
mid 6.1 MWh/year
BE.N.SFH.03.Gen (1971-1990); 37.5 MWh/year; 36.4 kW; 557 kg 300L 2.6;24
old 5.6 MWhl/year
Czech Republic | CZ.N.SFH.07.Gen (>2011); 12.3 MWhlyear; 16.1 kW; 322 kg 230 L 42,23
T. —38°C most recent 4.3 MWh/year
L, =3.
T, = -10.6°C CZ.N.SFH.06.Gen (1995-2010); 15.9 MWh/year; 28.1 kW; 468 kg 170 L 2.8;23
recent 3.1 MWhlyear
CZ.N.SFH.05.Gen (1981-1994); 25.5 MWh/year; 55.3 kW; 738 kg 170L 2.5;23
mid 3.2 MWh/year
CZ.N.SFH.04.Gen (1961-1980); 37.8 MWh/year; 81.5 kW; 956 kg 230 L 25;23
old 4.3 MWh/year
Greece GR.ZoneB.SFH.04.Gen (>2011); 7.6 MWhlyear; 9.9 kWw; 232 kg 250 L 49;2.6
T. =101 °C most recent 4.7 MWh/year
» =10.
T, = 2.8°C GR.ZoneB.SFH.03.Gen (2001-2010); | 8.0 MWh/year; 9.1 kW; 220 kg 110L 2.8;2.6
recent 2.1 MWhlyear
GR.ZoneB.SFH.02.Gen (1981-2000); | 21.4 MWhl/year; 23.9 kW; 420 kg 290 L 2.8;2.6
mid 5.4 MWh/year
GR.ZoneB.SFH.01.Gen (<1980); 21.4 MWh/year; 21.4 KW; 390 kg 160 L 2.8;23
old 3.0 MWh/year
Norway NO.N.SFH.07.Gen (>2011); 17.6 MWhlyear; 18.9 kW; 359 kg 220L 4.0;2.3
T —18°C most recent 4.2 MWh/year
. =1
T, =-11.7°C NO.N.SFH.06.Gen (2001-2010); 23.4 MWhlyear; 39.2 kW; 585 kg 400 L 3.0;23
recent 7.3 MWhlyear
NO.N.SFH.05.Gen (1991-2000); 22.7 MWh/year; 31.6 kW; 506 kg 190 L 3.0;23
mid 3.6 MWh/year
NO.N.SFH.03.Gen (1968-1974); 25.1 MWhlyear; 42.7 kW; 620 kg 190 L 2.7;2.3
old 3.5 MWhlyear
2.2.3 Scaling

In Section 2.2.2, we explained how to size the systems (ASHP and DHWT) according to the thermal demand of the dwelling. To
perform the LCA, we need to know the quantity of materials and energy used in the different phases of the LCA (extraction,
assembly, transportation, maintenance and end-of-life). To this end, we use the reference ASHP and DHWT introduced in
Section 2.1. Based on [35], in order to determine the amount of materials and energy in ASHP and DHWT of different sizes, we



use the values of the reference ASHP and DHWT and consider that the components of the ASHP and DHWT remain in the same
proportions as in the reference systems. The only exception is for the refrigerants since we use the charging ratios.

To briefly summarize the overall method presented in this Section 2: with the sizes of the systems and their reference inventory (see
Table 1), we deduce the final life-cycle inventory for extraction, assembly, transport and end of life. The final life-cycle inventory
for operation is determined with the thermal demand of the dwelling and the efficiency of the heating system. For the ASHP, the
final life-cycle inventory for maintenance is determined with the ASHP heating capacity and the refrigerant charging ratio. In Figure
1, we illustrate the overall method to perform the life-cycle analysis of a dwelling equipped with an ASHP and a DHWT (from the
country and building characteristics to the environmental impact categories including the sizing of the systems).

Reference inventories Final life-cycle inventory
for extraction, assembly, transport
Cou ntry and end-of-life Extraction, assembly, transport
Base T® E— Reference inventory and end-of-life:
Electricity mix ~—| | for 10 kW ASHP ASHP inventory
Average outdoor T° - ¥ =) | Reference inventory DHWT inventory

for 200L DHWT 2
Building ; Operation & \
Q . ) izin Maintenance
Construction period S Ll—' RQ&‘Q&O'“'“ inventories

L8] Ju-value nom %I-)

Nominal supply T® [IRefrigerant mass
Surface Dwelling heat load

OiLife-cycle analysis
Operation |———juea GIEL00
HTPinf
57~ |SH & HW demands (MWh ]
i 0P for St & COPfor HW - OPDinf

Figure 1: Synoptic diagram providing an overview of the method to perform the LCA of a dwelling equipped with an ASHP and a DHWT.
ASHP: air-source heat pump; COP: coefficient of performance; DHWT: domestic hot water tank; HW: hot water; Q,,,,: ASHP nominal heating
capacity, SH: space heating.

