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Abstract: The EU “Fit for 55” legislative package provides for the introduction of regulations enabling
the achievement of the emission reduction target by 55%. As part of the necessary actions, it is
necessary to increase the energy efficiency of existing buildings. To achieve this, there are plans
to increase the pace of the modernization of buildings, from 1% to 3% of buildings annually by
2030. However, this must be done with respect to the principles of sustainable development, circular
economy and the conservation of buildings. This article presents a comprehensive comparison and
calculation of carbon payback period (CPP) for selected insulation materials, combined with selected
typical building partitions, and shows how quickly the payback period of greenhouse gases in the
production of insulation materials is completed. Individual insulation materials (stone and glass wool,
expanded polystyrene (EPS), extruded polystyrene (XPS), polyurethane (PUR) and cellulose) were
analyzed in relation to different types of walls (seven types—including solid wall, diaphragm wall,
large panel system (LPS), and concrete), in different locations (Poland, Germany, Czech Republic,
Austria, Finland, Europe) and for various energy sources (electricity, gas, oil, biomass, district
heating). After taking into account the carbon footprint embodied in the insulation materials, along
with the potential reductions in the operational greenhouse gases emissions, the carbon payback
period (CPP) was determined, resulting from the use of a given technology, insulation material
and location. By comparing the CPPs for different insulations, this paper shows that the results
vary significantly between EU countries, which have different embodied carbon factors for energy
sources and materials, and that there is still a serious lack in the availability of reliable environmental
information, which can limit research results.

Keywords: insulation materials; thermal renovation; energy efficiency; carbon footprint; carbon
payback period (CPP)

1. Introduction

Due to climate change, the construction sector worldwide faces serious challenges, in
terms of reducing energy consumption and reducing the environmental impact of buildings.
Currently, it is estimated that buildings in the European Union (EU) consume 40% of
final energy [1] and are responsible for 36% of greenhouse gas emissions [2], compared
to, respectively, 35% and 38% worldwide [3]. According to the European Commission,
better construction and use of buildings in the EU would remove 42% of our final energy
consumption, about 35% of our greenhouse gas emissions, more than 50% of all extracted
materials, and would enable water savings of up to 30% [4]. The European Commission
recommends that Europe become climate-neutral by 2050, and the European Green Deal
plan, presented in December 2019, assumes a reduction in greenhouse gas emissions by
55% (compared to 1990) by 2030 [5]. It should be remembered that energy consumption
and greenhouse gas emissions are closely related and apply to both existing and new
buildings. Requirements for energy efficiency and the reduction of energy consumption
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have been regulated in the EU for years, which has resulted in a reduction in household
heating consumption in EU countries, in the years 2000–2018, by 29% [5,6]. Many countries
have even more stringent regulation on the energy consumption of new buildings, known
as “nearly zero-energy buildings” (NZEB) regulation, which have been mandatory from
1 January 2021 [1], while “zero-emission buildings” (ZEB) regulation is planned to be
mandatory from 1 January 2030. EU energy consumption regulation also applies to existing
buildings, which should be emission-free by 2050 [6]. In the case of the embodied and
operational carbon footprint of buildings, in most EU countries there are no requirements
for maximum values for these emissions, and there is no obligation to provide this value;
however, according to the proposed amendment to the Energy Performance of Building
Directive (EPBD), the global warming potential (GWP) value should be calculated for new
buildings from 1 January 2030 [7].

One of the European Green Deal programs, designed to improve the energy perfor-
mance of buildings and achieve more efficient use of resources, is the strategy for the
“Renovation Wave”. Currently, more than 30% of buildings in the EU are more than
50 years old, and over 70% of the building stock is energy-inefficient [1]. According to
the European Commission, for residential buildings, the annual weighted medium energy
renovation rate (30–60% of savings) was estimated to be close to 1% within the European
Union, and deep renovations (>60% of savings) were only 0.2% per year [8]. For light reno-
vations (3–30% of savings) and below-threshold changes (<3% of savings), the degree of
renovation was 3.9 and 7.1%, respectively. For non-residential buildings, annual weighted
below-threshold, light, medium and deep energy renovation are estimated to promote
savings around 4.1, 3.0, 2.1 and 0.3%, respectively.

Calculating the primary energy consumption, using the same primary energy fac-
tors for all Member States, the average energy renovation within the European Union is
estimated to reduce a residential and non-residential building’s specific primary energy
consumption by 14 and 47 kWh/(m2·a), respectively. At the same time, the relative annual
greenhouse gases (GHG) reduction per residential and non-residential renovation—based
on the average of all energy renovations across the EU28 between 2012 and 2016—is esti-
mated to be roughly 9 and 18%, respectively [8]. This is not enough, according to the EU’s
statement [9].

The EU has a goal to double the ratio of medium energy renovations for residential
and non-residential buildings, and even to increase it by 3% for public buildings. Thus,
it is predicted that, by 2030, 35 million buildings could be renovated, which would help
to address the problem of eliminating energy poverty [10,11]. Such renovations could
reduce energy consumption by 66% for residential buildings and 65.8% for non-residential
buildings, while it is also estimated that their carbon footprint will reduce by as much
as 50–75% [12]. Thus, renovating existing buildings would enable the EU to meet its
2030 goals of 32.5% energy savings and a 40% GHG emissions reduction, compared to
1990 [11], although 97% of buildings must be renovated to accomplish the EU’s
2050 decarbonization goal [13].

It is important that buildings are not only energy-efficient, but also less carbon-
intensive over their life cycle, and more sustainable. Therefore, the key principles of
the Renovation Wave [10] proposal, in addition to energy efficiency, include:

− life-cycle thinking and circularity, to minimize the footprint of buildings;
− respect for aesthetics and architectural quality;
− renovation must respect design, craftsmanship, heritage and public space

conservation principles.

These key principles are particularly important in the case of the renovation of his-
toric buildings: to reduce final energy consumption, reduce greenhouse gas emissions
throughout the life cycle, maintain the historical and aesthetic value of buildings and ensure
thermal comfort and a healthy environment for building users.

When considering life-cycle emissions, all such factors as operational emissions and
embodied emissions in construction materials, thermal insulation materials and technical



Energies 2023, 16, 113 3 of 30

equipment should be taken into account. It is necessary to reduce all types of emissions,
and due to the increasing contribution of embodied emissions, special attention should
be paid to them. In the case of new buildings, estimates of the ratio of the embodied
to the operational carbon footprint are about 10–40%, although they depend on many
factors [13,14] and for different countries they can range from 2 to 80% [15]. Additionally,
for energy-efficient buildings, the share of the embodied carbon footprint is growing [16]
and can be 45% [17], 50% [18] or 57–74% [19], and for zero-energy buildings this share
can even reach 75% [20]. Installations also significantly contribute to the built-in carbon
footprint, as various studies have shown that installations in total can be responsible for
approx. 5–30% of greenhouse gas emissions [21–23]).

In the case of renovation, the estimation is even more difficult, as the new embodied
carbon footprint must be considered simultaneously together with the reduction in the
operational carbon footprint resulting from energy renovation. It should also be empha-
sized that, in the case of non-energy renovation, there may be no reductions in operational
greenhouse gas emissions. It is assumed that renovations can be divided into 29 types of
activities, including energy-related and non-energy-related ones. They concern changes to
the building envelope, the method of heating and hot water heating, ventilation, cooling,
lighting, energy sources, interior finishes and others. For example, in Poland, on average,
modernization works in 2010–2016 concerned [24]:

− insulation of external walls—93%;
− installing windows—36.5%;
− modernization of the internal heating system—25.2%;
− modernization of the hot water installation—13.3%;
− modernization/replacement of the ventilation system—5.6%.

