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Abstract

The environmental impact and overall sustainability of buildings is commonly evaluated
through life-cycle assessments. Yet, building professionals often lack a clear understanding
of the magnitude and distribution of associated impacts. Therefore, this study analyses
the embodied impact in particular, as the relative share of the embodied impact increases
in the context of highly energy-efficient buildings. This paper draws on a dataset of
108 single-family dwellings, 10 multi-family buildings, and 8 non-residential buildings.
First, the balance between embodied and operational impacts is quantified. Subsequently,
the study identifies the contribution of building elements and bill-of-quantities categories,
and the influence of material choices. For single-family dwellings, this is followed by a
stepwise reduction analysis to demonstrate how material choices can mitigate embodied
impacts. Finally, the cases are benchmarked against European thresholds. Results show that
an average share of 62-72% and 47% originates from embodied emissions, for residential
and non-residential buildings, respectively. Floors represent the largest contributors across
all building types. The slab on grade dominates in SFHs and internal floors in multi-storey
buildings. In addition, interior finishes and structures also account for significant embodied
impacts. Furthermore, for single-family dwellings, informed material selection can reduce
embodied impacts by up to 60%.

Keywords: life-cycle assessment; residential buildings; non-residential buildings; embodied
impact; building elements; environmental reduction; guidelines; building professionals

1. Introduction
1.1. Whole Life-Cycle Perspective of Buildings

An urgent worldwide effort is required to mitigate the escalating effects of climate
change. Among the key contributors to global CO, emissions is the building sector, which
accounts for 37% of the total emissions released into the atmosphere. In addition, the build-
ing sector is also responsible for 50% of all extracted materials, 35% of waste generation,
and 50% of the total energy consumption [1,2]. Residential buildings alone cover two-thirds
of the buildings’ energy consumption [2]. Within this framework, the European Union
has defined climate targets that serve as a roadmap towards carbon neutrality by 2050 [3].
To align with these climate neutrality objectives, it is crucial to intensify efforts to reduce
the energy consumption as well as the emissions and the overall environmental impact of
building materials. In response, the recast of the Energy Performance of Buildings Directive
(EPBD) mandates that, from 2030 onwards, member states must ensure the assessment
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of whole life-cycle carbon emissions for all new buildings, alongside the development of
national roadmaps and the establishment of limit values [4]. However, the building sector
is not on track to follow this roadmap towards climate neutrality and to reduce its emissions
sufficiently [3]. Notably, Verhaeghe et al. [5] demonstrated in their study that despite the
increasing energy efficiency, several planetary boundaries, including climate change, fossils
for resource use, minerals and metals for resource use, and freshwater ecotoxicity, are being
exceeded due to our current construction practices.

Life-cycle assessment (LCA) is a commonly applied approach to assess the environ-
mental impact of buildings, encompassing both the operational and embodied performance.
In order to lower the carbon footprint of our building stock, enhancing energy efficiency
remains a key priority. Moreover, multiple studies indicate that as operational energy
demand decreases, the relative importance of a building’s embodied environmental impact
increases. The embodied impact is related to the production, use, and end-of-life impact of
the building materials used [6,7]. In a study by Rock et al. [6], the material contribution
of residential buildings accounts for 20-25% of the total environmental impact when cur-
rent energy performance regulations are met. As operational energy use decreases, the
relative contribution of the materials increases, reaching 45-50% for highly energy-efficient
buildings. In exceptional cases, it can exceed 90%, underscoring the importance of material
selection. Similarly, Mirabella et al. [7] reported an embodied impact of 60% for low-energy
buildings. The relative contribution of the materials further increases when considering
the energy performance gap, i.e., the difference between a building’s calculated and actual
energy savings [8]. Decorte et al. [8] emphasize that theoretical energy consumption tends
to be overestimated, with actual consumption being considerably lower as a result of
occupant behaviour.

As planetary boundaries are increasingly exceeded and embodied impacts gain promi-
nence, this study prioritizes the embodied dimension rather than operational performance.

1.2. Main Contributors to Embodied Emissions

Multiple studies provide insights into the building elements (e.g., walls, roofs, etc.)
that predominantly drive embodied impacts and emissions [9-13]. Le Den et al. [9] identify
floors as the most significant contributor of building elements. The slab on grade and
internal floors each account for approximately 20% of the total embodied emissions. These
are followed by external walls (12%), roofs (10%), and technical installations (10%). Com-
parable results are reported in a study by Sobota et al. [10]. Floors account for 22.9% of
the total embodied emissions. The combined contribution of the roof and external wall
amounts to 27%. Only the relative share associated with technical installations increases
to 21%, which is consistent with the 27% share reported in a study by Rock et al. [11].
Furthermore, a study by Andersen et al. [12] indicates that building envelope components,
such as the slab on grade, external walls, and roofs, constitute the principal contributors
to the embodied impact. In addition, Zimmermann et al. [13] demonstrate a substantial
variation in the emissions associated with individual building elements. This variation
depends on both the building typology and the specific construction assemblies employed.

1.3. Benchmarking and Embodied Emission Reductions

In pursuit of the 2050 climate objectives, several European countries have already
integrated or plan to integrate obligatory life-cycle assessments into their building
codes, sometimes including limit values as in the Netherlands, France, Finland and
Denmark [4,14,15]. Furthermore, several studies have concentrated on establishing bench-
mark values for Belgium, Germany and Norway. However, these have not yet been
incorporated into national policy frameworks [16-18]. Table 1 gives an overview of the
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obtained or research values, including the embodied and operational impact. Notably, each

country applies its own methodology for assessing emissions from (residential) buildings,

complicating the comparability of benchmark values.

Table 1. National benchmarks for embodied and total (embodied + operational) carbon emissions.

Reference Country Embodied Total Remarks
One Click LCA [14] France / Cléj;};;l;% Decreasing every three years
. . 10-14 kg From 2025, depending on the
One Click LCA [14] Finland / COp-eq/m/y building type
One Click LCA [14] Denmark / 12 kg COy-eq/ m2/ y From 2023 and decreasing
every two years
Mouton et al. [16] Belgium 10 kg COz-eq/m?/y 17 kg COz-eq/m? /y /
Braune et al. [17] Germany 8.7 1/<;5n(21/Oyz-eq / /
Wiik et al. [18] Norway 6.6 kg COz-eq/m?/y / /
W/E adviseurs [15] The Netherlands * 33 €/m? = / /
24 € /mZ *4%

* In the Netherlands, a different indicator is used to establish benchmark values. ** Benchmark value for residential
buildings. *** Benchmark value for office buildings.

The regulatory benchmark limits for France, Finland, and Denmark are broadly
aligned [14]. In Denmark, a distinction is made between the limit value set by the 2023
building regulations (i.e., the value in Table 1) and the limit value defined by the voluntary
CO; class. This voluntary target of 8 kg CO,-eq/m?/y has been introduced as a more strin-
gent threshold than a mandatory requirement and aims to encourage the building sector to
adopt more environmentally friendly practices [12]. Benchmark values used as reference
points, as seen in studies [16-18], are typically derived by estimating the environmental
impact of a sample of building cases. The median value is adopted as the reference value,
implying that 50% of the cases still exhibit a higher impact. This underscores the need for
clear guidelines aimed at systematically reducing environmental impacts across the sector.

As contemporary construction practices continue to exceed several planetary bound-
aries, the development and implementation of low-impact solutions has become increas-
ingly important. Such approaches may also contribute to the systematic reduction in
benchmark values in the future. Multiple studies compared the life-cycle environmental
impact of circular strategies, such as reuse, bio-based and demountable materials, to con-
ventional, linear strategies [19-23]. Devos et al. [19] study the environmental savings of
reusing bricks and found a reduction potential of 72-75%. In a study of Vasishta et al. [20] a
carbon reduction of 48% for a prefabricated building compared to a building constructed in
situ was found. Ben-Alon et al. [21] reported that natural wall assemblies achieved reduc-
tions in embodied emissions of 60-82% and of 20-80% in life-cycle emissions. Although
studies suggest that circular strategies can yield environmental benefits, such outcomes
are not always guaranteed. This underscores the importance of selecting appropriate
materials rather than adopting circular strategies in a manner devoid of clear evalua-
tive criteria. Cascione et al. [22] compared a circular bio-based wall panel with conven-
tional timber and steel-frame alternatives, demonstrating that the circular option exhibited
27-99% higher life-cycle emissions over a single service life. Furthermore, Khadim et al. [23]
concluded that strategies characterised by higher levels of circularity do not necessarily
yield improvements in environmental performance.

1.4. Research Goal, Scope, and Steps

Through discussions with Flemish building practitioners, such as architects and con-
tractors, it becomes clear that they often lack hands-on knowledge on how to effectively
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reduce the environmental impact and emissions of their building projects. In addition, exist-
ing LCA tools are frequently ambiguous and difficult to use. In order to realise meaningful
environmental and emission reductions, it is first necessary to obtain a clear understand-
ing of where the principal environmental impact and CO, emissions within a building
are situated.

Therefore, the overall aim of this study is to examine the environmental impact and
CO; emissions of current construction practices in Belgium to explore how this differs
between residential and non-residential buildings and to provide clear insights into how
they can be reduced. This leads to the following objectives: (a) identifying which building
elements (e.g., walls, floors, and roofs) and which bill-of-quantities categories (e.g., struc-
ture, insulation, and finishings) contribute most significantly to the environmental impact;
(b) examining the influence of material choices; (c) analysing the relative shares of embod-
ied and operational impacts; (d) exploring and evaluating potential strategies to reduce
environmental impacts and emissions; and (e) comparing the environmental performance
against existing benchmarks and limit values. The outcomes of an LCA are highly sensitive
to the assumptions made throughout the assessment process. Consequently, the results
should be interpreted with an estimated uncertainty margin of approximately 20% [24].

First, this paper explores the total environmental impact and carbon emissions of
108 single-family houses (SFHs), 10 multi-family houses (MFHs) and 8 non-residential
buildings. The 108 SFHs consist of 36 detached, 36 semi-detached and 36 terraced dwellings.
This entails calculating the environmental impact and carbon emissions associated with the
building elements and technical installations (embodied impact), and operational energy
use. This enables an examination of how these impacts and emissions are distributed ac-
cording to the building’s typology. Furthermore, an assessment of embodied environmental
impacts and embodied carbon emissions is conducted by integrating two dimensions: the
proportional contribution of individual building elements and the categorisation within the
bill-of-quantities. The building element and bill-of-quantities categories representing the
largest material shares are identified as having the greatest potential for embodied impact
reductions. In addition, the influence of material selection in single-family dwellings is
analysed in detail.

Second, the study adopts a stepwise modification approach to investigate the reduction
potential of construction materials through a series of incremental strategies aimed at lower-
ing the embodied impact of single-family dwellings. Each strategy yields a corresponding
percentage of reduction. The initial steps focus exclusively on current Belgian construction
practices, while subsequent steps incorporate advanced techniques aligned with circular
economy and broader sustainability principles. These include the implementation of dry
building assemblies, reused components, and bio-based materials.

Third, all cases are benchmarked against European reference values and limit thresh-
olds, providing insights into whether the Belgian construction sector remains within the
planetary boundary for global warming potential (GWP). Furthermore, circular cases are
also benchmarked to reveal the potential of the circular economy, emphasising the impact
of implementing these strategies on reducing embodied emissions.

2. Materials and Methods
2.1. LCA Methodology

To evaluate the environmental impact of newly built residential and non-residential
buildings, a life-cycle assessment (LCA) is performed with the software SimaPro (v10.2) [25].
This assessment applies the methodology used in the Belgian LCA tool named TOTEM.
This Belgian tool was developed by the three Belgian regions as a support instrument to
assist building professionals in estimating the environmental impact of their buildings [26].
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A 60-year reference study period is considered. This represents the life span of a building,
from the construction to the demolition of the building. The functional unit at the element
level is defined as 1 m? of building element. At the building level, the functional unit is
the gross floor area (GFA) of the building. This study encompasses both envelope and
internal elements as well as technical installations. Envelope elements refer to external
walls, the slab on grade, roofs, external doors, and windows. In contrast, internal elements
are internal walls, internal floors, and internal doors. Furthermore, the life-cycle inventory
incorporates data from the Ecoinvent 3.11 ‘cut-off” database [27]. All data are applicable to
the European context, excluding Switzerland. Additionally, the results will be expressed
in millipoints (mPt) or Points and in tons or kg CO,-equivalent, with a main focus on
Points to avoid burden shifting. The results in Points refer to an aggregated single score,
applying the Product Environmental Footprint (PEF) normalization and weighting factors
from EN 15804 + A2 [26,28]. Biogenic carbon is excluded from the study by applying the
0/0 approach, i.e., the uptake and release of biogenic carbon are equal to 0.

This study considers the production (A1-A3), construction (A4-A5), replacement
(B4), operational energy use (B6), and end-of-life (C1-C4) stages. The embodied impact
represents all the mentioned stages, excluding module B6. Assumptions, such as those
regarding transport means and distances, life spans of materials, and end-of-life scenarios,
are in line with the TOTEM methodology [26]. For the calculation of the environmental
impact and carbon emissions of reused materials, the production stage (A1-A3) is assumed
to be zero, as these materials have already been manufactured in a previous life cycle. The
study considers ex situ reuse and includes the following life-cycle stages: transportation to
the new site (A4), on-site construction (A5), replacements (B4), and end-of-life processes
(C1-C4). Furthermore, to assess the impact of a building element (e.g., an external wall), the
embodied impact of 1 m? of that element is extrapolated to the building level. The embodied
impact of the technical installations is accounted for in a simplified manner. In all residential
cases, a heat pump combined with underfloor heating is assumed. The ventilation system
varies: single-family dwellings are equipped with a type-D ventilation system, whereas
multi-family houses utilize a type-C one. In contrast, in the non-residential cases, the
technical installations are excluded from the study, as information about the installation
types is missing. This implies that a comparison of the embodied impact between residential
and non-residential cases is only possible when the technical installations are excluded
from the results.

The operational impact is calculated in two ways, depending on the building type. For
residential buildings, as detailed information about the energy consumption is lacking, the
operational energy use is calculated in a simplified manner based on the Equivalent Heating
Degree Days (EHDDs) method [29] over a 60-year service life. Transmission and ventilation
losses are multiplied by 1200 equivalent degree days and subsequently divided by the
overall system efficiency to determine the final energy demand. Multiplying this final
energy demand by the environmental impact factor of the respective energy source and
with the study period yields the operational environmental impact, which constitutes an
underestimation due to the simplified EHDD method. Table 2 presents the environmental
impact and GWP values for each energy source (both gas and electricity). The dataset for
natural gas reflects European averages dated 2011, while for electricity use, the Belgian
electricity mix from 2019 is assumed. This is based on available data in Ecoinvent 3.11 [27].

Table 2. Environmental impact per M] of each energy source, expressed in mPt and kg CO,-eq.

Energy Source Aggregated Impact [mPt] GWP [kg CO»-eq.]
Gas 3.66 x 1073 6.82 x 1072
Electricity 8.76 x 1073 5.00 x 1072
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In contrast, for most non-residential cases, an Energy Performance of Buildings (EPB)
calculation is available. Based on these data, the environmental impact of module B6 can be
assessed following the Flemish Energy Performance of Buildings Directive (EPBD) method,
a semi-stationary monthly heat balance method [30]. This approach allows to assess the
impact of the operational energy use based on heating, cooling, domestic hot water, and
auxiliary energy (e.g., electricity for fans and pumps) [29]. The derived data for the final
energy use per case is listed in Table 3. In a next step, these data are multiplied by the
reference study period and the environmental impact per MJ, depending on the energy
source (presented in Table 2).