2.3 Uncertainty analysis

We perform an uncertainty analysis to assess the robustness of our results, using the dedicated functionality of OpenLCA. We set a
lognormal distribution for each input parameter [16], [41]. The uncertainty factors (i.e. standard deviation of the distribution) and
the supporting references are gathered in Table 4. The mean of each distribution is set equal to the value in the final life-cycle
inventory. The uncertainties are propagated with Monte-Carlo simulations. We perform 2000 simulations [41].

Table 4: Uncertainty factors used to perform the uncertainty analysis

Uncertainty factor

Construction material 1.1[41]
Energy needed for assembly 1.1[62]
Transport 1.5[16]
Recycling rates 1.5[16]
Refrigerant leakage Manufacture: 1.1 [41]

Maintenance : 1.2 [63] [64]

Refrigerant charging ratio 1.2 [16]

Thermal energy during use phase 1.1[41]

3 Results

We present the results for the following impact categories [28], [46], [65]:

- GWP100. With the ReCiPe midpoint Hierachist method, GWP100 (i.e., global warming potential) is the impact category
for climate change; the time horizon is 100 years [66]. Climate change (kg CO»-eq) is the change in global temperature
caused by the release of GHGE due to human activities. The rise in temperature is expected to cause decline in food and
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water resources, extinction of species, and human health damage [3]. Reducing GHGE is a very important motivation
for the large-scale implementation of heat pumps [29], [67] thus explaining why this impact category was selected.

- PMFP. Particulate matter formation (kg PM10-eq) represents suspended particles mostly due to combustion (for instance,
coal combustion to produce electricity). They can cause health problems, especially in the respiratory system [68]. PMFP
is an indicator of interest when studying systems working with electricity [28], [65].

- HTPinf. Human toxicity (kg 1,4DCB-eq) — It quantifies the toxic effect of chemicals on humans (potential harm of a unit
of chemical released into the environment). In particular, for the considered case, it is mainly caused by electricity
production from coal [68] but also by copper manufacturing [28].

- ODPinf. Ozone depletion (kg CFC-11-eq) quantifies gases that cause damage to the ozone layer. Therefore, more
ultraviolet radiations reach the Earth’s surface, which can be harmful to health. In particular, chlorofluorocarbon and
hydrofluorocarbon refrigerants (such as R134a) can cause it [68], [69], making it an important impact category to follow
when heat pumps are considered.

In addition, as certain readers may be interested by other impact categories, we provided results for all impact categories of the
ReCipe midpoint Hierarchist method in an Excel Table in the Supplementary information.

In this Section, we compare LCA results for ASHP and NGB. In Section 3.1, a detailed comparison is performed for a Belgian
dwelling in the age category ‘most recent’ (see Table 3) to assess the influence of the different phases of the LCA. In Section 3.2,
we study the impact of the refrigerant, the system configuration and the dwelling on the LCA results for Belgium, the Czech
Republic, Greece and Norway. In Section 3.3, we compare the LCA results for 18 European countries. Note that, except mentioned
otherwise (e.g. when the specific analysis on the influence of the refrigerant is carried out), we present the results for the most recent
dwelling, for refrigerant R32 in the ASHP (which is more common than R290 at the moment [30]) as well as for the ASHP and the
NGB both coupled to a DHWT. Moreover, we include the results of the uncertainty analysis in the Figures presented below using
box plots. Each box extends from the 1%t and 3 quartiles with a line at the median. The top whisker indicates 95" percentile and the
bottom one indicates the 5" percentile.