The data presented by Visiongain [25] also indicate the advantage of modernization
works on external walls (47%) in relation to the roof (37%) and floor (15%).

In the case of insulation, which dominates the renovation works carried out, it is
responsible for a significant reduction in energy consumption and operational carbon
footprint. These reductions are very high and, depending on many factors, can reach
90% [26,27]. Regarding the wall insulation systems used in the renovation of buildings, in
the literature, values can be found that range from a low of 34–36%, up to even 85% [28–30].

The impact of thermal insulation on the environment is usually considered in two
regards. Firstly, the value of the embodied carbon footprint of individual building ma-
terials is analyzed, the results of which are very different and depend on many factors,
including the adopted functional unit (FU). The FU is used in the form of kgCO2·kg−1 of
material, kgCO2·m−2 of the surface with a specific resistance R, kgCO2·m−3 of material
or kgCO2·m−2 of the usable area of the building [31,32]. Many authors compare different
materials using the same functional unit: Hill et al. [33] compare global warming poten-
tial (GWP) and embodied energy (EE) values based on 60 environmental declarations;
Su et al. [34] provide a life-cycle assessment (LCA) comparison of the eight most popu-
lar insulation materials; Pargana et al. [35] compare materials that are popular in Europe;
Casini [36] and Biswas et al. [37] compare insulation materials present on the market, taking
airgel into account. A particularly useful listing is provided by Grazieschi et al. [32], who
compile information on materials obtained from 156 EPDs and compare the data in terms
of GWP/FU and PER/FU (primary renewable energy) and PENR/FU (non-renewable
primary energy). The results presented in that paper indicate that natural materials, such
as cellulose, wood fibers, hemp, straw bale, flax, are very competitive in terms of GWP in
relation to mineral materials (stone wool, glass wool, glass foam, expanded clay) and fossil
materials (EPS, XPS, PUR/PIR). However, at the same time there are large discrepancies
among such materials as wood fibers, cork, and vacuum insulated panels (VIP). These
they may result from differences in the fabrication process due to the innovative nature of
these materials.

The second, often discussed, aspect in modernization analyses is the degree of emission
reduction in the life cycle after the use of thermal insulation. The reduction in emissions
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comes from reducing the demand for energy, but the embodied carbon footprint throughout
a life cycle must be also taken into account. Aditya et al. [24] list emission reductions for
cases analyzed in the literature, which range from 27 to 77%. Such large discrepancies
resulted, for example, from the technologies used or the energy mix in a given location.
Beccali et al. [38] analyze the example of 6 multi-family buildings in Italy in terms of
emission reduction for variants of additional insulation in the form of mineral wool and
cellulose. Reductions related to FU in the form of 1 m2 of residential floor were additionally
divided into buildings made with construction technologies in different years. However,
the results were similar and for both materials they averaged 27% for buildings from
1945–1969, an average of 23.6% for buildings from 1970–1989 and an average of 7.8% for
buildings from 1990–2010. In these cases, the differences resulted from the technology in
which the modernized building was built. However, this does not change the fact that
insulating existing, energy-inefficient buildings is justified, both in terms of finances and
environmental protection.

The payback period is therefore an important issue. The results of LCA and life-cycle
cost (LCC) analyses can be presented for investment as investment payback period (IPP),
energy as energy payback period (EPP) and carbon as carbon payback periods (CPP). The
IPP is used to assess the economic attractiveness of an investment and is expressed as its
payback period in years [38]. In the same way, the payback period of the energy invested in
the building can be presented as the energy payback period (EPP) or the invested emissions
can be depicted as the carbon payback period (CPP) [38–42]. The results of the IPP, EPP
and CPP analyses are presented by Zhang et al. [43] on the example of prefabricated
façade elements and for CPPs in different countries: Spain, the Netherlands and Sweden,
respectively, with periods of 23.33, 16.78 and 8.58 years. After the introduction of recycled
material for the production of panels, the CPP period shortened this time by approx. 40%.
Using the example of public building in six European cities, energy and GWP payback
time analyses (Ardente et al. [44]) were carried out for retrofits actions, attaining results
from 0.5 to 26.5 years, depending on the city. In the case of a single-family house, the EmPT
(emission payback time) was calculated for the insulation of external walls made of EPS
boards to be 21.23 years (Beccali et al. [39]).

Since there are separate extensive analyses of the carbon footprint of insulation materi-
als [31–37] and case studies [24,38,39,39–45] in the literature, and there are no analyses of
typical partitions and insulation, the main object of this study is the presentation of carbon
footprint analyses. These will be given in the form of the carbon payback period (CPP),
specified for chosen states in EU, for the most popular variants of combining thermal insu-
lation with a typical uninsulated wall, taking into account the savings of the operational
carbon footprint in a given state with a specific energy mix. This way of presentation aims
at helping investors, designers and contractors in choosing the most favorable variant of
insulation material in terms of environmental impact.

2. Materials and Methods
2.1. Goal and Scope

Due to the main activity in the renovation of buildings consisting in insulating façades,
it is important to analyze the environmental impact of the selected insulation system over
its entire life cycle, together with the expected operational energy savings. The choice of a
low-emission material, combined with its good thermal insulation performance, affecting
operational energy savings, can significantly reduce the carbon footprint of a building
throughout its life cycle.

The main goal of the study is:

− comparison of the carbon footprint of the most popular thermal insulation materials
in Europe;

− comparison of operating energy savings using the analyzed insulation materials for
typical building partitions and the resulting savings in carbon dioxide emissions;
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− comprehensive comparison and calculation of the CPP for insulation materials used
in the modernization of typical building partitions in various locations.

The information on the impact of insulation materials on the environment was ob-
tained thanks to EPD declarations (environmental product declaration, type III), defined
in accordance with EN 15,804. These declarations were taken using the LCA Software
OneClickLCA platform, which verifies and collects data from various EPD platforms
(OneClickLCA, EPD Norge, IBU, CENIA, ITB, BRE, ECIA, Baubook, IBU, Okobaudat).
OneClickLCA ensures the fulfillment of the following assumptions, guaranteeing compara-
bility with life-cycle assessment results: comparable scope, comparable life-cycle phases
for all compared options and technically comparable calculation data and assumptions. All
information published in the OneClickLCA environmental product declaration (EPD) has
been verified by an independent third party, which guarantees the accuracy and reliability
of the EPD and its conformity to the requirements of the relevant product category rules
(PCR) [46]. In order to calculate the operational energy savings and the resulting reduced
emissions, information was taken from the data of the National Center for Balancing
and Management of Emissions for Poland and from the literature for European countries
(described in more detail in Section 2.4.2).