Table 3. Summary of the final energy use of the non-residential cases, expressed in MJ.

Case Study Heating Cooling DHW Auxiliary Energy Energy Source
Primary school 284.214 14.946 26.777 59.954 Gas + electricity
Oftice building 67.438 3.287 41.938 82.760 Electricity
Assisted-living facility 77.019 6.083 22.539 11.116 Electricity
Child care centre 1 138.610 42.831 119.404 41.377 Gas + electricity
Child care centre 2 28.665 6.786 60.720 21.771 Gas + electricity
Child care centre 3 257.798 65.540 88.376 249.728 Electricity

The differing modelling approaches applied to the operational impact of residential
and non-residential buildings make it impossible to compare their operational impacts.
Consequently, within this paper only a comparison of the embodied impacts of these
buildings is made.

2.2. Case Studies

This section outlines the case studies considered in this research. A total of 108 single-
family dwellings, 10 multi-family buildings, and 8 non-residential buildings are analysed.
These cases are provided by Flemish contractors as part of the ongoing research project
‘COOCK+ MI?B—Milieu-impact als motor voor duurzame innovatie bij bouwbedrijven” and are
representative of the building stock in Flanders. Single-family houses were selected based
on their size, in accordance with the dimensions of contemporary housing as reported in
the EPB data. This section begins with a description of the single-family houses (SFHs) and
multi-family houses (MFHs), followed by a description of the non-residential buildings.

2.2.1. Single-Family Houses
Typology and Geometry

Nine recently constructed SFHs in Flanders are selected: three detached, three semi-
detached, and three terraced dwellings. For each typology, one small, one medium, and
one large SFH is selected, based on the reported floor areas of recently built dwellings
in the publicly accessible EPB database [31]. Table 4 presents the gross floor area of each
SFH. Detached dwellings generally exhibit the largest gross floor area, followed by semi-
detached and, subsequently, terraced dwellings. Nevertheless, the sample includes one
notable exception: the smallest semi-detached SFH possesses a greater floor area than the
smallest detached SFH. This discrepancy arises from the variation in floor areas within
each size category, which results in partial overlap between the typologies. Although both
cases belong to the correct size category, the detached dwelling lies at the lower end of the
category’s floor-area range, while the semi-detached dwelling lies at the upper end.
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Table 4. Gross floor areas of the nine recently built Flemish SFHs, categorized by dwelling typology
and building size.

Typology Small [m?] Medium [m?] High [m?]

Detached 151 243 342
Semi-detached 157 201 226

Terraced 139 164 195

For each SFH, an additional variant featuring an alternative roof configuration is
included; specifically, dwellings with pitched roofs are duplicated with flat roofs and
vice versa. Consequently, the study encompasses 18 SFHs. Each of these 18 dwellings is
subjected to three impact scenarios per construction method at the element level, namely
masonry or timber assemblies characterized by high, medium, and low environmental
impacts. The assemblies per impact scenario are described below. A uniform impact
scenario is applied across all building elements within a given SFH. Thus, a wall constructed
with a masonry assembly exhibiting high embodied impact is combined exclusively with
other masonry assemblies of building elements with similarly high embodied impact. This
approach results in a total of 108 SFHs, differentiated by building typology, size, roof type,
construction method, and material specifications.

Building Elements

As masonry and timber-frame construction represent the two predominant methods
for SFHs in Flanders, a distinction is made between these construction methods. For each
method, typical assemblies for building elements, such as floors, roofs, and walls, are
defined. These assemblies are based on a recent study by Decorte [32], which inventoried
commonly used structural, insulation, and finishing materials for single-family dwellings.
In addition to Decorte’s work [32], calcium silicate bricks were included as a structural
material for external and internal walls in masonry construction. The structural, insulation,
and finishing materials are combined into technically feasible assemblies with a constant
thermal transmittance per element, targeting a U-value of 0.18 W/(m?K) for all envelope
components. This ensures compliance with the EPBD requirements for new buildings
in Belgium. For each assembly, the embodied environmental impact is calculated and is
expressed in mPt/m?. These assemblies are ranked according to their embodied impact,
enabling the selection of configurations with the highest, lowest, and median impacts
for each building element. This ranking defines three impact scenarios per construction
method at the element level, which are applied to the SFHs. Although the number of
assemblies per element is limited to three variants, selecting the lowest and highest variant
provides a range within which all other assemblies are situated. This approach ensures that
even with a restricted set of assemblies, meaningful conclusions can be drawn regarding
the environmental impact and sustainability performance of different assemblies. The
assemblies of the building elements per category are included in Appendix A, and their
embodied impact is summarized in Tables 5 and 6. Certain elements, such as exterior doors,
interior doors, and garage doors, are represented by a single variant, i.e., no distinction is
made based on construction method or impact scenario.

https://doi.org/10.3390/su18052190


https://doi.org/10.3390/su18052190

Sustainability 2026, 18, 2190 8 of 55

Table 5. Environmental impact per square metre of building element for masonry construction by
impact scenario, expressed in mPt/ m?2.

Building Element Low Median High
Slab on grade 12.31 18.61 20.17
Internal floor 9.93 13.67 17.80

Attic floor 5.94 13.25 15.01
External wall 6.89 10.03 11.47
Party wall 4.39 4.53 5.95
Bearing internal wall 6.27 6.43 7.77
Non-bearing internal wall 5.45 5.55 6.25
Flat roof 12.87 14.19 15.66
Pitched roof 5.27 8.12 12.30
Window 14.16 19.87 37.32
External door 30.30 30.30 30.30
Internal door 11.50 11.50 11.50
Garage door 16.75 16.75 16.75

Table 6. Environmental impact per square meter of building element for timber-frame construction
by impact scenario, expressed in mPt/m?.

Building Element Low Median High
Slab on grade 12.31 18.61 20.17
Internal floor 5.94 13.25 15.01

Attic floor 5.94 13.25 15.01
External wall 7.64 9.69 10.73
Party wall 3.70 4.65 5.27
Bearing internal wall 6.08 8.28 9.51
Non-bearing internal wall 6.01 6.67 9.01
Flat roof 8.90 10.73 12.84
Pitched roof 5.27 8.12 12.30
Window 14.16 19.87 37.32
External door 30.30 30.30 30.30
Internal door 11.50 11.50 11.50
Garage door 16.75 16.75 16.75

2.2.2. Multi-Family Houses

In total, ten MFHs are analysed. The majority of the cases originate from the TOTEM
tool (v2026.1) [29], which itself draws on data from the Flemish EPB database [30]. The
remaining case is provided by a Flemish contractor. Table 7 presents the key building
characteristics for each building.

Table 7. Summary of the key building characteristics of the MFHs.

Apartment Building  Construction Method GFA [m?] Number of Floors Number of Users
AP_IDA1 Masonry 351 2 9
AP_IDA2 Masonry 233 2 6
AP_IDA3 Masonry 296 3 9
AP_IDA4 Masonry 359 4 11
AP_IDAS5 Masonry 446 3 14
AP_IDA6 Masonry 365 5 16
AP_IDA7 Masonry 914 3 22
AP_IDAS8 Masonry 760 4 27
AP_IDA9 Masonry 2332 9 72
AP _GB Masonry 1970 4 46
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In contrast to the SFHs, the MFHs are assessed using their actual construction assem-
blies rather than using material scenarios. The nine TOTEM-library cases show largely
comparable assemblies with only minor variations. The building assemblies are included
in Appendix B.

Floors: Most cases use ceramic tiles as floor finishing material; the remainder apply
natural stone. PUR is the predominant insulation material, occasionally supplemented
by PS or XPS. All ground floors consist of in situ reinforced concrete slabs. Intermediate
floors are either in situ concrete slabs or precast systems, such as hollow-core slabs or
beam-and-block systems.

Walls: External, internal, basement, and party walls are primarily constructed from
ceramic masonry blocks, with one case using calcium silicate blocks as the structural
element. In exceptional instances, a single external wall is constructed using timber or steel
framing, aerated concrete blocks, or in situ concrete instead of ceramic masonry. Basement
walls use hollow concrete blocks. Insulation materials include EPS, PUR, and mineral wool.
Internal finishes are plaster and paint; external finishes vary, including brickwork, fibre
cement, aluminium or zinc cladding, external plaster, and ceramic or fibre cement slates.

Roofs: All cases include flat roofs. Four also feature pitched roofs. Flat roofs typically
consist of concrete structural layers with PUR insulation and bituminous waterproofing,
with occasional terraces or fibre cement finishes. Pitched roofs use timber rafters with glass
wool insulation, internal plasterboard, and external ceramic tiles or fibre cement slates.

Windows and doors: External doors are mostly glazed with PVC frames, though
timber and aluminium also occur. Window frames follow similar material choices. All
cases use double glazing, except one with triple glazing. Internal doors are MDEF. In one
case, the garage door consists of aluminium and PUR insulation.

Case AP_GB features in situ cast concrete or ceramic masonry walls, with an exter-
nal plaster over EPS insulation and limited use of prefabricated concrete panels. Floors
incorporate cement screed with EPS granulates and concrete slabs or hollow-core slabs.
Flat roofs use similar structural systems with PUR insulation and are finished with timber
finishing or a green roof. Windows have aluminium frames with double glazing; external
doors combine aluminium and timber; and internal doors are timber.

2.2.3. Non-Residential Buildings

Each non-residential building was recently constructed and differs according to its
function and construction method. The building functions include an office building, a pri-
mary school, an assisted-living complex, three childcare facilities, an industrial warehouse
combined with office space, and a circular hub functioning as a storage facility in combi-
nation with offices. All cases were provided by Flemish contractors. Despite the limited
number of cases supplied, they offer a representative cross-section of typical construction
methods and building functions within the Flemish context. Half of the cases employ
a conventional solid construction approach, using concrete slabs and ceramic masonry.
The three childcare facilities, by contrast, adopt timber construction: two are built using
solid timber (CLT), while one applies a timber-frame system. The industrial warehouse is
constructed using a steel frame. The circular case prioritises material reuse, demountable
connections, and bio-based materials. The building assemblies per building element are
included in Appendix C. Table 8 provides an overview of the cases, including information
on their function, construction method, gross floor area, and abbreviations used throughout
the results of the study.
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Table 8. Overview of the recently built non-residential cases.
. Construction 2
Typology Abbreviation Method GFA [m~] Number of Floors
Primary school PS Masonry 2198 2
Office building OB Masonry 2306 3
Assisted-living facility ALF Masonry 1704 3
Childcare centre 1 cC1 Solid timber (CLT) 2129 3
Childcare centre 2 cC2 Timber frame 1122 2
Childcare centre 3 CC3 Solid timber (CLT) 339 1
Industrial warehouse WH Steel frame 3583 2
Circular hub CH Timber frame 1590 4

3. Results

In this section, the results are presented using the aggregated score, expressed in
Points. The results expressed in GWP are also addressed in this section, but the graphs are
provided in the Appendix D.

3.1. Environmental Impact Assessment

This first section focuses on the total environmental impact (i.e., embodied impact of
materials and technical installations, and operational impact) of all cases, encompassing
both residential and non-residential buildings. Subsequently, the analysis examines the
operational impact in greater depth. For non-residential buildings, an additional distinction
is made between heating, cooling, domestic hot water (DHW), and auxiliary energy, all of
which are discussed below. Not all non-residential cases are equipped with information on
their final energy use by the contractors, such as WH and CH. Therefore, the environmental
impact associated with operational energy use could not be defined, and these cases
are excluded from the graphs comparing both the total environmental impact and the
operational impact. Finally, the embodied impact is examined. This analysis is divided into
two parts: one addressing the contribution of individual building elements, and another
focusing on the contribution of the bill-of-quantities categories. Both approaches yield
the same underlying results but present them through different analytical lenses. This
approach provides insights into which building elements and bill-of-quantities categories
have the largest share in the environmental impact.

3.1.1. Environmental Impact of Building Materials and Operational Energy Use

Figures 1 and A1 (in Appendix D) present the environmental impact or carbon emis-
sions of building materials and operational energy use for all cases, disaggregated into
residential (SFHs and MFHs) and non-residential categories. The embodied impact of the
technical installations is not included in this assessment, as there are no available data for
the non-residential cases. A direct comparison between the operational impact of the resi-
dential and non-residential results is not possible, as the operational impact for each sector
is derived from different sets of energy-use components. Nevertheless, presenting them
side by side provides an initial indication of their relative magnitude. For the residential
cases, only the impact of heating is considered, which leads to an underestimation of the
total operational impact. In the non-residential cases, the assessment additionally accounts
for cooling, DHW production, and auxiliary energy.
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Figure 1. Environmental impact of building materials and operational energy of all cases, expressed
in mPt/m?. Operational impacts for residential cases were calculated using the equivalent heating
degree days method, whereas impacts for non-residential cases are derived from final energy use.

For SFHs, the total impact ranges from 46 to 84 mPt/m?, corresponding to 380 to
740 kg CO,-eq/m?. For MFHs, the impact increases to between 67 and 103 mPt/m?, or
555 to 731 kg CO,-eq/m?. The higher values are observed in non-residential cases, where
the impact varies from 64 to 223 mPt/m?, equivalent to 535 to 1626 kg CO,-eq/m?.

On average, 62% [49%, 70%] of the total environmental impact in SFHs is attributed
to embodied impacts. When considering GWP, this share increases to 72% [62%, 80%].
The reduction in the operational impact can be explained by the low carbon intensity of
electricity required for the heat pump to operate. When technical installations are included
in Figures 2 and A2 (in Appendix D), the share of embodied impacts rises to 66% for
the environmental impact and 78% for GWP. Moreover, in MFHs, the share of embodied
impacts is higher due to more material-intensive building assemblies of these cases. The
embodied contribution averages 72% [61%, 77%] for the total environmental impact and
79% [71%, 85%] for GWP. When technical installations are included (Figures 2 and A2),
these shares increase further to 77% and 84%, respectively. In contrast to the residential
cases, non-residential buildings exhibit substantial variation in operational impacts, as
discussed in the following section. Due to the higher operational impact, because of the
EPB methodology, the relative share of the embodied impact decreases to 47% [25%, 50%]
for the total environmental impact and to 62% [38%, 66%] for GWP.
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Figure 2. Environmental impact of embodied impacts, including building materials and technical
installations, and operational impact of all SFHs and MFHs, expressed in mPt/m?.
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3.1.2. Operational Impact

The energy use in a building is highly dependent on user behaviour and is therefore
difficult to estimate theoretically. In the residential cases, cooling, DHW, and auxiliary
energy are not taken into account, whereas these components are included in the non-
residential assessments. Figures 3 and A3 (in Appendix D) illustrate the relative magnitude
of the different operational share. The industrial warehouse (WH) and the circular hub
(CH) are excluded from this analysis, as there is no information about their operational

energy use.
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Figure 3. Environmental impact of building materials and operational energy of six non-residential
cases, with the operational impact broken down in shares of the different building services, expressed
in mPt/m? (right Y-axis). The scatter points represent the absolute environmental impact in Pt
(left Y-axis).