3.1 Detailed results for a case study
In this Section, we consider a Belgian dwelling in the age category ‘most recent’.
3.1.1 Results for four impact categories

In Figure 2, we plot the results of the LCA for the ASHP (plain) and the NGB (hatched) for the impact categories detailed above.
We notice that, for the considered case, the ASHP reduces the environmental impact for 3 out of 4 impact categories. In particular,
the global warming potential (GWP100) is divided by ~3.5. The decrease in GWP100 is notably due to the high COP of the ASHP
(4.4 for space heating and 2.4 for hot water in this case). The impact on particulate matter formation (PMFP) is similar for ASHP
and NGB. Belgian electricity emits more particles than natural gas (around 3 times more) but this is compensated by the high COP.
The ASHP increases human toxicity (HTPinf): it is twice higher than with an NGB. This difference is due to the Belgian electricity
mix, which is around ten times worse than natural gas in terms of human toxicity. Moreover, the ASHP requires more copper than
the NGB, which is also responsible for human toxicity. ASHP reduces the impact on ozone depletion (ODPinf). This is notably
related to the fact that refrigerant R32 has a smaller influence on ozone depletion compared to other refrigerants (e.g. R134a) [69].
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Figure 2: Comparative LCA for 4 impact categories between an ASHP and an NGB for a ‘most recent’ Belgian dwelling.

3.1.2 Results per phase of the life-cycle

In Figure 3, we assess the contribution of each phase of the life-cycle to the environmental impacts. The results presented in the
previous Section are normalized. We notice that, for the NGB, the use phase is the main contributor ( at least 95%) to the four impact
categories and that the manufacturing phase has little influence. Indeed, the NGB only requires a few materials for its manufacture,
which explains why the manufacturing phase is not predominant. For the ASHP, the use phase also has the most influence but the
contribution of the manufacturing is more significant (~20-25% for the impact categories particulate matter formation (PMFP) and
human toxicity (HTPinf)). This is mainly due to the important quantity of copper used for the manufacturing. Due to refrigerant
leakage, the maintenance phase contributes to 6% of climate change (GWP100) and ozone depletion (ODPinf). Therefore, reducing
the refrigerant leakage would lower the impact of the ASHP on climate change and ozone depletion. For both systems, the transport
has almost no impact. We notice that the recycling of refrigerant positively impacts ozone depletion. Results for the different stages
for other dwellings and countries were added in an Excel file placed in supplementary material. Overall, the trends highlighted in
this Section are consistent with the findings for the other cases studied.
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Figure 3: Contribution of each phase on the LCA for a ‘most recent’ Belgian dwelling equipped with an ASHP or an NGB.

3.2 Influence of different parameters on the LCA

As presented in the first paragraph of Section 2, we here detail the results for 4 European countries which differ in their climate and
electricity mix.

3.2.1 Influence of the refrigerant

In this Section, we consider that the same ASHP can be used with refrigerant R32 or R290 [70]. In Figure 4, we plot the LCA results
for an ASHP equipped with refrigerant R32 (ASHP R32), an AHSP equipped with refrigerant R290 (ASHP R290) and an NGB.
Overall, results indicate that the influence of the refrigerant is low compared to the total impact. More specifically, we notice that
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the refrigerant change does not impact particulate matter formation (PMFP) and human toxicity (HTPinf), which is coherent with
the results presented in Section 3.1.2. Indeed, we have seen that the refrigerant mostly influences climate change (GWP100) and
ozone depletion (ODPinf), through its leakage. Figure 4 shows that using R290 instead of R32 tends to decrease the impact on
climate change and ozone depletion for the 4 countries. Concerning ODPInf, the relative decrease is more important in the Czech
Republic and Norway. We also notably notice that the benefits of using R290 instead of R32 are small in Greece because the size
of the ASHP is relatively low compared to the other countries (10 kW for Greece and around 20 kW for the other countries).
Therefore, using refrigerant R290 should be particularly encouraged in dwellings requiring a high-capacity heat pump.
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Figure 4: Influence of the ASHP refrigerant (R32 or R290) on the LCA results for 4 countries and for 4 impact categories.

3.2.2 Influence of the system configuration

In this Section, we investigate the impact of including the DHWT in the LCA of the NGB. In Figure 5, we plot the LCA results for
3 systems: ASHP with DHWT, NGB with DHWT and NGB without DHWT. We notice that the DHWT has very little contribution
on the environmental impact categories. Considering or not the DHWT in the LCA of the NGB does not change the trend of the
results for the 4 countries considered. This is because at least 95% of the impact of the NGB is due to the use phase (see Section 3.1).
The impact of the DHWT can slightly be seen on particulate matter formation (PMFP), because the manufacturing of metals emits
particulate matters. Therefore, all in all, it may be beneficial to install DHWT with NGB since it increases the flexibility of the

dwelling [71].