2.2. Functional Unit (FU)

According to ISO 14040, as the basis of the LCA standard, the functional unit (FU)
describes a quantity of a product system [47,48] on the basis of the consistency of its
performance with the objectives and scope of the system. For the purposes of this study, it
was defined as 1 m2 of an insulated wall with a heat transfer coefficient compliant with the
passive construction standard Uc = 0.15 W·m−2K−1 (Rti, j = 6.(6) m2·K·W−1) [49]. As each
wall consists of an existing part and insulation material, the total thermal resistance of the
partition will be equal to:

Rti,j = Rsi + Rwall,i + Rins,i,j + Rse, [m2 K W−1] (1)

Uc =
1

Rti,j, [m2 K W−1]
(2)

where Rwall.i is the thermal resistance of the existing wall (i), Rins,i,j is the expected thermal
resistance of the given insulation (j) on a given wall (i), Rsi is the resistance of heat absorption
on the internal surface (0.13 m2·K·W−1) and Rse is the resistance of heat absorption on the
external surface of the wall (0.04 m2·K·W−1). The value of Rins,j has a different value each
time depending on the resistance of the existing wall:

Rins,i,j = Rti,j − Rsi − Rwall,i − Rse, [m2 K W−1] (3)

As each insulation material has a different value of the thermal conductivity coefficient
(λj), the insulation thickness (di,j) will be different for each partition (i,j), and so each time
it is necessary to convert the functional unit specified in the EPD declaration for each
insulation (kg, m2, m3, etc.) to the required thickness (di,j).

dins,i,j = λins.i,j · (Rti.j − Rsi − Rwall.i − Rse), [m] (4)

Note that the insulation system on specific wall, not the building, is the object of
interest. The geographical boundaries of each studied state (Poland, Germany, Czech
Republic, Austria, Finland, Europe, Europe (average from listed states) with their capitals
were the system boundaries for this assessment. The climates and locations of these cities
are explained in Section 2.7.
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2.3. Carbon Payback Period (CPP)

While the economic valuation uses the payback method—the attractiveness of capital
investments [50], the energy payback period (EPP) or carbon payback period (CPP) meth-
ods [43] can be used to assess the energy or environmental attractiveness related to, for
example, the reduction of CO2 emissions (in other studies EPP is called energy payback
time EPBT [39]). CPPi,j,k,S, which is the payback period for the selected wall (i), insulated
with the selected material (j), in the selected location (S) and for the selected heat source (k),
can be expressed as:

CPPi,j,k,S =
CE,j,S

Co,i,j,S
, [years] (5)

where CE,j,S is the embodied carbon reported as GWP (for the selected insulation material
(j) in the selected location (S)) and Co,i,j,S is the annual operational CO2 savings (for the
selected wall (i), insulated with the selected material (j) in the selected location (S)).

In this study, the CPP was used to evaluate and compare different insulation materials,
in combination with different wall types, because it clearly shows how long the use of a
given insulation material results in greater CO2 savings in relation to embodied carbon,
and whether this period does not exceed its life-cycle time.

Note that CPP differs from CROI (carbon return of investment) [51], which indicates
the ratio of GHG savings over the life cycle to embodied GHG for the analyzed investment.
Values above 1 indicate the ecological attractiveness of the investment.

2.4. System Boundaries

The study takes into account the life cycle of the building according to EN 15,978 [52].
The boundaries of the system have been defined in terms of the scope and purpose of the
study and have been divided into parts. These cover all the significant elements, materials
and components affecting the CO2, a substance which reports the global warming potential
(GWP) and is referred to as embodied carbon. The models under study will cover two
stages of the life cycle: product stage and use stage. The EoL stage, which was described in
Section 2.4.3, was not analyzed.

2.4.1. Life-Cycle Inventory Analysis of Product Stage

With regard to the system boundaries of the study, the environmental impact of
materials related to the production stage (A1–A3 substages), including raw material supply
(A1), transport (A2) and the manufacturing (A3) substages, was calculated. Transport
(A4) to the construction site and assembly (A5) were neglected as they had no effect on
the test result. The data contained in the life-cycle impact assessment (LCIA) were taken
from available databases and EPD platforms compliant with the EN 15,804 standard and
available in the LCA software OneClick LCA (OneClickLCA, EPD Norge, IBU, CENIA,
ITB, BRE, ECIA, Baubook, IBU, Okobaudat) [46]. The inventory of the materials taken
into account, both for the existing walls (Wi) and the insulation materials used (Insj), is
presented in Sections 2.6 and 2.7.

2.4.2. Life-Cycle Inventory Analysis of Use Stage

With regard to the system boundaries of the study, the environmental impact of
materials related only to the operational energy use (B6 substage) was calculated. Other
substages like use (B1), maintenance (B2), repair (B3), replacement (B4), refurbishment (B5)
and operational water use (B7) were neglected, as they are not important for the calculation
of the CPP indicator. Moreover, the lifetime of the system has not been determined because
it is not needed in CPP calculations, although the lifetime of insulation materials equal to
25 years was taken into account in the conclusion.

Since the operational energy use and non-renewable primary energy factors (PEFn)
values depend on the energy source, the PEFn values specific to the Member States’ data
were taken into account [53,54]. Member States in colder climate conditions, such as Poland,
Germany, the Czech Republic, Austria and Finland, were included in the analysis. This has
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been presented in detail in Table 1. Additionally, CO2 emissions of various energy sources
have been adopted individually for the analyzed Member States, the data for which are
presented in Table 2.

Table 1. Non-renewable Primary Energy Factors PEFnk,S [kWhprimary/kWhdelivered].

Energy
Carrier

Europe
[55]

Poland
[56] Germany [57]

Czech
Republic

[58]

Austria
[59]

Finland
[60,61]

Electricity 2.3 3.0 2.6 3.0 1.32 1.2

Natural
gas 1.1 1.1 1.1 1.2 1.16 1.0

Oil 1.1 1.1 1.1 1.2 1.23 1.0

Wood,
pieces 0.2 0.2 0.2 0.2 0.06 1.0

District
heating 1.3 1.3 0.7 (FF > 70%) 1.0 1.38 0.5

Table 2. CO2 emissions factors EMk,S [gCO2·kWhdelivered−1].

Energy
Carrier Europe Poland Germany Czech

Republic Austria Finland

Electricity 420 [55] 698 [62] 331 [59] 406
[58,63,64] 389 [59] 329.62 [65]

Natural
gas 180 [66] 180 [66] 180 [66] 180 [66] 180 [66] 180 [66]

Oil 213 [66] 213 [66] 213 [66] 213 [66] 213 [66]] 213 [66]

Wood,
pieces 282 [66] 282 [66] 282 [66] 282 [66] 282 [66] 282 [66]

District
heating 260 [55] 340 [62] 230 [59] 298 *

[63,64] 219 [59] 158 [65]

* the value was calculated by taking into account the energy sources for district heating (coal—58%, natural
gas—29%, bioenergy—11%, Oil—1%, Solar—1% [64].

2.4.3. Life-Cycle Inventory Analysis for End of Life (EoL) Stage

With regard to the system boundaries of the study, the environmental impact of
materials related to the EoL stage, including the deconstruction (C1), transport (C2), waste
processing (C3) and disposal (C4) substages, was neglected because not all are available
and analyzed EPDs with specified GWP values for phases C1–C4. In order to make the
comparison of materials possible, this stage was omitted.

2.4.4. Life-Cycle Inventory Analysis for Reuse, Recovery, Recycling and Potential stage

The reuse, recovery, recycling and potential stage (D) were omitted because some
materials do not contain biogenic carbon, the presented data are characterized by high
uncertainty and most EPDs lack the indicator value for this stage.