The operational impact exhibits wide variation, ranging from 33 to 168 mPt/m?, or
186 to 942 kg CO2-eq./m?. For both the total environmental impact and GWP, the contribu-
tion of the operational impact is highest in CC3 and lowest in ALF. The low contribution in
the assisted-living facility can be attributed to the goal of achieving an energy-performance
level equivalent to that of residential new-build standards. The high operational contri-
bution in CC3 is primarily related to its small building size. Because the total operational
impact is distributed over a relatively small gross floor area, the resulting normalised
impact per square meter is substantially higher. Compared with the other typologies, the
contribution of DHW is also higher in childcare facilities, as it includes the preparation of
warm meals. In addition, auxiliary energy represents a significant share. The elevated aux-
iliary energy contribution in childcare centres is linked both to the building’s care-related
function with 24 /7 occupancy and to the default values applied for the energy consumption
of circulation pumps in the EPBD calculation. Cooling likewise accounts for a larger share
in childcare centres. Finally, substantial differences are observed across typologies in the
contribution of space heating. These differences are partly driven by the heating demand,
as in ALF and CC3, and partly by the low efficiency of gas boilers used as the primary
heating system, such as in PS. Overall, the EPBD reports show variation to the extent that
certain aspects were calculated using detailed methods or default values in the Flemish
EPBD tool, which affects the reported final energy consumption and the corresponding
operational impacts or emissions.
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3.1.3. Embodied Impact
Building Elements and Technical Installations

Figures 4 and A4 (in Appendix D) present the relative contribution of the individual
building elements and technical installations to the embodied environmental impact and,
respectively, the GWP of SFHs. Within the scope of technical installations, both heating
and ventilation systems are taken into account. The figures clearly indicate which elements
account for the largest share of the impact, as well as the spread observed per category.
Both figures yield highly consistent trends, demonstrating that the dominant contributing
elements are comparable across impact indicators.
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Figure 4. Relative contribution of building elements and technical installations to the embodied
environmental impact of SFHs.

The embodied impact, including technical installations, ranges from 33.3 to
66.6 mPt/m?, or 341.1 to 708.9 kg CO,-eq/m?. Both figures clearly show that technical
installations constitute the largest contributors compared to individual building elements.
On average, these systems account for up to 20% and 24% of the embodied environmental
impact and GWP, respectively. Floors represent the next most significant contributors,
with the slab on grade being the dominant source of impact; the average contribution
amounts to 17% for the environmental impact and 18% for GWP. This is attributed to
the high environmental impact of the structure and floor finishing materials, which is
further discussed in this section. Moreover, envelope elements, such as exterior walls (13%),
roofs (7%), and windows (6%), exhibit higher contributions than the interior elements of
a dwelling. This is attributed to the heavier structural materials and the greater material
quantities required for the construction of envelope components. In the case of windows,
the elevated contribution is primarily due to the substantial embodied impact associated
with window frames.

In addition, the building elements exhibit substantial variability in their embodied im-
pact. This variation is primarily driven by the selected material scenarios and differences in
element surface areas. This is particularly evident for exterior walls, where the contribution
strongly depends on the dwelling type: detached houses are surrounded by exterior walls
on all sides, whereas terraced houses have exterior walls on only two sides, resulting in a
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considerably smaller exterior wall area. Furthermore, roofs exhibit an analogous pattern.
Each case study features a single roof typology, either a flat roof or a pitched roof. When a
particular roof type is absent in a given case, its corresponding roof surface area is zero.
Consequently, the absent roof type also contributes zero to the calculated environmental
impact or carbon emissions.

An analogous analysis is conducted for the MFHs and the non-residential cases.
Figures 5 and A5 (in Appendix D) identify the building elements with the largest contribu-
tions. Due to the limited number of cases and consequently data points, the contribution is
represented by disaggregating the embodied impact by building elements and technical
installations. In general, MFHs and non-residential buildings are larger than SFHs, which
implies a greater quantity of construction materials used. Consequently, these typolo-
gies exhibit a higher absolute embodied impact, ranging from 10.1 to 171.5 Pt or 92.4 to
1160.8 tons CO;-eq for MFHs, and from 18.9 to 115.2 Pt or 232.3 to 1353.5 tons COy-eq
for non-residential buildings. The impact also shows a wider spread compared to SFHs.
To enable a meaningful comparison across building types and typologies, the results are
additionally presented as normalised values per GFA.

b) non-residential
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Figure 5. (a) The embodied impact of MFHs, distributed across building elements and technical
installations. (b) The embodied impact of non-residential buildings, distributed across building
elements. The bars represent the normalised impact per m? (left Y-axis), whereas the scatter plot
displays the absolute environmental impact (right Y-axis).

Figure 5a further indicates that technical installations and floors contribute substan-
tially to the environmental impact. On average, technical installations account for 17%.
For GWP, this share increases to 29%, as technical installations consist largely of metal
components, which are associated with a high CO, intensity. In contrast to SFHs, internal
floors instead of the slab on grade represent the largest share within these typologies, with
an average contribution of 31%. This can be explained by the geometry of the building
combining multiple dwelling units within a single building distributed across several floors.
In combination with the heavier structural components required compared to SFHs, this
results in an increased overall impact of these buildings. For GWP, the share of internal
floors decreases to 23%. However, some MFHs lack a slab on grade, which is attributed to
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the modelling approach used. Because the basement is not included in the model, the floor
located above the basement is not classified as a slab on grade but is instead treated as an
internal floor. In addition, for case GB, the element category of beams and columns exceeds
the contribution of the internal floors. The beams and columns account for one third of the
total embodied impact, which is attributable to the heavy concrete structural elements that
generate a substantial environmental burden. Moreover, for the MFH cases, the exterior
walls account for an average share of 8% to the environmental impact and 11% to the GWP.
The remaining building elements exhibit results similar to those observed for SFHs.

Figure 5b highlights floor structures as the dominant contributors to the embodied
impact of the non-residential cases. For timber and steel construction, this is primarily
attributable to the slab on grade (12-42%), whereas in masonry both the slab on grade
(14-32%) and internal floors (22-27%) constitute major contributors. This underscores the
substantial impact associated with concrete floor systems. In addition, ceramic tiles and
vinyl finishes further increase the overall impact of floors. The high impact of ceramic tiles
is linked to their production process, while vinyl flooring has a relatively short service
life of 15 years, resulting in an increased impact due to multiple replacements over the
building’s lifespan. Second, the walls contribute substantially, with shares ranging from
17% to 38%. The contributions of external and internal walls show a similar spread
(6-22%). Although the impact of an internal wall is typically lower than that of an external
wall, the total surface area of internal walls in the buildings is generally larger. Third,
windows contribute between 1% and 14%, with this share being strongly dependent on
the total window surface area and impact of the window frames. The roofs also exhibit
a substantial contribution, ranging from 6% to 26%, due to the presence of concrete slabs
or CLT. Moreover, in contrast to the MFHs, the share of the beams and columns remains
limited within the total embodied impact.

When comparing the environmental impact and CO; emissions of the ambitious
circular hub (CH) with the other non-residential cases, it becomes evident that the use of
smart material strategies, such as reused and bio-based materials, proves beneficial. It is
important, however, to select materials with a low embodied impact, as not all circular
alternatives, such as bio-based materials, necessarily outperform conventional materials.
Both the absolute and the normalized impacts show a reduction relative to the other cases.
Only the absolute impact of CC3 is lower, which can be attributed to its small GFA and
consequently limited material use. From this, we can conclude that reduced material
consumption, thoughtful material selections, and compact building designs all yield clear
environmental advantages.

Bill-of-Quantities Categories

In Figures 6 and 7, the embodied impact is presented; however, in this case the
bill-of-quantities categories, such as structure, insulation, interior finishing and exterior
finishing, and technical installations are identified as having the largest contributions. This
categorisation is introduced in response to the interests of the intended audience, such as
contractors. For both the residential and non-residential cases, interior finishes constitute
one third of the total embodied impact. As previously noted, this is primarily driven
by the floor finishes, although paint layers also contribute substantially. Owing to their
short service life of 10 years, five replacements are accounted for over the building’s life
cycle. In timber-frame construction, the share of interior finishes increases further due
to the additional requirement for battens and panels to support the finishing layers. In
exceptional cases, the structure or the technical installations exceed the contribution of
interior finishing. When considering CO, emissions in Figure A6 (in Appendix D), the
share of internal finishes decreases. In the MFHs (Figure A7 (in Appendix D)), this is due
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to the CO,-intensive materials of the structure and the technical installations exceeding the
contribution of the interior finishes.

Moreover, in general, the structure and technical installations are substantial contribu-
tors. On the one hand, the MFHs display a similar contribution from the structural elements
and technical installations. On the other hand, in the non-residential cases, the contribution
of the structure exceeds the share of the internal finishes. On average, the contribution
accounts for up to half of the embodied impact, as heavy materials with high embodied
impacts, such as concrete and CLT, are present in substantial quantities. This share will
decrease if technical installations will be added to the analysis of the non-residential cases.
In exceptional cases where the structure is left exposed, such as in CC3, this share can
increase to as much as 80%.

50%

40%

30%

20%

10%

Relative contribution to the environmental impact

0%
Structure Insulation Internal External Openings Technical
finishing finishing installations

Figure 6. Relative contribution of bill-of-quantities categories to the embodied environmental impact
of SFHs.

Finally, the contribution of the remaining three bill-of-quantities categories—openings,
insulation, and exterior finishes—is considerably lower. Overall, these categories exhibit
similar results (an average of 10%) and ranges. From this analysis, it can be concluded
that prioritizing interventions in materials used for the structure, internal finishing, and
materials used for technical installations is essential for achieving the most substantial
reductions in environmental impact.
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Figure 7. (a) The embodied impact of MFHs, distributed across bill-of-quantities categories and
technical installations. (b) The embodied impact of non-residential buildings, distributed across

bill-of-quantities categories. The bars represent the normalized impact per m? (left Y-axis), whereas
the scatter plot displays the absolute environmental impact (right Y-axis).

Influence of Material Choice

This section examines the embodied impact of a terraced dwelling in relation to vari-
ations in construction methods, i.e., masonry or timber-frame construction, and impact
scenarios of the materials, i.e., low, median or high-impact scenarios. Figure 8 identifies
the influence of the material choices and demonstrates that the difference between ma-
sonry construction and timber-frame construction is minor when assessed within the
same material scenario. In contrast, comparing different material scenarios within a
single construction method reveals substantially larger variations. This indicates that
both construction methods can achieve a lower environmental impact, provided that ap-
propriate material choices are made. Consequently, material selection exerts a stronger
influence on reducing the environmental impact than the choice between masonry and
timber-frame construction.

When considering the GWP, as shown in Figure A8 (in Appendix D), the difference
between the construction methods becomes more pronounced, although it remains smaller
than the variation observed between impact scenarios. This can be attributed to the
lower CO, emissions associated with wood-based materials compared to mineral-based
materials, such as concrete and bricks. In the aggregated environmental score, however, this
advantage is offset by the land-use indicator, which is significantly higher for timber-frame
construction. Consequently, a comparison of the environmental impact and GWP may
lead to different conclusions, particularly in relation to land-use impacts associated with
timber. A noteworthy observation concerns the lower GWP of the high-impact scenario
compared to the median-impact scenario presented in Figure A8. This can be explained by
the fact that the material scenarios were defined on the basis of environmental impacts. A
construction assembly with a high environmental impact does not necessarily correspond
to an assembly with high carbon emissions.

https://doi.org/10.3390/su18052190


https://doi.org/10.3390/su18052190

Sustainability 2026, 18, 2190

18 of 55

v IO

(O]
&
= - H Slab on grade
5 Median impact - - I l &
0
€ Internal floor
= Low impact . . I I
Attic floor

High impact - - I . M External wall
>
c o M Party wall
@ Median impact - . I l
©
= Bearing internal wall

Low impact . . II

0 2 4 6 8 10
Absolute embodied impact [Pt]

Figure 8. Graphical representation of the absolute embodied impact of an average terraced dwelling
based on the impact scenarios for masonry and timber-frame construction. An additional distinction
is made between the individual building components.

3.2. Embodied Reduction Potential Through Circular Strategies
3.2.1. Framework for the Stepwise Reduction

The reduction potential of the embodied environmental impact is assessed through a
stepwise optimalisation of a reference scenario. This section focuses exclusively on SFHs.
Consequently, three dwellings which differ in typology, i.e., detached, semi-detached, and
terraced dwelling, are selected. The three dwellings are provided by a flat roof and are
classified as the medium-sized dwellings of this paper. In addition, by applying both
masonry and timber-frame assemblies to each of the three case studies, a total of six
case studies were obtained. The reference scenario (S0—REF) is based on masonry or
timber-frame assemblies with commonly used materials with high embodied impacts.
Tables 9 and 10 provide an overview of the reference scenario (S0—REF) and the other
reduction scenarios for each construction method. The reduction steps are derived from
the preceding analyses, focusing on the elements and bill-of-quantities categories with the
largest contributions. These components exhibit the greatest potential for optimisation.
Each step modifies the assembly of building elements, which is primarily defined from an
environmental perspective.

Table 9. Overview of the building assemblies, categorized by the bill-of-quantities categories, for
each reduction step, starting from the masonry reference building. Materials that differ from the
previous scenario are highlighted in colour.

Reduction . e g .
Scenario—Masonry Structure Insulation Finishing Openings
- Calcium silicate brick -PUR i Ceram.l ¢ fagade brick - Triple glazing
SO0—REF - Ceramic tiles .o,
- Concrete slab - Stone wool - Aluminium frame
- Cement screed
- Calcium silicate brick - PUR - Ceramic facade brick - Triple glazing
S1—FLOOR - Parquet e
- Concrete slab - Stone wool - Aluminium frame
- Cement screed
- Hollow concrete blocks EPS - Ceramic fagade brick - Triple elazin
S2—LOW - Hollow concrete slab - Parquet pies &
- Stone wool - Wooden frame
- Concrete slab - Cement screed
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Table 9. Cont.
Reduction . s .
Scenario—Masonry Structure Insulation Finishing Openings
- Hollow concrete blocks - EPS - Ceramic fagade brick - Triple elazin
S3—DRY - SLS beams - Stone wool - Parquet ) Wo}c)) de%l fran;ge
- Concrete slab - Recycled cork granulates - PP-grid
- Hollow concrete blocks Stone wool - Ceramic fagade brick - Triple elazin
S4—FINISHES - Exposed SLS beams - Reeveled cork eranulates Parquet } Wo}()) de%l fran;ge
- Concrete slab y & - PP-grid
-SLS - Stone wool - Wooden cladding Triple olazin
S5—BIO - Exposed SLS beams - Recycled cork granulates - Parquet ple §iazing
o h . - Wooden frame
- Seashells - Wood wool - PP-grid
S6—REUSE - Exposed SLS beams - Recycled cork granulates dalE LS ple g &
- Reclaimed ceramic tiles - Wooden frame
- Seashells - Wood wool .
- PP-grid
Table 10. Overview of the building assemblies, categorized by the bill-of-quantities categories, for
each reduction step, starting from the timber-frame reference building. Materials that differ from the
previous scenario are highlighted in colour.
Reduction
Scenario—Timber Structure Insulation Finishing Openings
Frame
- Multiplex
-LVL - Fibre-cement board - Triple glazing
SO—REF - Concrete slab - Glass wool - Ceramic tiles - Aluminium frame
- Cement screed
- Multiplex
S1_FINISH -LVL - Glass wool - Flbre-cgment board - Trlplg g'lazmg
- Concrete slab - Parquet - Aluminium frame
- Cement screed
- Stone wool - Multiplex
SO LOW -SLS ) L l’(Q oo - Fibre-cement board - Triple glazing
- Concrete slab ) - Parquet - Wooden frame
- Cement screed
- Multiplex
S3—DRY -SLS - Stone wool - Fibre-cement board - Triple glazing
- Concrete slab - Recycled cork granulates - Parquet - Wooden frame
- PP-grid
_gIS - Particle board
sS4 FINISH - Exposed SLS beams Stone wool - Fibre-cement board - Triple glazing
- Recycled cork granulates - Parquet - Wooden frame
- Concrete slab .
- PP-grid
-SLS - Stone wool -_ \Iief(tlic 1\(131b‘?? lﬁtin > - Triple glazin:
S5—BIO - Exposed SLSbeams - Recycled cork granulates ooden claddimg ple §1azing
o i o - Parquet - Wooden frame
- Seashells - Wood wool .
- PP-grid
-SLS - Stone wool -_ Tl’jea r]tfll]f:) 10\a\ic)10 len cladding - Triple glazin
S6—REUSE - Exposed SLSbeams - Recycled cork granulates S GER S actTs ple glazing
- Reclaimed parquet flooring - Wooden frame
- Seashells - Wood wool ©

- PP-grid

Each step introduces targeted material substitutions while maintaining the thermal
transmittance (U-value) of all building elements. This ensures that the operational impact
remains constant and that differences in the embodied impact can be fairly compared.