13



GWP100 PMFP
x10° x10°
1.8 4
Il ASHP 1.35
— 16 - NGB
o . N —
CP NGB without tank 81_20 .
o~ - 1
S 14 S
O s
> 12 =
S 0.90 -
—_ (o))
o 1.0 1 - X<
5 o 8 : Eo7
N & | Ee
O 06 - I -f
{ i 0.45 -
0.4 - 4 EE%
0.2 % 0.30 - :
0.0 1 i | B 0.15 - -,
ng & eO eo
ODPinf
x10° %10
1.05 + 1.6
T T
n“.; 0.90 - g 14 -
O Y
1.2 -
%0.75 - g %
p 1.0 )
20.60 - 2 %é :
“— = 0.8 !
c c ]
o 0.45 1 o i }
':E 8 0.6 7 A=
0.30 - 04 ] !
0.15 i 0.2 i
0.00 ! ! l i 0.0 - ! { i i
& v & R & v & O

Figure 5: Influence of the system configuration (NGB or NGB coupled to DHWT) on the LCA results for 4 countries and for 4 impact categories.

3.2.3

Influence of the dwelling

In this Section, we assess the influence of the dwelling construction year on the comparative LCA. In Figure 6, we plot results of
the environmental impacts of the ASHP and NGB for 4 European countries and for 4 dwelling types per country. The dwelling
characteristics are detailed in Table 3. We highlight the following key results from Figure 6:

For most recent dwellings, installing an ASHP instead of an NGB tends to allow a reduction of climate change (GWP100)
in the 4 considered countries. The reduction is particularly high in Norway, where climate change is divided by 18 for the
most recent dwelling. This reduction is due to the low carbon content of electricity. However, in the Czech Republic and
in Greece, for the 3 oldest dwellings, the installation of ASHP tends to slightly increase the impact on climate change (with
a maximum increase of ~30% for the oldest dwelling in the Czech Republic).

The ASHP worsens the environmental impact compared to the NGB for human toxicity (HTPinf) in the 4 countries,
regardless of the dwelling considered. Human toxicity is notably due to lignite combustion [65], [72]. Hence, electricity
mixes based on fossil fuels tend to have higher human toxicity than natural gas. Moreover, copper is the main contributor
to human toxicity in the manufacturing phase (which accounts for around 30% of the total impact). ASHP requires more
copper than NGB, which also explains the increased human toxicity.

More recent dwellings do not necessarily lead to lower environmental impacts due to higher surfaces. For instance, in
Norway, dwellings built in 2001-2010 have higher environmental impacts than those built in 1991-2000. Therefore, it is
necessary to consider a detailed description (e.g. accounting for the U-values and surfaces) of the dwelling in order to
determine the environmental impacts of a heating system: the construction year alone is not a sufficient indicator.
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- Results are not favorable to ASHP for old dwellings in the Czech Republic when considering climate change (GWP100),
particulate matter formation (PMFP) and human toxicity (HTPinf). Indeed, these dwellings require high capacity ASHP
(>80 kW), and the lower COP (due to the cold climate) leads to a higher need for electricity. Moreover, the electricity mix
of the Czech Republic is mostly based on fossil fuels.

- ASHP tends to reduce the impact on ozone depletion (ODPinf), no matter the dwelling. For the ASHP, an important source
of ozone depletion (not in the use phase) is the refrigerant R32 (during manufacture and maintenance). An interesting result
is that the charging factor of refrigerant R32 and its annual leakage rate are low enough to prevent the ASHP from increasing
ozone depletion compared to NGB.
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Figure 6: Influence of the dwelling age category on the LCA results for 4 countries and for 4 impact categories.
Note: plain bars correspond to ASHP and hatched bars correspond to NGB

3.3 Influence of the country

In this Section, we investigate the influence of the country on the potential of ASHP to reduce environmental impacts compared to
NGB. We perform the results for each country's most recent and oldest dwelling. In Figure 7, we plot the relative difference between
the ASHP and the NGB for climate change (GWP100) and particulate matter formation (PMFP) for 18 European countries. When
the value is negative (in green), the ASHP reduces the environmental impact compared to the NGB. GWP100. For the most recent
dwellings, ASHP allows a reduction of climate change (GWP100) in 17 countries out of 18 (climate change is increased in Poland).
Even in countries with a high-carbon electricity mix (such as the Czech Republic or Greece), installing ASHP in recent dwellings
reduces climate change. Climate change reduction is similar (~90%) in France, Norway and Sweden, whereas the demand in Norway
and Sweden is three times higher, and the ASHP size is five times higher than in France due to the colder climate. The lower carbon
content of electricity in Norway and Sweden compensates for their colder climate (which is responsible for a lower COP compared
to France, where the climate is warmer). For older dwellings, ASHP allows a reduction of climate change (GWP100) in 15 countries
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out of 18. We still have a ~90% reduction for France, Norway and Sweden. However, in the Czech Republic and in Greece, we
have a reduction of climate change in most recent dwellings and an increase in old dwellings. In old Czech, Greek and Polish
dwellings, for ASHP to be environmentally beneficial, it is necessary to decarbonize the electricity mix.