2.5. Insulation Materials

As mentioned above, most renovations involve the insulation of external walls [24,25],
in the form of assembling insulation material and attaching it to the external or internal
surface of an existing wall. The construction market offers a lot of insulation materials that
differ in physical properties, price and availability, and the materials which offer the best
performance per unit cost are the most popular. There are also so-called environmentally
friendly materials (renewable materials).
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According to IAL Consultants (2020) [67], currently glass and stone wool represents
55.1% of the European thermal insulation market, with expanded polystyrene accounting
for 24.7%, PU/PIR representing 11.7%, and XPS taking up 6.3%. These are the four domi-
nant materials, although expanded polystyrene (EPS) foam is the most popular one used for
external wall insulation because of its low price and the better performance characteristics.
It is worth adding that Germany, France and Poland [68] are the leading countries in the
EU market for thermal insulation materials.

Taking into account the purpose and scope of the study, the following materials were
selected for analysis:

− the most popular on the construction market;
− the ones whose information on environmental impact is available in the form of EPD.

Table 3 presents selected materials with their basic properties.

Table 3. Properties of insulation materials.

Material Density (kg·m−3)
Thermal

Conductivity
(W·m−1·K−1)

Iins,1 Stone wool 35–130 0.033–0.040

Iins,2 Glass wool 12–64 0.031–0.045

Iins,3

EPS
(expanded
polystyrene)

15–30 0.031–0.044

Iins,4

XPS
(extruded
polystyrene)

24–38 0.030–0.040

Iins,5
PUR
(polyurethane foam) 31.5–35 0.022–0.040

Iins,6 Cellulose 30–80 0.037–0.042

The choice of insulating materials also results from the technologies used to insulate
buildings and the types of insulated partitions. The ETICS/EIFS (external thermal insula-
tion composite system/external insulation finishing system or light-wet method) is one
of the most popular methods of thermal modernization of external walls. The thermal
insulation material, with a thin layer of render as a finishing component, is assembled to
an external wall (by means of gluing or dowelling). EPS, XPS and PUR boards are the most
commonly used insulation materials in the use of this technology. External cladding, made
from various materials like wood, metal, stone, ceramics, etc., attached to the insulation,
and taking into account the ventilation gap (light-dry method), is another popular external
wall finishing system. The insulation is also glued or pinned to the exterior wall, but the
cladding material is fixed to a support structure of wood, steel or aluminium. Mineral wool
(stone/rockwool or glass wool) belongs to the most popular materials in this technology.
An additional system, used in wooden frame buildings or in walls with an air gap (some
prefabricated systems from the so-called Large Panel Systems), fills the voids between the
elements with filling materials such as PUR/PIR foam or cellulose, which are the most
popular materials in this technology. It should be noted that the type of facade finishing
system used was omitted in the analysis because most often they can be used interchange-
ably, regardless of the insulation material applied, and it is the area not included in the
study. The technologies of internal insulation of buildings were also omitted.

The environmental impact of insulation materials is now an indicator of increasing
importance. Due to the proposed changes in the EPBD directive, consisting of the calcu-
lation of the global warming potential for new buildings from 2030 [7] and, in the longer
term, of the decorbanization of the building stock by 2050, it is necessary to acquire and dis-
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seminate knowledge about building materials. In particular, this impact relates to thermal
insulation, which will be the main contribution to embodied GWP for existing buildings
undergoing renovation.

Recently, we obtained information on the impact of insulation materials on the envi-
ronment thanks to EPD declarations (Environmental Product Declaration, type III) defined
in accordance with EN 15,804 [69]. Declared values vary for different and even for the same
materials. According to Shrestha et al. [70], they encompass the following issues:

− typology of the insulation materials (blown/expanding/loose material, panel itp.);
− manufacturing methods and technologies;
− energy mix of the countries where manufacturing processes happen;
− percentage of recycled material introduced in the production chain;
− origin of the raw material and distance from the manufacturing site.

Particularly large differences may result from the use of different energy mixes in
different locations, characterized by a different share of renewable energy sources in relation
to fossil fuels and thus different CO2 emissions. Even within a single production facility,
there can be differences depending on the date of manufacture. Because the use of national
energy mix and annual average values is often recommended [71], national emission factors,
primary energy factors (Tables 1 and 2) and the average EPD for a given material (also
referred to in the context of EN 15,804 Sector EPD, Industry-wide EPD or Generic EPD) are
presented. Table 4 summarizes the number of EPDs (both individual and generic) drawn
from the analyzed databases [46] and the calculated average GWP values for cumulative
stages (A1–A3) characteristic for a given location. All available EPDs for selected materials
available on platforms in the analyzed locations were analyzed. In total, there were 270
of them, 247 of which were specific EPD and 23 were generic EPD. Additionally, the
average value of Europe (aver.) was calculated, for which the values are the average ones
from the analyzed locations. Figure 1 presents the comparison of GWP (kgCO2-eq) of
FU = 1 m2 of material with resistance (R) of 1 m2·K·W−1 for insulation materials in different
countries. Although the analyzed amount of EPD seems to be large, significant gaps in
their availability have been found, as in many EU countries there are no generic EPDs or
no EPDs at all. In this situation, the values of the average GWP calculated for the European
average were used. This is, however, one of the elements limiting the results of this study.

Table 4. Value of GWP (embodied carbon) for insulation materials (ind.—individual EPD,
gen.—generic EPD, GWP of FU = 1 m2 of material with resistance (R) of 1 m2·K·W−1).

Member
State Europe (Aver.) Europe Poland Germany Czech

Republic Austria Finland

Ind. Gen. Ind. Gen. Ind. Gen. Ind. Gen. Ind. Gen. Ind. Gen. Ind. Gen.

Stone
wool

numb. 47 4 0 0 3 3 9 0 12 0 13 0 10 1

GWP 4.03 6.09 - - 1.44 6.62 3.90 - 2.95 - 4.82 - 5.22 4.47

Glass
wool

numb. 63 4 0 0 15 4 4 0 17 0 17 0 42 0

GWP 1.54 2.88 - - 1.49 2.88 1.78 - 0.89 - 2.65 - 1.40 -

EPS
numb. 49 5 0 0 1 0 4 3 2 0 40 0 2 2

GWP 2.68 1.89 - - 1.87 - 1.57 1.90 1.78 - 2.93 - 1.20 1.88

XPS
numb. 34 8 0 3 1 0 8 4 1 0 23 0 1 0

GWP 4.56 3.58 - 3.21 7.39 - 2.88 3.51 2.44 - 5.19 - 2.84 -

PUR
numb. 10 1 0 0 0 1 0 0 0 0 10 0 0 0

GWP 3.36 3.10 - - - 3.10 - - - - 3.36 - - -

Cellulose
numb. 12 2 2 0 1 1 0 0 0 1 8 0 1 0

GWP 0.47 0.37 0.29 - 0.30 0.44 - - - 0.31 0.60 - 0.14 -
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2.6. Existing External Walls

According to the European Commission, more than 220 million building units, repre-
senting 85% of the EU’s building stock, were built before 2001 [8] and currently more than
30% of buildings in the EU are more than 50 years old [1]. Over 70% of the building stock
is energy-inefficient and must be renovated [1]. One of the goals of the A Renovation Wave
for Europe proposal is to at least double the annual energy renovation rate of residential
and non-residential buildings by 2030 and to foster deep energy renovations [8]. This
should result in 35 million building units being renovated by 2030.

The locations selected for the analysis are characterized by a similar geographical
location (in colder climate conditions) and a similar age structure of the existing buildings.
Data analyzed on the basis of statistical data available in Poland indicate that about 7.3% of
buildings were built before 1918, 14.6% were built in 1918–1944, 24.6% in 1945–1970, 25.4%
in the years 1971–1988, 12.1% in the years 1989–2002, and the remaining 10% in the 21st
century (data from 2011 based on the National Population Census) [72].