The previous analyses show that the floor finishes constitute a substantial share of
the embodied impact. Consequently, in the first reduction step (SI—FLOOR), only the
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floor finishes are modified. Ceramic floor tiles on the slab on grade and internal floors are
replaced by parquet, while ceramic tiles are retained in wet rooms, such as kitchens and
bathrooms. In step 2 (S2—LOW), the structural and insulation materials are additionally
substituted with lower-impact alternatives, as these bill-of-quantities categories have the
largest contributions to the embodied impact. The low-impact alternatives are derived
from the commonly used materials identified in the assemblies described in Section 2.2.1.
For masonry, calcium silicate bricks are replaced by hollow concrete blocks, and concrete
slabs by hollow concrete slabs. In addition, EPS is selected as the insulation material.
In timber-frame construction, SLS is used, and glass wool is replaced by stone wool.
Furthermore, in both construction methods, aluminium window frames are substituted
with timber frames. In the third reduction step (53—DRY), the focus addresses the high
environmental impact associated with concrete elements. Therefore, the concrete slab of
flat roofs and internal floors in masonry is replaced by timber beams. For both construction
methods, an analogous modification is applied to the slab on grade: the concrete slab is
retained, while the cement screed is substituted with a PP-grid into which recycled cork
granulates are incorporated. This is a newly introduced product available on the Belgian
construction market [33]. In step four (S4—FINISHES), the focus shifts to the substantial
contribution of interior finishes to the embodied impact, referring specifically to interior
finishing materials other than floor finishes. Interior finishing layers are omitted where
technically and aesthetically feasible. For horizontal building elements, such as flat roofs
and internal floors, the structure is therefore left exposed on the underside. In step five
(S5—BIO), bio-based solutions are introduced for both the external wall and slab on grade.
The external wall is redesigned as a timber-frame assembly insulated with wood wool and
finished with timber cladding attached on a wood-fibre board. For the slab on grade, the
concrete slab is replaced by seashells, which also provide an insulating function. An Elka
Strong Board (ESB) is installed above this layer to allow for the integration of the PP-grid.
ESB is selected because this panel material exhibits properties comparable to OSB, while
achieving a lower environmental score, thereby contributing to improved sustainability
performance. In the final step (56—REUSE), reused materials with potential in current
construction practice are incorporated [34]. These include reclaimed ceramic tiles, ceramic
fagade bricks, parquet flooring, and timber cladding. The assemblies described in steps 3,
4,5 and 6 were validated through consultations with contractors as part of the research
project [35], ensuring their technical feasibility and alignment with sustainability-oriented
construction practices.

3.2.2. Results of the Stepwise Reduction

Figures 9 and A9 (in Appendix D) present the percentage of the environmental gains
per optimization step relative to the reference scenario. The magnitude of the gains is
comparable across the different typologies. However, substantial discrepancies emerge
when comparing the results for the environmental impact and GWP. To avoid burden
shifting, the primary focus is placed on reducing the environmental impact. Consequently,
this may result in smaller reduction percentages for GWP.

The transition to parquet flooring (51—FLOOR) yields a maximum reduction potential
of 13% in the environmental impact, whereas its effect on CO, emissions is negligible. The
varnish layer, which requires renewal every five years, contributes substantially to CO,
emissions. Consequently, the impact of the varnish largely offsets the benefits associated
with the wooden parquet itself. Subsequently, step 2 (S2—LOW) results in an impact
reduction of up to 30% for masonry and 31% for timber-frame construction. For GWP,
the reduction potential reaches a maximum of 25% and 31%, respectively. The external
walls and windows account for the largest share of these gains. In the following step
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(S53—DRY), the reduction potential is greater for masonry than timber-frame construction,
amounting to a maximum of 42% and 33%. Similarly, for GWD, this step yields reductions
of 43% and 36%. This is attributed to the replacements of concrete slabs with wooden
beams and the cement screed with the PP-grid system, which is characterized by both a
low environmental and emission impact. As a result, the reductions are primarily observed
in flat roofs and internal floors. The subsequent step (S4—FINISHES) also affects flat roofs
and internal floors, as the interior finishing layers are removed from the assembly. This
leads to a maximum reduction of 46% for masonry and 44% for timber-frame construction,
which is consistent with the corresponding GWP results.

a) Masonry
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Figure 9. Stepwise reduction potential of absolute embodied environmental impacts for (a) masonry
and (b) timber-frame construction.

When bio-based and reused materials are introduced, the reduction potential exceeds
50%. By adapting the slab on grade and external walls to a bio-based assembly (55—BIO),
a reduction of 54% for masonry and 51% for timber-frame construction are achieved. For
GWP, the reduction potential is even higher, 64% and 59%, respectively. Moreover, flat
roofs can be adapted to a bio-based assembly. Within Belgian building practices, such a

https://doi.org/10.3390/su18052190


https://doi.org/10.3390/su18052190

Sustainability 2026, 18, 2190

22 of 55

kg CO2-eq/m?/y
= = N
[6,] o w o

o

roof assembly typically comprises a bituminous waterproofing membrane, stone wool
insulation, a vapor barrier, SLS beams filled with cellulose fibres, and an interior finishing
layer. Nevertheless, the environmental impact assessment at the element level indicates that
this configuration does not yield a reduction compared to step 4 (S4—FINISHES), in which
the structure remains exposed, and the insulation is positioned above them. This finding
illustrates that the adoption of bio-based materials does not automatically guarantee a
lower environmental impact. Therefore, a critical and well-informed selection of materials
remains imperative.

In the final step (56—REUSE), the gains are greater for masonry. This is due to the
lower impact of reclaimed ceramic tiles compared to reclaimed parquet flooring. The
same pattern is observed for reclaimed fagade bricks and reclaimed wooden cladding.
This is attributable to the shorter life span of wooden materials and consequently their
higher replacement frequency. Only for GWP does reclaimed-wood cladding outperform
reclaimed bricks. Ultimately, this results in a 60% reduction in environmental impacts for
masonry and 55% for timber-frame construction, while the corresponding reductions for
GWP amounts to 65% and 61%.

3.3. Benchmarks for Total Carbon Emissions

In this section, the total (embodied + operational) emissions are evaluated against
established European benchmark values, comprising frameworks developed in France,
Finland, and Denmark [14], alongside total reference values applicable to residential build-
ings in Belgium [16]. The analysis focuses exclusively on the total benchmark values, as
these are already embedded within the regulatory framework of the respective countries.
Belgium is included as an additional reference point, reflecting the study’s emphasis on
contemporary Belgian construction practices.

Figure 10 presents a comparison of the total emissions of the cases with the existing
benchmark and limit values. In the residential cases, the embodied emissions comprise the
material impacts associated with the building elements as well as the technical systems.
In the non-residential cases, only the material contributions of the building elements
are considered.

s Operational

Il i . Embodied
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Figure 10. Total (embodied + operational) emissions plotted against benchmark values from European
countries. SFH = single-family house, MFH = multi-family house, NR = non-residential.

The Belgian reference value is derived from the combined embodied and operational
impact of residential buildings [16]. When comparing the case study results, it becomes clear
that the emissions of both the residential and non-residential cases fall below this bench-
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mark value of 17 kg CO,-eq/m?/year. Only the two cases exceed this threshold, namely
AP_IDA6 (MFH) and CC3 (NR). For AP_IDAG®, the higher impact can be attributed to the
limited gross floor area in combination with the large number of internal floors, which
substantially increases the embodied impact (see Section Building Elements and Technical
Installations). In case of CC3, the elevated impact is primarily due to the relatively small
gross floor area over which the emissions are distributed. The Danish benchmark value,
12 kg CO,-eq/m? /year, applies to both residential and non-residential buildings [14]. The re-
sults indicate that 71% of the cases comply with this threshold. This proportion increases when
compared with other benchmark values. Relative to the minimum (12.8 CO,-eq/ m?/ year [14])
and maximum French benchmark values (14.8 CO,-eq/ m?2/ year [14]), 87% and 97% of the
cases, respectively, meet the corresponding requirements. Furthermore, relative to the max-
imum Finnish benchmark value (14 CO,-eq/m?/year [14]), 94% of the cases comply with
this threshold. The minimum Finnish benchmark value (10 CO»-eq/ m?2/ year [14]), how-
ever, represents the most stringent requirement. When compared with this Finnish value,
only 27% of the cases meet the criterion. These compliant cases are primarily single-family
dwellings that employ construction assemblies with low embodied emissions.

This section demonstrates that the case studies perform comparatively well against the
European benchmark values. The findings further underscore the critical role of material
choice, as the use of materials with low embodied emissions allows for compliance with
even the most stringent benchmark requirements.

4. Discussion

If building actors aim to reduce the environmental impact of their building projects, an
understanding of where the greatest environmental impact occurs and how the associated
impacts can be mitigated is necessary. Therefore, this study relies on a relatively limited
number of cases. In particular, the SFHs exhibit only limited variation in design parameters,
such as the geometry and layouts. However, its strength lies in the fact that these cases are
based on real projects. For multi-family and non-residential buildings, the analysis also
draws on real building projects and their actual building assemblies.

A limitation regarding the technical installations in residential buildings is that iden-
tical systems are assumed for every dwelling. As a result, the analysis does not capture
how the embodied impact may vary between different technical installations. In addition,
technical installations in non-residential buildings are excluded from this study due to a
lack of available data, which may lead to an underestimation of the building’s total embod-
ied impact. Furthermore, the operational energy use of residential buildings is calculated
using the equivalent heating degree days method, whereas for non-residential buildings, it
is determined through a more detailed calculation procedure. Consequently, the results for
residential and non-residential buildings cannot be compared on a one-to-one basis.

In Belgium, regulatory requirements focus exclusively on limiting operational en-
ergy use. As a consequence, the proportion of embodied environmental impacts appears
to be relatively high in the overall results. Comparing the results with the findings of
Rock et al. [6] and Mirabelle et al. [7], the outcomes align with those reported for low-
energy buildings. In addition, comparable results are found in the literature regarding the
contribution of building elements and embodied impacts of technical installations [9-13].
Similar to the findings of Zimmermann et al. [13], the building elements exhibit a substantial
spread in the distribution of their contribution. In line with a study by Andersen et al. [12],
envelope elements emerge as the most dominant building elements in the embodied im-
pact. Furthermore, floors provide the largest share of the total embodied contribution, with
a magnitude comparable to the 20% reported by Le Den et al. [9]. Moreover, technical
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installations show a contribution similar to the results in studies by Sobota et al. [10] and
Rock et al. [11].

The optimalisation scenarios are based on a specific set of choices, although alternative
options would also have been possible. The selected scenarios focus on the materials used
in the building envelope. Insulation levels and the selection of technical installations were
not included in the scope of this research, even though they could likewise have been con-
sidered. Moreover, this study is deliberately decoupled from material cost considerations,
even though cost remains a highly influential factor in contemporary construction practices.
Future research would benefit from integrating cost assessments with the environmental
performance of building materials. Such an approach would enable a systemic trade-off
between cost and LCA outcomes, thereby providing a stronger basis for motivating specific
material choices. In addition, this study highlights the potential benefits of bio-based
materials. However, as demonstrated in some studies [22,23], such benefits are not inherent
to all bio-based construction assemblies. In this analysis, only bio-based solutions for the
slab on grade and the exterior wall are considered, as these configurations demonstrably
reduce the environmental impact. The analysis also includes a bio-based assembly for flat
roofs. However, this alternative does not demonstrate a lower environmental impact than
a conventional configuration in which the structure remains exposed. This underscores the
need for a carefully considered and context-specific implementation of bio-based materials.

Furthermore, a comparison between the total emissions of the case studies and the
European benchmark values provides a generally favourable representation of current Bel-
gian construction practices. However, this interpretation must be approached with caution,
as the simplified calculation method for operational emissions in the residential cases and
the exclusion of the embodied emissions of technical installations in non-residential cases
may lead to an underestimation of the total impacts. Consequently, this could result in
lower compliance with the European benchmarks. In addition, benchmark values are also
highly sensitive to the assumption made within an LCA, such as the included life-cycle
stages. Given that this study does not address these aspects in detail, further research
is necessary.

The findings of this study carry several important policy implications for the devel-
opment of future embodied carbon regulations. The analysis demonstrates that material
choice exerts a greater influence on the environmental impact than the selected construc-
tion method. This indicates that policy frameworks should prioritize material-specific
requirements. Furthermore, the identification of dominant contributors at both building
element and bill-of-quantities levels suggests that regulatory efforts would benefit from
targeting these impact hotspots. In addition, the stepwise evaluation of reduction strategies
at the building level highlights the necessity of integrating iterative, LCA assessments into
regulatory procedures to ensure that proposed design changes translate into meaningful
reductions. Finally, by comparing the modelled cases with existing benchmark values,
the study provides empirical evidence to calibrate realistic carbon thresholds for both
residential and non-residential buildings.

5. Conclusions

For architects and contractors, it is essential to gain insights into the principal con-
tributors to overall environmental impacts. Based on real buildings in Flanders, this
study aims to provide insights that are specifically grounded in the Flemish context. In
SFHs, 62% of the total environmental impact is due to embodied impacts. In MFHs, this
share increases to 66%, whereas in non-residential buildings, it decreases to 47%. The
study shows that material selection exerts a substantial influence on the magnitude of
embodied impacts. Both masonry and timber-frame construction, the two most com-
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monly applied construction methods in Flanders, can achieve comparatively low-impact
building assemblies. Therefore, the choice of materials is more critical than the choice of
construction method.

The principal contributors to buildings” embodied environmental impacts are technical
installations and floors. In SFHs and low-rise buildings, the slab on grade accounts for a
substantial share of the embodied impact. In contrast, in MFHs and mid-rise buildings,
internal floors become the dominant contributor. The considerable contribution of floors is
primarily driven by the high impacts associated with both floor finishes and structural com-
ponents. Other envelope elements, such as external walls and roofs, also show significant
contributions in both residential and non-residential buildings. By contrast, the impact of
interior elements remains relatively limited. Similar to floors, the embodied impact of the
other elements, envelope and interior elements, is largely determined by interior finishes
and structural materials. The remaining bill-of-quantities categories—insulation, exterior
finishes, and openings—show comparable contributions and remain relatively limited in
comparison to the structure and interior finishes.