PMFP. For the most recent dwellings, ASHP allows a reduction of the particulate matter formation (PMFP) in 4 countries out of 18.
The maximum reduction is 55% in Norway. However, we notice an increase of 410% in Greece and in Slovenia and of 470% in
Poland. For older dwellings, ASHP allows a reduction of the particulate matter formation (PMFP) in 3 countries out of 18. The
increase is the most important in Poland (750% increase). In Belgium, ASHP increases PMFP in old dwellings but reduces it in
most recent dwellings. For the ASHP, in the manufacturing phase, PMFP is mainly (70%) due to the use of copper. In the use phase
(which accounts for ~75% of the total impact), PMFP is particularly high if the electricity mix includes lignite combustion [65].
Therefore, the increase due to ASHP is noteworthy in Greece, Poland and Slovenia because the electricity mix relies on lignite
combustion. However, it is important to note that European decarbonization plans, which notably aim at shifting out fossil fuels,
will decrease the impact of ASHP on PMFP [73].
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Figure 7: Relative difference between an ASHP and an NGB for 18 European countries for climate change (GWP100) and particulate matter
formation (PMFP)

Note: Negative values (green) mean that ASHP improves the environmental impact

The maps for all 4 indicators (including HTPinf and ODPinf) and all dwellings (including dwellings built between 1990 and 2011)
can be found in the supplementary HTML file Europe_map.html. This file is accessible through a downloadable .rar file placed in
the supplementary materials.
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4 Conclusion

The main advance of this article with respect to the current state of the art lies in assessing the environmental impacts of an air
source heat pump (ASHP), while sizing it to match the thermal requirements of the dwelling, and of a natural gas boiler (NGB)
across 18 European countries. Additional contributions encompass conducting a life-cycle assessment (LCA) for an ASHP using
refrigerants R32 or R290, as well as comparing the LCA results of an ASHP with those of an NGB under two system configurations
(with or without a hot water tank for the NGB). Furthermore, the article quantifies the impact of dwellings’ construction year on
several environmental impact categories.

Results indicate that the use phase has the most influence on the environmental impacts for both the ASHP and the NGB and that
the manufacturing phase is the second biggest contributor (up to 25%). The choice of the ASHP refrigerant influences climate
change and ozone depletion. In particular, our results indicate that using refrigerant R290 instead of R32 tends to slightly reduce
climate change and ozone depletion, notably for high capacity ASHP. Overall, when comparing the impacts of the ASHP and of the
NGB on ozone depletion, it appears that, no matter if the R32 or the R290 refrigerant is used, the ASHP contributes less to ozone
depletion than the NGB. This is notably due to the low charging factors and annual leakage rates of these refrigerants. We also
highlight that considering or not the hot water tank in the LCA of the NGB has very little impact on the results. We found that, in
recent dwellings, ASHP allows for climate change reduction in 17 out of 18 countries with an average reduction of 54%. For old
dwellings, the average reduction is 37%. Regarding particulate matter formation, ASHP allows for a reduction in only 4 countries
out of 18 for new dwellings and in 3 countries for old dwellings. However, shifting out from fossil sources (e.g. lignite) in electricity
mixes will positively impact the environmental impacts of ASHP on particulate matter formation, climate change and human
toxicity. Therefore, in Europe, it seems relevant to encourage these initiatives with additional funding. Our proposed methodology
and results can notably be helpful to academics, investors and policy makers. In particular, Europe-wide, our results allow to assess
in which country it would be particularly beneficial to install ASHP (e.g. France, Norway and Sweden) and to quantify the potential
associated changes in the environmental impacts. At the national scale, our work can help to identify in which type of dwelling the
installation of ASHP is the most relevant.

Finally, this work could be pursued by coupling the environmental life-cycle analysis to a life-cycle cost analysis to identify areas
where ASHP could yield the most positive environmental impacts at the lowest cost. Another relevant future research could be to
compare the environmental impacts of ASHP with those of other heating systems (e.g., district heating, solar heating systems),
depending on the area. It would also be interesting to study in detail the environmental impacts of emerging ASHP applications
(e.g., combined heat and power systems featuring a fuel cell).
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