When analyzing the existing types of walls, the age structure of the buildings, based
on the example of Poland, and the structure of the material of the external walls, typical
for various historical periods, were taken into account [71]. A detailed description of the
analyzed walls and their parameters is presented in Table 5. The following types of walls
were adopted for the analysis:

− (Wwall.1): a massive wall, built of full ceramic bricks joined with lime or cement-lime
mortars. It is one of the most popular type of walls in historical buildings. Walls with
the thickness of 1.5 bricks were assumed for the analysis (Table 5, number 1). The
assumed width of a brick commonly used in Europe equals 13 cm. Stone masonry
walls used in earlier historical periods were omitted because their number among
existing buildings is small;

− (Wwall.2): perforated brick wall with the thickness of 1.5 bricks (Table 5, number 2).
The brick is characterized by holes with rhomboid shapes perpendicular to the base
and is widely used to this day;

− (Wwall.3): cavity wall (Table 5, number 3). An air gap is used in the brick wall,
which increases the thermal resistance of the wall, but it requires making connections
between the layers of the wall;

− (Wwall.4): slag concrete wall (Table 5, number 4). These types of walls, made of blast
furnace slag formed during iron ore smelting or coal slag, were particularly popular
after World War II;

− (Wwall.5): aerated concrete wall (Table 5, number 5). Popular in Poland after 1954, but
known in Europe since the beginning of the 20th century. Aerated concrete blocks are
characterized by high thermal resistance and are still very popular today (in Poland,
their market share at the end of the 20th century was approx. 40%),

− (Wwall.6): prefabricated curtain wall from large panel systems (LPS) in the WWP
system (Table 5, number 6). Precast concrete buildings were very popular from the
1960s to the 1990s, especially in Central and Eastern Europe (170 million apartments
were built). Many different systems have been developed, mostly consisting of two
layers of reinforced concrete (bearing and texture layer) with insulation between them.
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Due to the low thermal resistance of these walls and various manufacturing defects,
they require comprehensive modernization [73]. The wall in the WWP system consists
of a load-bearing layer of reinforced concrete with 15 cm thickness, insulation made
of polystyrene or mineral wool of 6 cm thickness and a reinforced concrete textured
layer of 6 cm thickness;

− (Wwall.7): half-timbered wall (Table 5, number 7). This is a type of wooden frame
wall, the filling of which is a mix of clay with chaff, sawdust or shavings, or a brick
(half-timbered work). This type of wall was historically very popular in northern
Europe until the 17th century, but also later in Alpine construction, in Sudetenland
and in the Baltic Pomerania.

Table 5. Characteristics of existing walls.

No Type of Wall Characteristic Section

1. Wwall.1 Massive wall made of solid brick

Thickness: 44 cm
Composition: 1.5 bricks, joint and internal
cement-lime plaster
Thermal resistance (R): 0.735 m2·K·W−1
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2. Wwall.2
Massive wall made of
perforated brick

Thickness: 41 cm
Composition: 1.5 bricks, joint and internal
cement-lime plaster
Thermal resistance (R): 0.820 m2·K·W−1
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3. Wwall.3 Cavity wall

Thickness: 45 cm
Composition: 1.5 solid bricks, joint and
internal cement-lime plaster
Thermal resistance (R): 1.515 m2·K·W−1

Energies 2022, 15, x FOR PEER REVIEW 11 of 32 
 

 

Table 5. Characteristics of existing walls. 

No Type of Wall Characteristic Section 

1. Wwall.1 Massive wall made of solid brick 

Thickness: 44 cm 
Composition: 1.5 bricks, joint and internal
cement-lime plaster 
Thermal resistance (R): 0.735 m2∙K∙W−1 

 

2. Wwall.2 
Massive wall made of perforated 
brick 

Thickness: 41 cm 
Composition: 1.5 bricks, joint and internal
cement-lime plaster 
Thermal resistance (R): 0.820 m2∙K∙W−1  

3. Wwall.3 Cavity wall 

Thickness: 45 cm 
Composition: 1.5 solid bricks, joint and in-
ternal cement-lime plaster 
Thermal resistance (R): 1.515 m2∙K∙W−1  

4. Wwall.4 Slag concrete wall 

Thickness: 40 cm 
Composition: slag concrete (ρ = 1200 kg/m3) 
with internal cement-lime plaster. 
Thermal resistance (R): 0.993 m2K/W  

5. Wwall.5 
Wall of autoclaved aerated con-
crete 

Thickness: 25.5 cm 
Composition: aerated concrete blocks (ρ = 
600 kg/m3) with internal cement-lime plas-
ter. 
Thermal resistance (R): 1.007 m2∙K∙W−1  

6. Wwall.6 
Large panel system (LPS) WWP 
curtain wall 

Thickness: 28.5 cm 
Composition: reinforced concrete structural 
part 14 cm, insulation made of polystyrene
or mineral wool 6 cm, the textural rein-
forced concrete part 6 cm, with internal ce-
ment-lime plaster. 
Thermal resistance (R): 1.950 m2∙K∙W−1 

 

7. Wwall.7 Half-timbered work wall 

Thickness: 14.5 cm 
Composition: timber frame wall with the
filling of clay mixed and made with chaff,
sawdust or shavings, or a 0.5 brick, internal 
cement-lime plaster. 
Thermal resistance (R): 0.406 m2∙K∙W−1 

 

2.7. Calculation Methodology 
According to Section 2.3, carbon payback period (CPP) can be calculated according 

to the Formula (5) and following the methodology diagram shown in Figure 2. 
CE,j,S depends on the thickness of the insulation used, which is calculated according 

to the Formula (4), and the expected insulation resistance, calculated according to the For-
mula (3). Since Table 4 shows the value of the embodied carbon for R = 1 m2∙K∙W−1, CE,j,S 
can be calculated for the expected resistance value for the entire partition equal to Rt = 
6.(6) m2∙K∙W−1: C , , =  GWP , , , ∙ R , , , [kgCO2-eq] (6)

4. Wwall.4 Slag concrete wall

Thickness: 40 cm
Composition: slag concrete (ρ = 1200 kg/m3)
with internal cement-lime plaster.
Thermal resistance (R): 0.993 m2K/W
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4. Wwall.4 Slag concrete wall 

Thickness: 40 cm 
Composition: slag concrete (ρ = 1200 kg/m3) 
with internal cement-lime plaster. 
Thermal resistance (R): 0.993 m2K/W  

5. Wwall.5 
Wall of autoclaved aerated con-
crete 

Thickness: 25.5 cm 
Composition: aerated concrete blocks (ρ = 
600 kg/m3) with internal cement-lime plas-
ter. 
Thermal resistance (R): 1.007 m2∙K∙W−1  

6. Wwall.6 
Large panel system (LPS) WWP 
curtain wall 

Thickness: 28.5 cm 
Composition: reinforced concrete structural 
part 14 cm, insulation made of polystyrene
or mineral wool 6 cm, the textural rein-
forced concrete part 6 cm, with internal ce-
ment-lime plaster. 
Thermal resistance (R): 1.950 m2∙K∙W−1 

 