The building elements and bill-of-quantities categories with the highest contributions
therefore represent the components with the greatest potential for reducing a building’s
embodied impact. In SFHs, replacing the floor finish with a low-impact alternative results
in a reduction potential of 13%. When this intervention is complemented by changes in
structure and insulation materials, the reduction potential increases to 35%. The introduc-
tion of dry construction systems for both the structure and interior finishes further raises
this potential to 42%. In addition to adapting interior finishes, ceiling finishes can be omit-
ted, leaving the structural beams exposed. This strategy increases the achievable reduction
potential to 46%. Finally, the application of bio-based and reclaimed materials leads to a
total reduction potential of 60%. The effectiveness of bio-based and reclaimed materials
is also evident in the circular hub case, a non-residential building, which demonstrates a
substantially lower environmental impact compared to the other case studies.
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EHDDs
EPB
EPBD
SFH
MFH
PUR
PS
XPS
pPvC
MDF
CLT
DHW
PP
ESB
OSB

Equivalent heating degree days
Energy performance of buildings
Energy performance of building directives
Single-family house
Multi-family house
Polyurethane

Polystyrene

Extruded polystyrene

Polyvinyl chloride
Medium-density fibre board
Cross-laminated timber
Domestic hot water
Polypropylene

Elka strong board

Oriented strand board

Appendix A. Building Assemblies of Building Elements per Material
Scenario for SFHs

Table Al. Overview of assemblies per building component and material scenario for masonry construction.

Low

Medium

High

External wall

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow concrete blocks, 140 mm
- Cement mortar, 140 mm

- EPS, 200 mm

- External plaster, 7 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Stone wool, 220 mm

- Plaster, 7 mm

- Stone strips, 20 mm

- Cement mortar, 20 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Calcium silicate bricks, 150 mm

- Cement mortar, 150 mm

- PUR, 120 mm

- Moderately ventilated cavity, 30 mm
- Ceramic fagade brick, 90 mm

- Cement mortar, 90 mm

Party wall

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow concrete blocks, 140 mm
- Cement mortar, 140 mm

- Stone wool, 40 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Stone wool, 30 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Calcium silicate bricks, 150 mm
- Cement mortar, 150 mm

- Glass wool, 40 mm

- Calcium silicate bricks, 150 mm
- Cement mortar, 150 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Bearing internal wall

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow concrete blocks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Calcium silicate bricks, 150 mm
- Cement mortar, 150 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Non-bearing internal wall

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow concrete blocks, 90 mm
- Cement mortar, 90 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 90 mm
- Cement mortar, 90 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Calcium silicate bricks, 90 mm
- Cement mortar, 90 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm
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Table Al. Cont.

Low Medium High
Flat roof
- Bitumen roofing, 9 mm - EPDM, 6 mm
- EPS, 180 mm - PUR, 120 mm - EPDM, 6 mm
. ) - Stone wool, 210 mm
- Vapour barrier - Vapour barrier

- Vapour barrier

- Cement screed, 50 mm - Cement screed, 50 mm
. . - Cement screed, 50 mm
- Concrete topping, 30 mm - Concrete topping, 100 mm
. - Concrete slab, 150 mm
- Hollow concrete slab, 120 mm - Wide concrete slab, 50 mm
- Gypsum plaster, 12 mm
- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm .
. . - Paint, 0.1 mm
- Paint, 0.1 mm - Paint, 0.1 mm
Pitched roof
- Concrete roof tile, 12 mm - Ceramic roof tile, 15 mm . .
- Fibre cement roof tiles, 4 mm
- Battens, 32 mm - Battens, 32 mm
- Battens, 32 mm
- Counter battens, 20 mm - Counter battens, 20 mm
. . - Counter battens, 20 mm
- Roofing membrane - Fibre board, 22 mm .
- Fibre board, 22 mm
- SLS beams, 220 mm - FJI beams, 200 mm
- LVL beams, 200 mm
- Stone wool, 220 mm - Stone wool, 200 mm
. . - Glass wool, 200 mm
- PE foil - PE foil
- Battens, 22 mm
- Battens, 22 mm - Battens, 22 mm C board. 12.5
- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm ypsuim boatd, 125 i
. . - Paint, 0.1 mm
- Paint, 0.1 mm - Paint, 0.1 mm
Slab on grade
- Parquet, 23 mm . ..
Cerr?ent ,screed with EPS eranulates, Laminate, 13 mm - Ceramic tiles, 13 mm
& * - Cement screed with EPS granulates, - Cement screed, 50 mm
50 mm .
PE foil 50 mm - PE foil
- PE foil - Stone wool, 160 mm
- EPS, 150 mm
- PUR, 100 mm - Cement screed, 40 mm
- Cement screed, 40 mm
- Concrete slab, 150 mm - Concrete slab, 150 mm
- Concrete slab, 150 mm . )
PE foil - PE foil - PE foil
- Compacted sand, 140 mm Compacted sand, 140 mm Compacted sand, 140 mm
Internal floor
- Parquet, 23 mm - Vinyl, 3 mm

- Ceramic tiles, 13 mm

- Cement screed, 50 mm - Cement screed, 50 mm

. ) - Cement screed, 50 mm
- Concrete topping, 30 mm - Concrete topping, 100 mm

. - Concrete slab, 150 mm
- Hollow concrete slab, 120 mm - Wide concrete slab, 50 mm
- Gypsum plaster, 12 mm
- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm :
. . - Paint, 0.1 mm
- Paint, 0.1 mm - Paint, 0.1 mm
Attic floor

- Parquet, 23 mm - Laminate, 13 mm - Ceramic tiles, 13 mm
- Particle board, 18 mm - 0SB, 18 mm - Multiplex, 18 mm
- SLS beams, 220 mm - FJI beams, 220 mm - LVL beams, 220 mm
- Gypsum board, 12.5 mm - Particle board, 18 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm - Paint, 0.1 - Paint, 0.1
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Table A2. Overview of assemblies per building component and material scenario for timber-
frame construction.

Low Medium High
External wall
- Paint, 0.1 mm - Paint, 0.1 mm - Paint. 0.1 mm
- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm L
. - Gypsum board, 12.5 mm
- PE foil - OSB, 18 mm - Multiplex. 18 mm
- Particle board, 18 mm - FJI beams, 200 mm uitiplex,
- LVL beams, 200 mm
- SLS beams, 220 mm - Glass wool, 200 mm
; - Glass wool, 200 mm
- Stone wool, 220 mm - Fibre board, 22 mm ;
. . . - Fibre board, 22 mm
- Fibre board, 22 mm - Moderately ventilated cavity, 30 mm
. . - Battens, 38 mm
- Battens, 38 mm - Ceramic facade brick, 90 mm _Fib tboard. 8
- Wooden cladding, 20 mm - Cement mortar, 90 mm tbre cement board, o mm
Party wall
- Paint, 0.1 mm
- Gypsum board, 12.5 mm - Paint, 0.1 mm - Paint, 0.1 mm
- PE foil - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Particle board, 18 mm - OSB, 18 mm - Multiplex, 18 mm
- SLS beams, 90 mm - FJI beams, 200 mm - LVL beams, 90 mm
- Stone wool, 90 mm - Stone wool, 200 mm - Glass wool, 90 mm
- Non-ventilated cavity, 30 mm - Non-ventilated cavity, 30 mm - Non-ventilated cavity, 30 mm
- SLS beams, 90 mm - FJI beams, 200 mm - LVL beams, 90 mm
- Stone wool, 90 mm - Stone wool, 200 mm - Glass wool, 90 mm
- Particle board, 18 mm - OSB, 18 mm - Multiplex, 18 mm
- PE foil - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Gypsum board, 12.5 mm - Paint, 0.1 mm - Paint, 0.1 mm

- Paint, 0.1 mm

Bearing internal wall

- Paint. 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
G L - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Gypsum board, 12.5 mm .
. - 0SB, 18 mm - Multiplex, 18 mm
- Particle board, 18 mm
- FJI beams, 200 mm - LVL beams, 120 mm
- SLS beams, 120 mm
) - Stone wool, 200 mm - Glass wool, 120 mm
- Particle board, 18 mm .
-OSB, 18 mm - Multiplex, 18 mm
- Gypsum board, 12.5 mm
. - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm . .
- Paint, 0.1 mm - Paint, 0.1 mm
Non-bearing internal wall
- Paint. 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
C L - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Gypsum board, 12.5 mm . .
. - Particle board, 18 mm - Multiplex, 18 mm
- Particle board, 18 mm
- SLS beams, 90 mm - LVL beams, 90 mm
- SLS beams, 90 mm
) - Glass wool, 90 mm - Glass wool, 90 mm
- Particle board, 18 mm . .
- Particle board, 18 mm - Multiplex, 18 mm
- Gypsum board, 12.5 mm
. - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm . .
- Paint, 0.1 mm - Paint, 0.1 mm
Flat roof
- Bitumen roofing, 9 mm - EPDM, 6 mm - EPDM, 6 mm
- EPS, 170 mm -PUR, 110 mm - Stone wool, 200 mm
- Vapour barrier - Vapour barrier - Vapour barrier
- Particle board, 18 mm -OSB, 18 mm - Multiplex, 18 mm
- SLS beams, 220 mm - FJI beams, 220 mm - LVL beams, 220 mm
- Battens, 22 mm - Battens, 22 mm - Battens, 22 mm
- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
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Table A2. Cont.

Low Medium High
Pitched roof
- Concrete roof tile, 12 mm - Ceramic roof tile, 15 mm . .
- Fibre cement roof tiles, 4 mm
- Battens, 32 mm - Battens, 32 mm
- Battens, 32 mm
- Counter battens, 20 mm - Counter battens, 20 mm
. . - Counter battens, 20 mm
- Roofing membrane - Fibre board, 22 mm .
- Fibre board, 22 mm
- SLS beams, 220 mm - FJI beams, 200 mm
- LVL beams, 200 mm
- Stone wool, 220 mm - Stone wool, 200 mm
. . - Glass wool, 200 mm
- PE foil - PE foil
- Battens, 22 mm
- Battens, 22 mm - Battens, 22 mm
- Gypsum board, 12.5 mm
- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm .
. . - Paint, 0.1 mm
- Paint, 0.1 mm - Paint, 0.1 mm
Slab on grade
_- g:;?:rftt ,Siferelllmwi th EPS oranulates. Laminate, 13 mm - Ceramic tiles, 13 mm
& * - Cement screed with EPS granulates, - Cement screed, 50 mm
50 mm .
-PE foil 50 mm - PE foil
ot - PE foil - Stone wool, 160 mm
- EPS, 150 mm
- PUR, 100 mm - Cement screed, 40 mm
- Cement screed, 40 mm
- Concrete slab, 150 mm - Concrete slab, 150 mm
- Concrete slab, 150 mm . .
- PE foil - PE foil - PE foil
- Compacted sand, 140 mm - Compacted sand, 140 mm - Compacted sand, 140 mm
Internal floor
- Parquet, 23 mm - Laminate, 13 mm - Ceramic tiles, 13 mm
- Particle board, 18 mm - OSB, 18 mm - Multiplex, 18 mm
- SLS beams, 220 mm - FJI beams, 220 mm - LVL beams, 220 mm
- Gypsum board, 12.5 mm - Particle board, 18 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm - Paint, 0.1 - Paint, 0.1
Attic floor
- Parquet, 23 mm - Laminate, 13 mm - Ceramic tiles, 13 mm
- Particle board, 18 mm - OSB, 18 mm - Multiplex, 18 mm
- SLS beams, 220 mm - FJI beams, 220 mm - LVL beams, 220 mm
- Gypsum board, 12.5 mm - Particle board, 18 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm - Paint, 0.1 - Paint, 0.1
Appendix B. Building Assemblies of Building Elements for MFHs
Table A3. Overview of assemblies per building component for AP_IDA1, AP_IDA2, and AP_IDAS3.
AP_IDA1 AP_IDA2 AP_IDA3
External wall 1
- Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plast?r, 1(.) mm - Gypsum plast?r, 1Q mm - Hollow concrete blocks, 190 mm
- Hollow ceramic bricks, 140 mm - Hollow ceramic bricks, 140 mm
- Cement mortar, 190 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm - Bitumen. 2 mm
- PUR, 120 mm - EPS, 40 mm - Cavit n;ernbrane
- Moderately ventilated cavity, 20 mm - EPS, 40 mm - Proo fg; sheet PP
- Ceramic fagade bricks, 90 mm - EPS, 100 mm &
- Cement mortar, 90 mm - External plaster, 7 mm
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AP_IDA1 AP_IDA2 AP_IDA3

External wall 2

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Hollow ceramic bricks, 140 mm

- Cement mortar, 140 mm

- PUR, 120 mm

- Moderately ventilated cavity, 20 mm
- Ceramic facade bricks, 90 mm

- Cement mortar, 90 mm

External wall 3

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Hollow ceramic bricks, 140 mm
/ / - Cement mortar, 140 mm

- PUR, 120 mm

- Battens, 2 x 32 mm

- Fibre cement tiles, 4 mm

Party wall
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plaster, 10 mm
L - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Hollow ceramic bricks, 140 mm . . ) .
- Hollow ceramic bricks, 140 mm - Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm
- Glass wool, 40 or 50 mm
- Glass wool, 50 mm - Glass wool, 20 mm
- Glass wool, 40 or 50 mm . . . .
. . - Hollow ceramic bricks, 140 mm - Hollow ceramic bricks, 140 mm
- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm
- Cement mortar, 140 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Gypsum plaster, 10 mm . .
. - Paint, 0.1 mm - Paint, 0.1 mm
- Paint, 0.1 mm
Bearing internal wall 1
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Hollow ceramic bricks, 140 mm - Hollow ceramic bricks, 140 mm - Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm - Cement mortar, 140 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Bearing internal wall 2

- Paint, 0.1 mm
- Gypsum plaster, 10 mm
- Hollow ceramic bricks, 140 mm
/ - Cement mortar, 140 mm /
- PUR, 100 mm
- Ceramic brick, 90 mm
- Cement mortar, 90 mm

Non-bearing internal wall

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm

- Hollow ceramic bricks, 90 mm - Hollow ceramic bricks, 90 mm - Hollow ceramic bricks, 90 mm
- Cement mortar, 90 mm - Cement mortar, 90 mm - Cement mortar, 90 mm

- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
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AP_IDA1 AP_IDA2 AP_IDA3
Flat roof 1
- Bitumen roofing, 7 mm . . - Concrete tiles, 60 mm
- Bitumen roofing, 7 mm - )
- PUR, 80 mm - Tile carriers, 50 mm
-PUR, 100 mm . .
- PUR, 80 mm ) - Bitumen roofing, 7 mm
. - Vapour barrier
- Vapour barrier -PUR, 120 mm
- Cement screed, 60 mm - OSB, 18 mm - Vapour barrier, 3 mm
! - Softwood, 50 mm p ¢

- Cement screed, 50 mm
- Concrete slab, 160 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Concrete topping, 50 mm

- Hollow concrete slab, 120 mm
- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- SLS beams, 180 mm
- Battens, 22 mm
- Paint, 0.1 mm

Flat roof 2
- Bitumen roofing, 7 mm
- PUR, 120 mm
- Vapour barrier, 3 mm
/ / - Cement screed, 50 mm
- Concrete slab, 160 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm
Pitched roof

- Ceramic roof tiles, 38 mm - Fibre cement tiles, 4 mm

- Battens, 27 mm - Battens, 27 mm

- Counter battens, 20 mm - Counter battens, 20 mm

- Fibre cement board, 3 mm - Wood fibre board, 22 mm

- SLS beams, 180 mm - SLS beams, 180 mm /

- Glass wool, 180 mm - Glass wool, 180 mm

- PE foil - PE foil

- Battens, 47 mm - Battens, 22 mm

- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm

- Paint, 0.1 mm - Paint, 0.1 mm

Slab on grade 1—remark: floor located above the basement is not classified as a slab on grade

- Ceramic tiles, 10 mm

- Cement screed, 70 mm

- PUR, 140 mm - Concrete slab, 150 mm

- PE foil - Compacted sand, 140 mm
- Concrete slab, 150 mm

- Compacted sand, 140 mm

Slab on grade 2—remark: floor located above the basement is not classified as a slab on grade

- Ceramic tiles, 10 mm

- Cement screed, 70 mm

- PUR, 80 mm

- PE foil

- Concrete slab, 150 mm

- Compacted sand, 140 mm

Internal floor 1

- Natural stone tiles, 20 mm

- Cement screed, 70 or 100 mm - Ceramic iles, 10 mm

PUR. 80 mm - Ceramic tiles, 10 mm - Cement screed, 60 mm
. - Cement screed, 70 mm - PUR, 50 mm
- PE foil .
. - Concrete slab, 150 mm - PE foil

- Concrete topping, 40 or 60 mm
- Gypsum plaster, 12 mm - Concrete slab, 160 mm

- Hollow concrete slab, 120 mm .
- Paint, 0.1 mm - Gypsum plaster, 10 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm - Paint, 0.1 mm
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AP_IDA1 AP_IDA2 AP_IDA3

Internal floor 2

- Natural stone tiles, 20 mm - Ceramic tiles, 10 mm ..
- Ceramic tiles, 10 mm

- Cement screed, 70 mm - Cement screed, 70 mm

. . - Cement screed, 60 mm
- Concrete topping, 40 mm - PE foil - Concrete slab. 160 mm.
- Hollow concrete slab, 120 mm - PUR, 140 mm ’

. - Gypsum plaster, 10 mm

- Gypsum plaster, 10 mm - PE foil - Paint 0.1 mm
- Paint, 0.1 mm - Concrete slab, 150 mm i

Internal floor 3

- Ceramic tiles, 10 mm

- Natural stone tiles, 20 mm - Cement screed, 70 mm - Ceramic tiles, 10 mm

- Cement screed, 70 or 100 mm - PE foil - Cement screed, 50 mm

- PE foil - PUR, 140 mm - PE foil

-PUR, 100 or 120 mm - PE foil -PUR, 80 mm

- PE foil - EPS, 100 mm - PE foil

- Concrete topping, 60 mm - EPS, 40 mm - Concrete topping, 40 mm

- Hollow concrete slab, 120 mm - EPS, 40 mm - Hollow concrete slab, 120 mm

- Mineral plaster, 7 mm

Internal floor 4

- Ceramic tiles, 10 mm

- Concrete slab, 200 mm
/ - EPS, 100 mm

- EPS, 40 mm

- EPS, 40 mm

- Mineral plaster, 7 mm

Table A4. Overview of assemblies per building component for AP_IDA4, AP_IDA5, and AP_IDA®6.

AP_IDA4 AP_IDA5 AP_IDA6

External wall 1

- Paint, 0.1 mm

- Paint, 0.1 mm - Hollow concrete blocks, 190 mm - Gypsum plaster, 10 mm

- Gypsum plaster, 15 mm - Cement mortar, 190 mm - Insulated ceramic bricks, 140 mm
- Poured concrete, 140 mm - Cement mortar, 190 mm - Cement mortar, 140 mm

- Battens, 40 mm - Bitumen, 2 mm - Battens, 90 mm

- Glass wool, 40 mm - Cavity membrane - Stone wool, 90 mm

- Fibre cement board, 8 mm - Proofing sheet PP - Battens, 90 mm

- Stone wool, 90 mm

External wall 2

- Paint, 0.1 mm
- Gypsum plaster, 10 mm
- Steel profiles, 32 mm

- Paint, 0.1 mm
- Gypsum plaster, 15 mm
- Poured concrete, 140 mm

- Paint, 0.1 mm
- Gypsum plaster, 10 mm

- PUR, 70 mm -PUR, 60 mm - Insulated ceramic bricks, 140 mm
. -PUR, 40 cm
- PE foil - PE foil - Cement mortar, 140 mm

- Battens, 40 or 60 mm - PUR, 100 mm

- Fibre cement board, 8 mm - Aluminium profiles, 40 mm

- Aluminium sheet, 1.8 mm
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AP_IDA1 AP_IDA2 AP_IDA3
External wall 3

- Paint, 0.1 mm

- Paint, 0.1 mm - Gypsum plaster, 10 mm

- Gypsum plastgr, 1(.) mm - Paint, 0.1 mm - Insulated ceramic bricks, 140 mm
- Hollow ceramic bricks, 140 mm - Gypsum plaster, 10 mm

. . - Cement mortar, 140 mm
- Cement mortar, 140 mm - Insulated ceramic bricks, 140 mm

- Stone wool, 90 mm

- PUR, 120 mm - Cement mortar, 140 mm -Gt 1 60
- Moderately ventilated cavity, 20 mm - EPS, 130 mm ) Moge wto (1) ¢ I:llmt d cavity. 20
- Ceramic fagade bricks, 100 mm - External plaster, 7 mm oderately ventiiated cavity, = mm

- Ceramic facade bricks, 100 mm

- Cement mortar, 1
o 00 mm - Cement mortar, 100 mm

External wall 4

- Paint, 0.1 mm

- Paint, 0.1 mm - Gypsum board, 12.5 mm
- Gypsum plaster, 10 mm - Battens, 22 mm
- Insulated ceramic bricks, 140 mm - PE foil

/ - Cement mortar, 140 mm - SLS beams, 220 mm
-PUR, 100 mm - Glass wool, 220 mm
- Moderately ventilated cavity, 20 mm - Wood fibre board, 22 mm
- Ceramic fagade brick, 90 mm - Battens, 20 mm
- Cement mortar, 90 mm - Battens, 26 mm

- Ceramic tiles, 38 mm

External wall 5
/ / -PUR, 100 mm
Party wall 1

- Paint, 0.1 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Gypsum plaster, 10 mm

- Gypsum plaste;r, 15. mm - Gypsum plaster,. 10 i - Insulated ceramic bricks, 140 mm
- Hollow ceramic bricks, 140 mm - Insulated ceramic bricks, 140 mm
- Cement mortar, 140 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm
- Glass wool, 20 mm
- Glass wool, 40 mm - Glass wool, 70 mm . .
S L - Not ventilated cavity, 20 mm
- Hollow ceramic bricks, 140 mm - Insulated ceramic bricks, 140 mm . .
- Insulated ceramic bricks, 140 mm
- Cement mortar, 140 mm - Cement mortar, 140 mm
- Cement mortar, 140 mm
- Gypsum plaster, 15 mm - Gypsum plaster, 10 mm
. . - Gypsum plaster, 10 mm
- Paint, 0.1 mm - Paint, 0.1 mm .
- Paint, 0.1 mm
Party wall 2
- Paint, 0.1 mm
- Gypsum plaster, 10 mm - Paint, 0.1 mm
- Hollow ceramic bricks, 100 mm - Gypsum plaster, 10 mm
- Cement mortar, 100 mm - Insulated ceramic bricks, 140 mm
- Hollow ceramic bricks, 100 mm - Cement mortar, 140 mm
/ - Cement mortar, 100 mm - Glass wool, 20 mm
- Glass wool, 20 mm - Insulated ceramic bricks, 140 mm
- Hollow ceramic bricks, 140 mm - Cement mortar, 140 mm
- Cement mortar, 140 mm - Gypsum plaster, 10 mm
- Gypsum plaster, 10 mm - Paint, 0.1 mm

- Paint, 0.1 mm
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AP_IDA1 AP_IDA2 AP_IDA3

Bearing internal wall 1

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Insulated ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Stone wool, 60 mm

- Gypsum board, 15 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm

Bearing internal wall 2

- Paint, 0.1 mm

- Paint, 0.1 mm - Gypsum plaster, 10 mm
- Gypsum plasterboard, 12.5 mm - Hollow ceramic bricks, 140 mm /
- PUR, 120 mm - Cement mortar, 140 mm
- Poured concrete, 150 mm - Gypsum plaster, 10 mm

- Paint, 0.1 mm

Non-bearing internal wall

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Hollow ceramic bricks, 90 mm - Hollow ceramic bricks, 90 mm - Hollow ceramic bricks, 90 mm
- Cement mortar, 90 mm - Cement mortar, 90 mm - Cement mortar, 90 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm - Gypsum plaster, 10 mm
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Flat roof 1
- Fibre cement board, 8 mm - Bitumen roofing, 7 mm
- Battens, 40 mm - PUR, 120 mm
-PUR, 40 mm - Vapour barrier
- Concrete slab, 140 mm - Concrete slab, 150 mm - PUR, 100 mm
- Gypsum plaster, 15 mm - Gypsum plaster, 10 mm
- Paint, 0.1 mm - Paint, 0.1 mm

Flat roof 2
- Fibre cement board, 8 mm - Fibre cement board, 8 mm
- Battens, 60 mm - PUR, 100
- PE foil - Vapour barrier
-PUR, 70 mm / - Cement screed, 20 mm
- Concrete slab, 140 mm - Concrete slab, 180 mm
- Gypsum plaster, 15 mm - Gypsum plaster, 10 mm
- Paint, 0.1 mm - Paint, 0.1 mm

Flat roof 3

- Bitumen roofing, 7 mm

- PUR, 120 or 140 mm

- Vapour barrier

- Cement screed, 80 mm / /
- Concrete slab, 200 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm
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AP_IDA1 AP_IDA2 AP_IDA3
Flat roof 4

- Concrete terrace tiles, 60 mm

- Tile carrier, 50 mm

- Bitumen roofing, 7 mm

- PUR, 140 mm

- Vapour barrier / /
- Cement screed, 80 mm

- Concrete slab, 200 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm

Pitched roof
- Ceramic roof tiles, 38 mm
- Battens, 26 mm
- Counter battens, 20 mm
- Wood fibre board, 22 mm
/ / - SLS beams, 220 mm

- Glass wool, 220 mm

- Vapour barrier

- Battens, 22 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm

Slab on grade 1— remark: floor located above the basement is not classified as a slab on grade

- Ceramic tiles, 10 mm - Ceramic tiles, 10 mm
- Cement screed, 90 mm - Cement screed, 60 mm
- PUR, 100 mm - Concrete slab, 150 mm - PUR, 100 mm

- PE foil - Compacted sand, 140 mm - Vapour barrier

- Concrete slab, 300 mm - Concrete slab, 300 mm
- Compacted sand, 140 mm - Compacted sand, 140

Internal floor 1

- Ceramic tiles, 10 mm

- Cement screed, 60 mm
- PE foam, 6 mm

- EPS, 80 or 100 mm

- PE foil

- Concrete slab, 150 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Ceramic tiles, 10 mm

- Cement screed, 60 mm

- Cement screed with EPS granulates,
50 mm

- Concrete slab, 180 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- Ceramic tiles, 10 mm

- Cement screed, 80 mm
- PUR, 40 mm

- PE foil

- Concrete slab, 200 mm
- Gypsum plaster, 15 mm
- Paint, 0.1 mm

Internal floor 2

- Ceramic tiles, 10 mm

- Ceramic tiles, 10 mm - Ceramic tiles, 10 mm - Cement screed, 60 mm
- Cement screed, 80 mm - Cement screed, 60 mm -PUR, 50 mm

- Concrete slab, 200 mm - Concrete slab, 150 mm - PE foil

- Gypsum plaster, 15 mm - Gypsum plaster, 10 mm - Concrete slab, 180 mm
- Paint, 0.1 mm - Paint, 0.1 mm - Gypsum plaster, 10 mm

- Paint, 0.1 mm

Internal floor 3

- Ceramic tiles, 10 mm - Ceramic tiles, 10 mm
- Cement screed, 80 mm - Cement screed, 60 mm ..
- Ceramic tiles, 10 mm

- PUR, 40 mm - PE foam, 6 mm

. - Cement screed, 60 mm
- PE foil - EPS, 100 mm

. - Concrete slab, 180 mm

- Concrete slab, 140 mm - PE foil - Gvpsum olaster 10 mm
- Battens, 40 mm - Concrete slab, 150 mm ) Pinr)1t 0 1Iznm ’
-PUR, 40 mm -PUR, 120 mm amnt, 2.
- Fibre cement board, 8 mm -OSB, 18 mm
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AP_IDA1 AP_IDA2 AP_IDA3
Internal floor 4
- Ceramic tiles, 10 mm
- Cement screed, 80 mm - Ceramic tiles, 10 mm
-PUR, 40 mm - Cement screed, 50 mm
- PE foil - PE foil
- Concrete slab, 140 mm - PUR, 60 mm - PUR, 100 mm
-PUR, 70 mm - PE foil

- Battens, 36 mm

- Fibre cement board, 8 mm

- Concrete slab, 150 mm

Table A5. Overview of assemblies per building component for AP_IDA7, AP_IDAS, AP_IDAOY,

and AP_GB.

AP_IDA7

AP_IDAS

AP_IDA9

AP_GB

External wall 1

- Hollow concrete blocks,
190 mm

- Cement mortar, 190 mm
- Cement mortar, 190 mm
- Bitumen, 2 mm

- Cavity membrane

- Proofing sheet PP

- Hollow concrete blocks,
190 mm

- Cement mortar, 190 mm
- Cement mortar, 190 mm
- Bitumen, 2 mm

- Cavity membrane

- Proofing sheet PP

- Hollow concrete blocks,
190 mm

- Cement mortar, 190 mm
- Cement mortar, 190 mm
- Bitumen, 2 mm

- Cavity membrane

- Proofing sheet PP

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- EPS, 200 mm

- External plaster, 7 mm

External wall 2

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- Insulated ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 120 mm

- Moderately ventilated
cavity,

30 mm

- Ceramic fagade brick,
90 mm

- Cement mortar, 90 mm

- Paint, 0.1 mm

- Lime plaster, 10 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 100 mm

- Moderately ventilated
cavity,

20 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- Calcium silicate blocks,
140 mm

- Cement mortar, 140 mm
-PUR, 120 mm

- Moderately ventilated
cavity,

30 mm

- Ceramic fagade brick,

- Fibre cement board, 8 mm 90 mm

- Cement mortar, 90 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Poured concrete, 140 mm
- EPS, 200 mm

- External plaster, 7 mm

External wall 3

- Paint, 0.1 mm

- Lime plaster, 10 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 100 mm

- Moderately ventilated
cavity,

20 mm

- Ceramic facade brick,
90 mm

- Cement mortar, 90 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 120 mm

- Prefabricated concrete
panel,

100 mm
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AP_IDA7

AP_IDAS

AP_IDA9

AP_GB

External wall 4

- Paint, 0.1 mm

- Gypsum board, 12.5 mm
- Battens, 22 mm

- PE foil

- OSB, 18 mm

- SLS beams, 220 mm

- Glass wool, 180 mm

- 0SB, 18 mm

- PE foil

- Not ventilated cavity,

20 mm

- Batens, 20 mm

- Fibre cement board, 8 mm

- Poured concrete, 400 mm
- PE foil

External wall 5

- Paint, 0.1 mm

- Lime plaster, 10 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 100 mm

- Battens, 26 mm

- Battens, 15 mm

- Zinc sheet, 0.8 mm

Party wall 1

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Insulated ceramic bricks,
140 mm

- Cement mortar, 140 mm
-PUR, 120 mm

- Insulated ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Lime plaster, 10 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Stone wool, 30 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Lime plaster, 10 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- Calcium silicate blocks,
140 mm