7. Wwall.7 Half-timbered work wall 

Thickness: 14.5 cm 
Composition: timber frame wall with the
filling of clay mixed and made with chaff,
sawdust or shavings, or a 0.5 brick, internal 
cement-lime plaster. 
Thermal resistance (R): 0.406 m2∙K∙W−1 

 

2.7. Calculation Methodology 
According to Section 2.3, carbon payback period (CPP) can be calculated according 

to the Formula (5) and following the methodology diagram shown in Figure 2. 
CE,j,S depends on the thickness of the insulation used, which is calculated according 

to the Formula (4), and the expected insulation resistance, calculated according to the For-
mula (3). Since Table 4 shows the value of the embodied carbon for R = 1 m2∙K∙W−1, CE,j,S 
can be calculated for the expected resistance value for the entire partition equal to Rt = 
6.(6) m2∙K∙W−1: C , , =  GWP , , , ∙ R , , , [kgCO2-eq] (6)
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2.7. Calculation Methodology

According to Section 2.3, carbon payback period (CPP) can be calculated according to
the Formula (5) and following the methodology diagram shown in Figure 2.
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CE,j,S depends on the thickness of the insulation used, which is calculated according
to the Formula (4), and the expected insulation resistance, calculated according to the
Formula (3). Since Table 4 shows the value of the embodied carbon for R = 1 m2·K·W−1,
CE,j,S can be calculated for the expected resistance value for the entire partition equal to
Rt = 6.(6) m2·K·W−1:

CE,j,S = GWPE,ins,j,S·Rins,i,j, [KgCO2-eq] (6)

where GWPE,ins,j,S means the value of GWP (embodied carbon) for the A1–A3 substages
of 1 m2 of selected insulation material (j) with resistance R = 1 (m2·K·W−1) in the selected
location (S) according to Table 4. Rins,j,S is the expected thermal resistance of the given
insulation (j) on the existing wall (i).

Because CO,i,j,S values represent the annual operational GHG savings (for a selected
wall (i) insulated with a selected material (j) in a selected location (S)), they can be calculated
as the difference between heat losses and CO2 emissions for an existing wall, both without
and with insulation:

CO,i,j,S = CO,exist,i,S − CO,ins,i,j,S, [KgCO2-eq] (7)

where CO,exist,i,S is the operational CO2 emission for 1 m2 of non-insulated, selected wall (i)
in the selected location (S), and CO,ins,i,j,S is the operational CO2 emissions of the selected
wall (i) insulated with the selected insulation material (j) in the selected location (S).

CO,exist,i,S = Emk,S·PEFnk,S·
1

Rwall,i,
·HDDS·0.024·10−3, [KgCO2-eq] (8)

CO,ins,i,j,S = Emk,S·PEFnk,S·
1

Rti,j
·HDDS·0.024·10−3, [KgCO2-eq] (9)
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where:

− Emk,S is the CO2 emission factor for the selected energy source (k) in the selected
location (S);

− PEFnk,S is the non-renewable primary energy factor for the selected energy source (k)
in the selected location (S) according to Table 1;

− Rwall,i is the thermal resistance of the selected wall (i) without insulation;
− Rwall,i,j is the thermal resistance of the selected wall (i) with insulation;
− HDDS—means the number of the heating degree days with the base temperature

equal to 18 ◦C in capitals of the selected location (S): Europe—2671, Poland—3220,
Germany—2962, Czech Republic—3328, Austria—2685, Finland—4318 [74].

2.8. Limitations of the Study

Before discussing the results, it should be emphasized that the findings of this study
have to be seen in the light of some limitations. The study covers only the issues related to
the calculation of the CPP for a given insulation material used in specific conditions, such
as the place of its production, type of the insulated wall, method of heating the building,
emission factors for a given location, etc. The study, however, does not indicate quantitative
total LCA values of the built-in carbon footprint for the entire system (insulation and
wall) and operational carbon footprint after thermomodernization. This may lead to a
situation where insulation materials with a high GWP value, used on a building with a
high operational carbon footprint, will have the same CPP value as materials with a low
built-in carbon footprint used on the building with a low operational carbon footprint. This
may lead to a misinterpretation of the results indicating that there is no difference between
them, while in both cases the GHG emission values are diametrically different. It should
therefore be emphasized that the comparison of the total carbon footprint values under
the LCA for different insulation variants, used in buildings with different energy sources,
is not within the scope of this study. Additionally, when analyzing the results, the entire
planned modernization project should be referred to, also taking into account the change
or lack thereof in the heat source.

Attention should also be paid to the limitation of this study, consisting of a selective
analysis of a selected fragment of a wall with an area of 1 m2 without taking into account
many other factors such as the impact of internal and solar heat gains on energy losses, the
direction of partition orientation, exposure to external conditions as well as the method
of installing insulation to walls, the presence of thermal bridges or the use of specific
finishing materials. All this means that the actual heat losses will differ from the presented
results. Nevertheless, the author omitted the impact of these factors, focusing on reducing
additional parameters that could increase the number of analyzed variants and make the
results illegible, although it should be borne in mind that the actual CPP, taking into account
additional factors, may differ significantly.

The omission of the “rebound” and “prebound” effects, consisting of underestimating
energy savings in existing buildings with low energy efficiency and overestimating savings
in buildings after thermal modernization with high energy efficiency, may be another
limitation of the research. According to the research results presented by Sunikka-Blank
and Galvin [74], differences in actual energy consumption in relation to the calculated one
may differ by 30% on average. Although this effect will have the same impact on each of
the analyzed insulation materials, the CPP values taking it into account may increase.

When analyzing the use of selected insulating materials, the possibility of insulating
partitions from the inside, which is often used in buildings of historical value, was not taken
into account. Since the insulation of partitions from the inside is a technically complex
issue, the analysis of such solutions may be the subject of further research. However, in
this article, this range has been omitted, which makes it unviable to analyze the CPP for
historic buildings where it is impossible to insulate partitions from the outside.

It should also be noted that there is a limitation resulting from the limited number of
available EPDs. Although 247 declarations were analyzed, in relation to specific countries,
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there are cases where there are very few declarations or none at all. In addition, owing
to their small number, it was necessary to include both specific EPDs and generic EPDs,
which may affect the results. Due to the systematically growing number of declarations
available in the databases, it will be necessary to include more of them in future research.

3. Results
3.1. CPP for Europe (Aver.)

The average results for the analyzed countries in Europe (Europe aver.) are presented
in Figure 3a,b.

Energies 2022, 15, x FOR PEER REVIEW 14 of 32 
 

 

 

 
Figure 3. (a) CPP values chart for Europe (aver.), (b) CPP values for Europe (aver.). 

After calculating the average values from the available 270 EPDs, averaged PEFn val-
ues, emission factors and climatic conditions, the longest CPP is found in stone-/rockwool-
insulated walls (up to 9.4 years in the case of an LPS (WWP) wall with initially the highest 
resistance and in the space heated with biomass). Stone/rockwool has the highest CPP 
values due to the high value of embodied carbon (CE) for 1R∙m−2, owing to both high-

Figure 3. (a) CPP values chart for Europe (aver.), (b) CPP values for Europe (aver.).