- Cement mortar, 140 mm
- Stone wool, 40 mm

- Calcium silicate blocks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Poured concrete, 250 mm
- Metal stud, 60 mm

- Stone wool, 60 mm

- 0SB, 20 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm

Party wall 2

- Paint, 0.1 mm

- Gypsum plaster, 10 mm

- Insulated ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Stone wool, 40 mm

- Insulated ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Poured concrete, 150 mm
- Stone wool, 50 mm

- Hollow ceramic, bricks
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm
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AP_IDA7 AP_IDAS AP_IDA9 AP_GB
Part wall 3
- Paint, 0.1 mm
- Gypsum plaster, 12 mm
- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm
/ / / - Stone wool, 50 mm

- Hollow ceramic bricks, 140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Bearing internal wall 1

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Calcium silicate blocks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Bearing internal wall 2

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- Cellular concrete blocks,
150 mm

- Cement mortar, 150 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Lime plaster, 10 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm
- PUR, 40 mm

- Lime plaster, 10 mm

- Paint, 0.1 mm

- Poured concrete, 150 mm
- Stone wool, 40 mm
- Poured concrete, 150 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Hollow concrete blocks,
140 or 190 mm

- Cement mortar, 140 or
190 mm

- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Bearing internal wall 3

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Poured concrete, 150 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Bearing internal wall 4

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Poured concrete, 150 mm
- XPS, 200 mm

- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Bearing internal wall 5

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks,
140 mm

- Cement mortar, 140 mm

- XPS, 200 mm

- Aerated concrete, 100 mm
- Gypsum plaster, 12 mm

- Paint, 0.1 mm
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AP_IDA7

AP_IDAS

AP_IDA9

AP_GB

Non-bearing internal wall

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- hollow ceramic bricks,
90 mm

- Cement mortar, 90 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 10 mm
- hollow ceramic bricks,
90 mm

- Cement mortar, 90 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Calcium silicate blocks,
100 mm

- Cement mortar, 100 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm
- Hollow ceramic bricks,
90 mm

- Cement mortar, 90 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Flat roof 1

- Bitumen roofing, 7 mm

- EPS, 200 mm

- Cement screed with EPS
granulates, 60 mm

- Concrete topping, 40 mm
- Hollow concrete slab,
120 mm

- Gypsum plaster, 10 mm

- Paint, 0.1 mm

- Bitumen roofing, 7 mm
-PUR, 160 mm

- Vapour barrier

- Cement screed, 80 mm

- Concrete topping, 40 mm
- Hollow concrete slab,
120 mm

- Lime plaster, 10 mm

- Paint, 0.1 mm

- Bitumen roofing, 7 mm
- PUR, 100 mm

- PUR, 100 mm

- Vapour barrier

- Cement screed, 50 mm
- Concrete slab, 180 mm
- Gypsum plaster, 10 mm
- Paint, 0.1 mm

- Substrate, 50 mm

- PS board, 50 mm

- PE foil

- PE foil

- PE foil

- EPDM roofing

- PUR, 160 mm

- Vapour barrier

- Concrete topping, 50 mm

- Hollow concrete slab, 150 mm

- Gypsum plaster, 12 mm
- Paint, 0.1 mm

Flat roof 2
- Bitumen roofing, 7 mm - Wooden planks, 19 mm
- PUR, 160 mm - Tile carrier, 35 mm

- Vapour barrier
- Cement screed, 40 mm

- EPDM roofing
- PUR, 160 mm

- Concrete topping, 40 mm / / - Vapour barrier
- Hollow concrete slab, - Cement screed, 30 mm
120 mm - Concrete slab, 200 mm
- Gypsum plaster, 10 mm - Gypsum plaster, 12 mm
- Paint, 0.1 mm - Paint, 0.1 mm
Pitched roof
- Paint, 0.1 mm
- Gypsum board, 12.5 mm
- Battens, 22 mm
- PE foil
/ - SLS beams, 220 mm / /
- Glass wool, 220
- OSB, 18 mm

- Battens, 20 mm
- Battens, 26 mm
- Ceramic roof tiles, 38 mm

Slab on grade 1—remark: floor located above the basement is not classified as a slab on grade

- Concrete slab, 150 mm
- Compacted sand, 140 mm

- Concrete slab, 150 mm
- Compacted sand, 140 mm

- Concrete slab, 150 mm
- Compacted sand, 140 mm

- Polished concrete, 350 mm
- Concrete slab, 50 mm

- PE foil

- Compacted sand, 140 mm

Slab on grade 2—remark: floor located above the basement is not classified as a slab on grade

- Natural stone tiles, 20 mm

- Cement screed, 70 mm

- PE foil

- Concrete topping, 50 mm
- Concrete slab, 180 mm

- XPS, 100 mm

- PE foil

- Compacted sand, 140 mm
- PE foil
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AP_IDA7 AP_IDAS AP_IDA9 AP_GB
Internal floor 1

- Natural stone tiles, 20 mm

. - Cement screed, 70 mm - Natural stone tiles, 20 mm - Ceramic tiles, 10 mm

- Ceramic tiles, 10 mm
- Cement screed. 100 mm - PE foam, 6 mm - Cement screed, 70 mm - Cement screed, 70 mm

’ - Cement screed with EPS - Resol, 5 mm - Cement screed with EPS
- PUR, 50 mm
- PE foil granulates, 60 mm -PUR, 60 mm granulates, 60 mm
- Concrete topping. 40 mm - Concrete topping, 50 mm - PE foil - Concrete topping, 50 mm

PpIme, - Hollow concrete slab, - Concrete slab, 180 mm - Hollow concrete slab, 150 or
- Concrete slab, 200 mm
120 mm - Gypsum plaster, 10 mm 250 mm
- EPS, 60 mm .
- External plaster, 7 mm - PUR, 100 mm - Paint, 0.1 mm - Gypsum plaster, 12 mm
xternal plaster, - Battens, 38 mm - Paint, 0.1 mm

- Softwood, 22 mm

Internal floor 2

- Natural stone tiles, 20 mm

- Ceramic tiles, 10 mm - Natural stone tiles, 20 mm - Cement screed. 70 mm

- Cement screed, 60 mm - Cement screed, 70 mm - Resol 5 mm !

- Cement screed with EPS - PE foam, 6 mm -PUR ,60 mm

granulates, 100 mm - PE foil -PE f(;ﬂ

- Concrete topping, 40 mm - Cement screed with EPS - Concrete slab, 180 mm /
- Hollow concrete slab, granulates, 60 mm -PUR. 30 mm

120 mm - Concrete slab, 160 mm ) PURI 90 mm

- Gypsum plaster, 10 mm - Gypsum plaster, 10 mm ) Gyp;um plaster, 10 mm

- Paint, 0.1 mm - Paint, 0.1 mm

- Paint, 0.1 mm

Internal floor 3

- Ceramic tiles, 10 mm - Natural stone tiles, 20 mm

- Cement screed, 60 mm - Natural stone tiles, 20 mm
. - Cement screed, 70 mm
- Concrete topping, 40 mm - Cement screed, 70 mm .
- PE foil
- Hollow concrete slab, - Concrete slab, 160 mm /
. - PUR, 100 mm
120 mm - Lime plaster, 10 mm .
- Gypsum plaster, 10 mm - Paint, 0.1 mm - PE foil
ypsum plastet, a - Concrete slab, 180 mm
- Paint, 0.1 mm
Internal floor 4
- Ceramic tiles, 10 mm - Natural stone tiles, 20 mm
- Cement screed, 60 mm - Cement screed, 70 mm - Natural stone tiles, 20 mm
- PE foil - PE foil - Cement screed, 70 mm
-PUR, 120 mm - PUR, 100 mm - Concrete slab, 180 mm /
- PE foil - PE foil - Gypsum plaster, 10 mm
- Concrete topping, 40 mm - Concrete topping, 50 mm - Paint, 0.1 mm
- Hollow concrete slab, - Hollow concrete slab,
120 mm 120 mm

Appendix C. Building Assemblies of Building Elements for
Non-Residential Buildings

Table A6. Overview of assemblies per building component for PS, OB, and ALF.

PS OB ALF

External wall 1

- Paint, 0.1 mm

- Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plaster, 12 mm Gypsum plaster, 12 mm Gypsum plaster, 12 mm
- Calcium silicate bricks, 150 or 180 mm YPS P Y YPS pe L
- Calcium silicate bricks, 150 mm - Calcium silicate bricks, 150 mm
- Cement mortar, 150 or 180 mm
- Cement mortar, 150 mm - Cement mortar, 150 mm
- Stone wool, 180 mm
. . - PUR, 160 mm - EPS, 140 mm
- Moderately ventilated cavity, 30 mm . . . .
Ceramic facade brick. 90 mm - Moderately ventilated cavity, 70 mm - Ceramic fagade brick, 90 mm
§ ’ - Prefabricated concrete tiles, 100 mm - Cement mortar, 90 mm

- Cement mortar, 90 mm
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PS OB ALF
External wall 2

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow concrete blocks, 140 or 190 mm
- Cement mortar, 140 or 190 mm

- Stone wool, 180 mm

- Moderately ventilated cavity, 30 mm

- Ceramic fagade brick, 90 mm

- Cement mortar, 90 mm

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 140 mm

- Cement mortar, 140 mm /
-PUR, 110 mm

- Moderately ventilated cavity, 70 mm

- Prefabricated concrete tiles, 100 mm

Party wall 1

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Calcium silicate bricks, 150 mm
- Cement mortar, 150 mm

/ / - Stone wool, 50 mm

- Calcium silicate bricks, 150 mm
- Cement mortar, 150 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Party wall 2

- Paint, 0.1 mm

- Gypsum board, 12.5 mm
- Metal stud, 80 mm

- Stone wool, 75 mm

/ / - EPS, 50 mm

- Stone wool, 75 mm

- Metal stud, 80 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm

Bearing internal wall 1

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Gypsum plaster, 12 mm

- Hollow concrete blocks, 140 or 190 mm - Hollow concrete blocks, 140 mm - Calcium silicate bricks, 150 or 200 mm
- Cement mortar, 140 or 190 mm - Cement mortar, 140 mm - Cement mortar, 150 or 200 mm

- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Gypsum plaster, 12 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Bearing internal wall 2

- Paint, 0.1 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Gypsum plaster, 12 mm

- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Calcium silicate bricks, 150 mm
- Calcium silicate brick, 150 mm - Calcium silicate brick, 150 or 215 mm - Cement mortar, 150 mm

- Cement mortar, 150 mm - Cement mortar, 150 or 215 mm - Metal stud, 40 mm

- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Stone wool, 40 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Gypsum board, 2 x 12.5 mm

- Paint, 0.1 mm

Bearing internal wall 3

- Paint, 0.1 mm

- Gypsum board, 12.5 mm
- 0SB, 18 mm

- Metal stud, 85 mm

- Glass wool, 85 mm

- 0SB, 18 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm
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PS OB ALF
Non-bearing internal wall 1

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm - Gypsum plaster, 12 mm

- Metal stud, 125 mm - Timber frame, 105 mm - Calcium silicate bricks, 100 mm
- Glass wool, 125 mm - Stone wool, 105 mm - Cement mortar, 100 mm

- Gypsum board, 12.5 mm - Gypsum board, 12.5 mm - Gypsum plaster, 12 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Non-bearing internal wall 2

- Paint, 0.1 mm
- Gypsum board, 2 x 12.5 mm
- Metal stud, 50 mm

/ / - Stone wool, 50 mm
- Gypsum board, 2 x 12.5 mm
- Paint, 0.1 mm
Flat roof 1

- Bitumen roofing, 6 mm

- Bitumen roofing, 6 mm - EPDM, 6 mm

- PIR, 160 mm - PUR, 200 mm - EPS, 140 mm

- Vapour barrier - Vapour barrier - Vapour barrier
P -OSB, 18 mm p

- Cement screed, 100 mm

- Concrete topping, 50 mm

- Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Cement screed, 50 or 80 mm

- Concrete topping, 80 mm

- Hollow concrete slab, 270 or 320 mm
- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Wooden slope, 25 mm

- Timber frame, 150 mm

- Stone wool, 150 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm

Flat roof 2
- Ceramic terrace tiles, 13 mm
- Tile carrier, 50 mm
- Bitumen roofing, 6 mm - EPDM, 6 mm
- Bitumen roofing, 6 mm - PUR, 200 mm - EPS 140, mm
- PIR, 160 mm - Vapour barrier - Vapour barrier
- Vapour barrier - Concrete slab, 200 mm - Cement screed, 100 mm
- Perforated steel deck, 1 mm - Gypsum plaster, 12 mm - Concrete topping, 50 mm
- Paint, 0.1 mm - Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm
Flat roof 3

- Concrete terrace tiles, 6 mm

- Tile carrier, 50 mm - Bitumen roofing, 6 mm

- Bitumen roofing, 6 mm - EPDM, 6 mm
- PIR, 160 mm ) E/ERO ffge;nnrr;,r - EPS, 140 mm
- Vapour barrier P - Vapour barrier

- Aerated concrete, 100 mm
- Concrete slab, 200 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Cement screed, 50 mm

- Concrete topping, 50 mm

- Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Flat roof 4

- Substrate, 40 mm
- Stone wool, 25 mm

- Concrete topping, 70 mm
- Hollow concrete slab, 150 mm

- PSboard, 7 mm . .
. . - Bitumen roofing, 6 mm

- Bitumen roofing, 6 mm
- PUR, 200 mm

- PIR, 160 mm .

. - Vapour barrier

- Vapour barrier /
- Aerated concrete, 100 mm

- Cement screed, 50 mm
- 0SB, 18 mm

- Concrete topping, 50 mm

- Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm

- Paint, 0.1 mm

- Timber frame, 150 mm
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PS OB ALF
Flat roof 5
- Substrate, 70 mm
- PE foil
- PE foil
- PUR, 40 mm
- Vapour barrier
/ - 0SB, 18 mm /

- Wooden slope, 25 mm

- Timber frame, 180 mm

- Stone wool, 180 mm

- Gypsum board, 12.5 mm
- Paint, 0.1 mm

Pitched roof
- Bitumen roofing, 6 mm
- PUR, 200 mm
/ - Vapour barrier /
- Concrete slab, 150 mm
- Gypsum plaster, 12 mm
- Paint, 0.1 mm
Slab on grade 1
- Linoleum, 3 mm - Ceramic tile, 13 mm . .
- Click vinyl, 13 mm
- Cement screed, 87.5 mm - Cement screed, 80 mm
. - Cement screed, 80 mm
- XPS, 10 mm - PE foil PE foil
- Foam concrete, 60 mm - PUR, 80 mm B ot
. - Aerated concrete, 140 mm
- Concrete topping, 50 mm - Aerated concrete, 60 mm - Concrete slab, 350 mm
- Hollow concrete slab, 270 mm - Concrete slab, 200 mm 0 C.e € 814D,
. . - PE foil
- PE foil - PE foil -C ted d. 140
- Compacted sand, 140 mm - Compacted sand, 140 mm ompacted sand, mm
Slab on grade 2

- Linoleum, 3 mm - Nylon tiles, 13 mm - Ceramic tiles, 13 mm
- Cement screed, 80 mm

- Cement screed, 87.5 mm ] - Cement screed, 80 mm
- PE foil .

- XPS, 10 mm - PE foil
- PUR, 80 mm

- Foam concrete, 60 mm - Aerated concrete, 140 mm
- Aerated concrete, 60 mm

- Concrete slab, 350 mm - Concrete slab, 350 mm

. - Concrete slab, 200 mm .
- PE foil - PE foil

- PE foil
- Mortar, 50 mm - Compacted sand, 140 mm - Compacted sand, 140 mm

Slab on grade 3

- Ceramic tiles, 13 mm

- Cement screed, 80 mm

- XPS, 10 mm

- Foam concrete, 110 mm / /
- Concrete slab, 350 mm

- PE foil

- Mortar 50, mm

Slab on grade 4

- Ceramic tiles, 13 mm

- Cement screed, 80 mm

- XPS, 10 mm

- Foam concrete, 40 mm

- Concrete topping, 50 mm

- Hollow concrete slab, 150 mm
- PE foil

- Mortar, 50 mm
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PS OB ALF
Internal floor 1
- Ceramic tiles, 13 mm - Ceramic tiles, 13 mm - Click vinyl, 13 mm
- Cement screed, 80 mm - Cement screed, 70 mm - Cement screed, 70 mm
- XPS, 10 mm - PE foil - PE foil
- Aerated concrete, 40 mm - PE foil - Aerated concrete, 120 mm
- Concrete topping, 50 mm - Concrete topping, 50 mm - Concrete topping, 50 mm
- Hollow concrete slab, 150 or 270 mm - Hollow concrete slab, 115 mm - Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Gypsum plaster, 12 mm
- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Internal floor 2

- Vinyl, 13 mm - Nylon tiles, 13 mm - Ceramic tiles, 13 mm

- Cement screed, 80 mm - Cement screed, 70 mm - Cement screed, 70 mm

- XPS, 10 mm - PE foil - PE foil

- Aerated concrete, 60 mm - PE foil - Aerated concrete, 120 mm

- Concrete topping, 50 mm - Concrete topping, 50 mm - Concrete topping, 50 mm

- Hollow concrete slab, 150 or 270 mm - Hollow concrete slab, 115 mm - Hollow concrete slab, 150 mm
- Gypsum plaster, 12 mm - Gypsum plaster, 12 mm - Gypsum plaster, 12 mm

- Paint, 0.1 mm - Paint, 0.1 mm - Paint, 0.1 mm

Table A7. Overview of assemblies per building component for CC1, CC2, and CC3.

cC1 cC2 CC3

External wall 1

- Paint, 0.1 mm

- Gypsum board, 12.5 mm
- Wood wool, 64 mm - CLT, 100 mm

- CLT, 120 mm ! CLT, 100

) - 0SB, 18 mm - FJI beams, 330 mm
- Wood fibre board, 160 mm .
) . - Timber frame, 180 mm - Wood wool, 330 mm

- Moderately ventilated cavity, 30 mm )
- Straw, 180 mm - Wood fibre board, 16 mm

- Concrete, blocks 90 mm .

Cement mortar. 90 mm - Wood fibre board, 35 mm - Battens, 30 mm
’ - PE foil - Fibre cement board, 12 mm

- Battens, 2 x 35 mm
- Fibre cement board, 16 mm

External wall 2

- CLT, 120 mm

- Wood fibre board, 160 mm

- PE foil / /
- Battens, 2 x 50 mm

- Wooden cladding, 20 mm

External wall 3

- Wooden finishing, 20 mm

-CLT, 120 mm
- Wood fibre board, 160 mm
- PE foil / /
- Battens, 2 x 50 mm
- Wooden cladding, 20 mm
Bearing internal wall 1
- Paint, 0.1 mm
- Gypsum board, 12.5 mm
- Hollow concrete blocks, 140 mm
- CLT, 120 mm - Cement mortar, 140 mm - CLT, 100 mm
- Battens, 35 mm
- Gypsum board, 12.5 mm

- Paint, 0.1 mm
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cCc1 cC2 CC3

Bearing internal wall 2

- Poured concrete, 150 mm / /

Non-bearing internal wall

- Paint, 0.1 mm

- Paint, 0.1 mm - Gypsum board, 12.5 mm
- Gypsum board, 2 x 12.5 mm - MDF board, 16 mm
- Timber frame, 40, 80, 100 or 170 mm - Timber frame, 75 mm - MDF board. 65 mm
- Stone wool, 40, 80, 100 or 170 mm - Wood wool, 75 mm ’
- Gypsum board, 2 x 12.5 mm - MDF board, 16 mm
- Paint, 0.1 mm - Gypsum board, 12.5 mm
- Paint, 0.1 mm
Flat roof
- Ceramic terrace tiles,
13 mm
- Tile carrier, 40 mm
- Ceramic terrace tiles, 13 mm - PE foil
- Tile carrier, 40 mm - EPS, 140 mm
- Bitumen roofing, 6 mm - Vapour barrier /
- EPS, 250 or 300 mm - OSB, 18 mm
- Vapour barrier - Wooden slope, 20 mm
- CLT, 130 mm - Wooden beams, 240 mm
- Wooden beams, 155 mm
- Fibre cement board, 15 mm
- Paint, 0.1 mm
Pitched roof 1
- Substrate, 80 mm
- Substrate. 40 mm - PE foil - Galvanised steel, deck 1 mm
’ - EPS, 200 mm - Counter battens, 30 mm
- Stone wool, 7 mm .
-PS board. 7 mm - Vapour barrier - Sub roof, 22 mm
-PE foil ’ - OSB, 18 mm - FJI beams, 330 mm
) . - Wooden beams, 240 mm - Wood wool, 330 mm
- Bitumen roofing, 6 mm -Gt 16 _DPE foil
- CLT. 200 mm one wool, 6 mm oi
! - Wood wool cement board, - CLT, 50 mm
25 mm
Pitched roof 2
- Substrate, 40 mm
- Stone wool, 7 mm
- PS board 7 mm
- PE foil / y
- Bitumen roofing, 6 mm
- EPS, 100 mm
- Vapour barrier
- CLT, 140 mm
Pitched roof 3
- Bitumen roofing, 6 mm
- EPS, 100 or 160 mm
- Vapour barrier / /
p
- CLT, 140 mm
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cC1 cC2 CC3

Slab on grade 1
- Parquet, 23 mm - Vinyl, 3 mm
- Cement screed, 80 mm - Cemgnt screed, 80 mm  Polished concrete, 100 mm
- XPS, 10 mm - PE foil _PE foil
- PE foil -EPS, 120 mm ©

. - XPS, 120 mm
- Aerated concrete, 30 or 150 mm - PE foil
. - Concrete slab, 480 mm
- Concrete topping, 60 mm - Cement screed, 50 mm .
- PE foil

- Concrete slab, 170 mm - Concrete slab, 200 mm -C ted d. 140
- PE foil - PE foil ompacted sand, mm
- Compacted sand - Compacted sand, 140 mm

Slab on grade 2

- Ceramic tiles, 13 mm

- Cement screed, 80 mm

- XPS, 10 mm

- PE foil

- Aerated concrete, 150 mm / /
- Concrete topping, 60 mm

- Concrete slab, 170 mm

- PE foil

- Compacted sand

Slab on grade 3

- Polished concrete, 300 mm

- XPS, 100 mm

- Concrete slab, 150 mm / /
- PE foil

- Compacted sand, 140 mm

Internal floor 1

- Vinyl, 3 mm

- Gypsum fibre board, 2 x 15 mm
- Stone wool, 30 mm

- 0SB, 22 mm

- Timber frame, 240 mm

- Wooden beams, 155 mm

- Calcium silicate board, 15 mm

- Paint, 0.1 mm

- Ceramic tiles, 13 mm
- Cement screed, 80 mm
- PE foil

- Stone wool, 40 mm

- Gravel, 40 mm

- PE foil

- CLT, 200 or 220 mm

Internal floor 2

- Parquet, 23 mm

- Cement screed, 80 mm

- PE foil

- Stone wool, 40 mm / /
- Gravel, 40 mm

- PE foil

- CLT, 200 or 220 mm

Internal floor 3

- Parquet, 23 mm

- Cement screed, 80 mm

- XPS, 10 mm

- PE foil

- Aerated concrete, 30 mm

- Concrete topping, 60 mm

- Hollow concrete slab, 170 mm
- Paint, 0.1 mm
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cCc1 cC2 CC3

Internal floor 4

- Parquet, 23 mm

- Cement screed, 80 mm

- PE foil

- Stone wool, 40 mm

- Gravel, 40 mm

- PE foil / /
- CLT, 200 mm

- EPS, 120 mm

- PE foil

- Battens, 2 x 105 mm

- Wooden cladding, 20 mm

Table A8. Overview of assemblies per building component for WH and CH.

WH CH

External wall 1

- Prefabricated concrete board, 100 or 110 mm
-PUR, 90 mm - Concrete blocks, 800 mm
- Prefabricated concrete board, 60 mm

External wall 2

- Prefabricated concrete board, 100 or 110 mm

-PUR, 100 mm - Clay plaster, 20 mm

- Straw, 200 mm
- Steel board, 1 mm e o mm
- PUR, 100 mm er frame,

- Steel board, 1 mm - Lime plaster, 20 mm

External wall 3

- Prefabricated concrete board, 60 mm
- PUR, 100 mm /
- Corrugated sheet

Party wall

- Prefabricated concrete board, 120 mm
- PUR, 50 mm /
- Prefabricated concrete board, 90 mm

Bearing internal wall 1

- Paint, 0.1 mm

- Gypsum plaster, 12 mm

- Hollow ceramic bricks, 140 mm
- Cement mortar, 140 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Bearing internal wall 2

- Prefabricated concrete board, 200 mm
- Steel board, 1 mm

- PUR, 60 mm

- Steel board, 1 mm

Bearing internal wall 3

- Prefabricated concrete board, 140 or 200 mm /
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WH CH
Non-bearing internal wall 1

- Paint, 0.1 mm - Paint, 0.1 mm
- Gypsum plaster, 12 mm - Gypsum board, 2 x 12.5 mm
- Hollow ceramic bricks, 90 mm - Metal stud, 50 mm
- Cement mortar, 90 mm - Stone wool, 50 mm
- Gypsum plaster, 12 mm - Gypsum board, 2 x 12.5 mm
- Paint, 0.1 mm - Paint, 0.1 mm

Non-bearing internal wall 2

- Clay plaster, 12 mm

- Timber frame, 130 mm
- Straw, 130 mm

- Clay plaster, 12 mm

Non-bearing internal wall 3

- Clay plaster, 12 mm
/ - Timber frame, 125 mm
- Straw, 125 mm

Flat roof 1
- Substrate, 70 mm
- PE foil
- PE foil
- Bitumen roofing, 6 mm - Concrete tile, 6 mm
- PUR, 160 mm - Terrace tile carrier, 180 mm
- Vapour barrier - Fibre board, 22 mm
- Concrete topping, 65 mm - Galvanised steel, 120 mm

- Hollow concrete slab, 265 mm
- Gypsum plaster, 12 mm

- Paint, 0.1
Flat roof 2
- PVC roofing, 6 mm
-PUR, 160 mm - Plastic sheeting, 2 mm
- Vapour barrier - Galvanised steel, 20 mm
- Steel deck, 1 mm
Pitched roof 1
- Reused fibre cement corrugated slab, 6,5 mm
- Fibre board, 22 mm
/ - Timber frame, 330 mm
- Timber frame, 330 mm
- Straw, 200 mm
- Clay plaster, 12 mm
Pitched roof 2
/ - Plastic sheeting, 2 mm

- Galvanised steel, 20 mm

Slab on grade 1

- Ceramic tiles, 13 mm
- Cement screed, 80 mm

- PE foil - Concrete tiles, 400 mm
-PUR, 120 mm - PE foil

- Concrete slab, 180 mm - Compacted sand, 140 mm
- PE foil

- Compacted sand, 140 mm
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WH CH

Slab on grade 2
- Vinyl, 13 mm
) Cemgnt screed, 80 mm - Concrete floor tiles, 150 mm
- PE foil

- Compressed earth, 50 mm
-PUR, 120 mm !
- PE foil

- Concrete slab, 180 mm -C ted sand. 140
- PE foil ompacted sand, mm
- Compacted sand, 140 mm

Slab on grade 3
- Polished concrete slab, 180 mm
- PE foil
- XPS, 120 mm /
- PE foil
- Compacted sand, 140 mm

Slab on grade 4
- Polished concrete slab, 180 mm
- PE foil
- EPS, 120 mm /
- PE foil

- Compacted sand, 140 mm

Slab on grade 5

- Polished concrete slab, 180 mm
- PE foil /
- Compacted sand, 140 mm

Internal floor 1

- Ceramic tiles, 13 mm

- Cement screed, 80 mm - Compressed earth, 30 mm

- PE foil -0OSB, 12 mm

- Concrete topping, 75 mm - Wooden beams, 250 or 400 mm
- Hollow concrete slab, 265 mm - Straw, 75 or 150 mm

- Gypsum plaster, 12 mm - Clay plaster, 12 mm

- Paint, 0.1 mm

Internal floor 4

- Vinyl, 13 mm

- Cement screed, 80 mm

- PE foil

- Concrete topping, 75 mm /
- Hollow concrete slab, 265 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm

Internal floor 5

- Nylon tiles, 13 mm

- Cement screed, 80 mm

- PE foil

- Concrete topping, 75 mm /
- Hollow concrete slab, 265 mm

- Gypsum plaster, 12 mm

- Paint, 0.1 mm
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Table A8. Cont.

WH CH
Internal floor 6

- Concrete topping, 90 mm

- Concrete slab, 200 mm /
Internal floor 7
- Concrete topping, 90 or 100 mm y
- Hollow concrete slab, 150 or 265 mm
Appendix D. Results in GWP
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Figure A1l. GWP of building materials and operational energy of all cases, expressed in kg
CO,-eq/m?. Operational impacts for residential cases are calculated using the equivalent heat-
ing degree days method, whereas impacts for non-residential cases are derived from final

energy use.
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Figure A2. GWP of embodied impact, including building materials and technical installations, and
operational impact of all SFHs and MFHs, expressed in kg CO,-eq/m?.
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Figure A3. Environmental impact of building materials and operational energy of six non-residential
cases, with the operational impact broken down in shares of the different building services, expressed
in kg CO,-eq/m? (right Y-axis). The scatter points represent the absolute GWP in tons CO,-eq
(left Y-axis).
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Figure A4. Relative contribution of building elements and technical installations to the embodied

GWP of SFHs.
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Figure A5. (a) The embodied GWP of MFHs, distributed across building elements and technical
installations. (b) The embodied GWP of non-residential buildings, distributed across building
elements. The bars represent the normalized GWP per m? (left Y-axis), whereas the scatter plot
displays the absolute GWP (right Y-axis).
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Figure A6. Relative contribution of bill-of-quantities categories to the embodied GWP of SFHs.
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Figure A7. (a) The embodied GWP of MFHs, distributed across bill-of-quantities categories and
technical installations. (b) The embodied GWP of non-residential buildings, distributed across bill-
of-quantities categories. The bars represent the normalized GWP per m? (left Y-axis), whereas the

scatter plot displays the absolute GWP (right Y-axis).

High impact
[
€
o
M . .
5 Median impact
Q
€
=
Low impact
High impact
z
c
8  Median impact
(T
=

Low impact

0 20

40 60
Absolute GWP [tons CO2-eq.]

80

M Slab on grade
Internal floor
Attic floor
M External wall
M Party wall
| Bearing internal wall
Non-bearing internal wall
W Flat roof
Pitched roof
m Windows
W External door
M Garage door

Internal door

Figure A8. Graphical representation of the absolute GWP of an average terraced dwelling based on

the impact scenarios for masonry and timber-frame construction. An additional distinction is made

between the individual building components.
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Figure A9. Stepwise reduction potential of absolute GWP for (a) masonry and (b) timber-
frame construction.
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