Energies 2023, 16, 113 15 of 30

After calculating the average values from the available 270 EPDs, averaged PEFn val-
ues, emission factors and climatic conditions, the longest CPP is found in stone-/rockwool-
insulated walls (up to 9.4 years in the case of an LPS (WWP) wall with initially the highest
resistance and in the space heated with biomass). Stone/rockwool has the highest CPP val-
ues due to the high value of embodied carbon (CE) for 1R·m−2, owing to both high-density
materials (used in Stone/Rockwool ETICS walls should be resistant to mechanical damage)
and low-density materials (used in for walls with external cladding and a ventilation gap).
Next, high CPP values are characteristic for XPS insulation (7.4 years) and PUR (6.0 years),
especially for existing walls with high resistance and in situations of biomass heating.
Lower CPP values have EPS (up to 4.3 years), glass wool (up to 4.1 years) and the lowest
cellulose (maximum value is only 0.8 years), which is caused by the very low values of
embodied carbon (CE). Depending on the energy source, the average CPP ranges from 0.3
for electricity to 2.9 for biomass and, depending on the type of insulation, it ranges from
0.2 for cellulose to 2.3 for stone/rockwool, as shown in Table 6a (CPP for various energy
sources, regardless of the insulation method) and Table 6b (CPP for different insulation
materials, regardless of heating method).

Table 6. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.3

Natural gas 1.3

Oil 1.1

Wood, pieces 2.9

District Heat 1.0

(b)

Insulation Material CPP

Stone/Rockwool 2.3

Glass wool 1.0

EPS 1.0

XPS 1.8

PUR 1.5

Cellulose 0.2

The following conclusions should also be noted:

− for existing walls with higher resistance (Rwall) such as LPS (Wwall,6,) or cavity wall
(Wwall,3), CPP values are higher;

− in the case of space heating with biomass, the CPP values are much higher than
the others;

− the lowest CPP values are achieved for cases of space heating with electricity due to
the high value of non-renewable primary energy factors (PEFnk,S) for electricity in all
countries and high emission factors of gCO2·kWh−1 (Emk,S);

− materials with lower density, such as glasswool or EPS, and lower embodied carbon
(CE) per 1R·m−2 are characterized by lower CPP values (from 0.1 to 4.1 years for glass
wool, from 0.1 to 4.3 years for EPS);

− XPS and PUR due to the high value of embodied Carbon (CE) are characterized by a
higher CPP value (from 0.1 to 7.4 years for XPS and from 0.1 to 6.0 years for PUR);
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− CPP values depend to a large extent on the energy source used for space heating: for
electricity they are the lowest (from 0.1 to 0.9 years), for biomass they are the highest
(from 0.2 to 9.4 years);

− the lowest CPP values are achieved by Cellulose insulation due to the lowest embodied
carbon (CE) values.

3.2. CPP for Europe

The results for Europe are shown in Figure 4a,b.
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After averaging the data available from the EPDs available for the region of Europe,
PEFn values for Europe, emission factors and climatic conditions for Brussels, the longest
CPP is for stone/rockwool insulated walls (up to 17.5 years for LPS (WWP) walls and 13.7
for Cavity wall). As in the case of Europe (aver.), the highest CPP values can be found
in the existing partitions with the greatest resistance, for spaces heated with biomass and
for stone/rockwool insulation (up to 17.5 years), XPS (up to 11.1 years) and PUR (up to
11.2 years). The smallest CPP values can be found in the existing partitions with the smallest
resistance, for spaces heated with electricity and for cellulose insulation (less than 0.1 year),
glass wool (0.2 year) and EPS (0.2 year). Depending on the energy source, the average CPP
ranges from 0.3 for electricity to 5.1 for biomass, and depending on the type of insulation,
it ranges from 0.2 for cellulose to 2.3.4 for stone/rockwool, as shown in Table 7a (CPP for
various energy sources, regardless of the insulation method) and Table 7b (CPP for different
insulation materials, regardless of heating method).

Table 7. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.3

Natural gas 1.5

Oil 1.2

Wood, pieces 5.1

District Heat 0.9

(b)

Insulation Material CPP

Stone/Rockwool 3.4

Glass wool 1.5

EPS 1.5

XPS 2.1

PUR 2.1

Cellulose 0.2

3.3. PCC for Poland

The results for Poland are presented in Figure 5a,b.
After averaging the data available from the EPD declarations available for Poland,

PEFn values for Poland, emission factors and climatic conditions for Warsaw, we found
that the highest CPP values occur for existing walls with the highest resistance, for spaces
heated with biomass and for XPS insulation (up to 21.1 years), stone/rockwool (up to
11.6 years) and PUR (up to 8.9 years). The lowest CPP values occur for existing partitions
with the lowest resistance, for spaces heated with electricity and for cellulose (less than
0.1 year), glass wool (0.1 year) and EPS (0.1 year). Depending on the energy source, the
average CPP ranges from 0.1 for electricity to 4.9 for biomass and, depending on the type of
insulation, it ranges from 0.2 for cellulose to 3.9 for XPS, the results of which are shown in
Table 8a (CPP for various energy sources, regardless of the insulation method) and Table 8b
(CPP for different insulation materials, regardless of the method of heating).
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Table 8. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.1

Natural gas 1.4

Oil 1.2

Wood, pieces 4.9

District Heat 0.6

(b)

Insulation Material CPP

Stone/Rockwool 2.1

Glass wool 0.9

EPS 1.0

XPS 3.9

PUR 1.6

Cellulose 0.2

3.4. CPP for Germany

The results for Germany are presented in Figure 6a,b.
After averaging the data available from the EPDs available for Germany, the PEFn

values for Germany, emission factors and climatic conditions for Berlin, the highest CPP
values are for existing walls with the highest resistance, for spaces heated with biomass
and for Stone/Rockwool insulation (up to 12.2 years), PUR (up to 10.1 years) and XPS (up
to 9.6 years). The lowest CPP values are for the existing walls with the least resistance, for
spaces heated with electricity and for cellulose (less than 0.1 year), glass wool (0.1 year)
and EPS (0.1 year). Depending on the energy source, the average CPP ranges from 0.3 for
electricity to 4.0 for biomass, and depending on the type of insulation, it ranges from 0.3 for
cellulose to 2.6 for stone/rockwool, as shown in Table 9a (CPP for various energy sources,
regardless of the insulation method) and Table 9b (CPP for different insulation materials,
regardless of heating method).
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Table 9. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.3

Natural gas 1.1

Oil 1.0

Wood, pieces 4.0

District Heat 1.4

(b)

Insulation Material CPP

Stone/Rockwool 2.6

Glass wool 1.2

EPS 1.1

XPS 2.0

PUR 2.1

Cellulose 0.3

3.5. CPP for Czech Republic

The results for the Czech Republic are presented in Figure 7a,b.
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After averaging the data available from the EPDs available for the Czech Republic,
PEFn values, emission factors and climatic conditions for Prague, the highest CPP values
were found for the existing walls with the highest resistance, for spaces heated with biomass
and for PUR insulation (up to 9.0 years), stone/rockwool (up to 8.2 years) and XPS (up to
6.8 years). The lowest CPP values are found for existing walls with the least resistance, for
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spaces heated with electricity and for cellulose, glass wool and EPS insulation (less than
0.1 year). Depending on the energy source, the average CPP ranges from 0.1 for electricity
to 2.9 for biomass and, depending on the type of insulation, it ranges from 0.2 for cellulose
to 1.7 for PUR, a phenomenon which is shown in Table 10a (CPP for various energy sources,
regardless of the insulation method) and Table 10b (CPP for different insulation materials,
regardless of the method of heating).

Table 10. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.1

Natural gas 0.8

Oil 0.6

Wood, pieces 2.9

District Heat 0.6

(b)

Insulation Material CPP

Stone/Rockwool 1.5

Glass wool 0.5

EPS 0.9

XPS 1.3

PUR 1.7

Cellulose 0.2

3.6. CPP for Austria

The results for Austria are shown in Figure 8a,b.
After averaging the data available from the EPDs available for Austria, the PEFn

values, the emission factors and the climatic conditions for Vienna, the highest CPP values
were found for existing walls with the greatest resistance, for spaces heated with biomass
and for XPS insulation (up to 59.6 years), stone/rockwool (up to 55.3 years) and PUR (up
to 38.6 years). Such high CPP values for biomass heating result from the very low PEFn
value in Austria [59]. The lowest CPP values are observed in existing walls with the least
resistance, for spaces heated with electricity and for Cellulose (0.1 year), glass wool and EPS
(0.4 year). Depending on the energy source, the average CPP ranges from 0.7 for electricity
to 20.4 for biomass, and depending on the type of insulation, it ranges from 0.9 for cellulose
to 8.0 for XPS, something which is shown in Table 11a (CPP for various energy sources,
regardless of the insulation method) and Table 11b (CPP for different insulation materials,
regardless of the method of heating). The higher CPP values for various insulation materials
are due to the higher embodied carbon (CE) values resulting from the EPD declaration for
materials available in Austria.
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Table 11. (a): Average CPP values for different energy sources. (b): Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.7

Natural gas 1.7

Oil 1.3

Wood, pieces 20.4

District Heat 1.1

(b)

Insulation Material CPP

Stone/Rockwool 7.5

Glass wool 34.1

EPS 3.4.5

XPS 6.8.0

PUR 5.2

Cellulose 0.9

3.7. CPP for Finland

The results for Finland are presented in Figure 9a,b.
After averaging the data available from the EPDs available for Finland, PEFn values,

emission factors and climate conditions for Helsinki, the highest CPP values were found in
existing walls with the highest resistance, for district heating spaces and for stone/rockwool
insulation (up to 7.9 years), PUR (up to 4.9 years) and XPS (up to 4.3 years). High CPP values
for district heating result from the low PEFn value in Finland for this energy source [60,61].
The lowest CPP values occur in existing walls with the least resistance, for spaces heated by
electricity and for cellulose (less than 0.1 year), glass wool and EPS (0.2 year). Depending
on the energy source, the average CPP ranges from 0.4 for electricity to 2.0 for district
heating and, depending on the type of insulation, it ranges from 0.1 for cellulose to 2.0
for stone/rockwool, as shown in Table 12a (CPP for various energy sources, regardless
of insulation) and Table 12b (CPP for different insulation materials, regardless of heating
method). The low CPP values result from approximately 30% higher annual heat losses
related to Helsinki’s latitude.
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Table 12. (a) Average CPP values for different energy sources. (b) Average CPP values for various
insulation materials.

(a)

Source of Energy CPP

Electricity 0.4

Natural gas 0.9

Oil 0.7

Wood, pieces 0.6

District Heat 2.0

(b)

Insulation Material CPP

Stone/Rockwool 2.0

Glass wool 0.5

EPS 0.6

XPS 1.1

PUR 1.2

Cellulose 0.1

4. Conclusions

The aim of this paper was to present the value of CPP of various variants of thermal
insulation of existing external walls in residential buildings. Not only were different
locations taken into account, but so were different energy sources, and it was assumed that
insulation materials should have an EPD for the country in which they are analyzed. In
addition, CPP values for various types of external walls that require thermal insulation,
popular in Central and Eastern Europe, are shown.
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The very extensive results obtained vary depending on the type of existing wall,
the selected insulation material and the location, and range from less than 0.1 year to
even several decades, depending on the parameters taken into account. However, the
main conclusion is that the European average CPP values do not exceed 2.9 years, which
means that external wall insulation is definitely a desirable action and that the carbon
footprint embodied in the insulation material is quickly returned in the form of savings
on the operational carbon footprint. The study also showed that in specific cases, the
carbon footprint payback can be either very long (especially when heating with partially
renewable energy sources such as biomass) or very short (e.g., for materials with a low
carbon footprint or when heating spaces with high-emission electricity). There are also
specific conditions for selected locations, such as high PEFn value or climatic differences,
making the results for different EU countries very different. Indeed, comparing them,
for example, is inappropriate due to the transport of materials between countries. In
addition, the study showed large gaps in the availability of selected materials to EPDs
at the level of selected EU countries, something which also affects the limitation of the
study and the accuracy of the results. Therefore, in each case, the available solutions and
insulation materials should be analyzed individually. Nevertheless, in this paper, it has
been shown that the CPP for thermal renovation of existing walls in the vast majority of
cases is relatively short and that this study can help in choosing the most environmentally
friendly solution.
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Abbreviations

CE,j,S embodied carbon reported as GWP for the selected insulation material (j) in the
selected location (S), [kgCO2-eq]

CO,i,j,S annual operational CO2 savings for the selected wall (i) insulated with the
selected material (j) in selected location (S), [kgCO2-eq]

CO,ins,i,j,S annual operational CO2 emissions of the selected wall (i) insulated with the
selected insulation material (j) in the selected location (S), [kgCO2-eq]

CO,exist,i,S annual operational CO2 emission of non-insulated, selected wall (i) in the selected
location (S), [kgCO2-eq]

CPPi,j,k,S Carbon Payback Period for the selected wall (i) insulated with the selected
material (j) in selected location (S) and for the selected heat source (k), [years]

di,j insultation thickness, [m]
EE Embodied Energy
EIFS External Insulation Finishing System
EMk,S CO2 emissions for selected heat sources (k) in selected location (S),

[gCO2·kWhdelivered
−1]

EPBD Energy Performance of Building Directive
EPD Environmental Product Declaration
EPP Energy Payback Period, [years]
EPS expanded polystyrene
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ETICS External Thermal Insulation Composite System
FU functional unit
GWP Global Warming Potential [kgCO2-eq]
GWPE,ins,j,S value of GWP for A1-A3 substages for 1 m2 of selected insulation

material (j) with resistance R = 1 (m2·K·W−1) in selected location (S), [kgCO2-eq]
GHG greenhouse gases
HDDS number of the heating degree days with the base temperature equal to 18 ◦C in

capitals of the selected location (S)
IPP Investment Payback Period, [years]
λj thermal conductivity coefficient of insulation (j), [W·m−1·K−1]
LCA Life-Cycle Assessment
LCIA Life-Cycle Impact Assessment
LCC Life-Cycle Cost
LPS Large Panel System
NZEB Nearly Zero Energy Buildings
PCR Product Category Rules
PEFnk,S Non-renewable Primary Energy Factors, for selected heat souces (k) in selected

location (S), [kWhprimary/kWhdelivered]
PENR non-Renewable Primary Energy
PER Primary Renewable Energy
PIR polyisocyanurate
PUR polyurethane
Rins,i,j expected thermal resistance of the given insulation (j) on a given wall (i),

[m2·K·W−1]
Rsi thermal resistance on the internal surface, [m2·K·W−1]
Rse thermal resistance on the external surface, [m2·K·W−1]
Rti,j total thermal resistance of an insulated wall, [m2·K·W−1]
Rwall.i thermal resistance of the existing wall, [m2·K·W−1]
Uc heat transfer coefficient, [W1·m−2·K−1]
XPS extruded polystyrene
ZEB Zero Emmisopn Buildings
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