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Abstract. Reducing the buildings’ carbon footprint is urgent, given the significant
contribution of the building sector to rising CO: emissions. Besides global
warming, other environmental indicators (e.g., acidification, ozone depletion, land
use) also degrade our planet’s ecosystem. Practitioners, such as contractors and
architects, often lack practical knowledge on how to effectively minimise these
impacts. Greater insight is needed into key contributors to the environmental
impact and the role material choices can play in it. While much research has
focused on residential buildings, comprehensive studies on non-residential
buildings remain limited. In this study, seven recently built Belgian non-
residential buildings and multi-family houses (MFHs) are selected to provide first
insights into which building elements primarily contribute most to the
environmental impact, what role material choices play, and how big the
contribution of the operational impact is. The selection encompasses diverse
typologies and construction methods, including solid, massive timber and timber
frame construction. The sample includes an office building, a primary school,
three childcare centres, an assisted living facility and an apartment complex. The
buildings’ environmental impact is assessed through life cycle assessment (LCA)
considering both embodied and operational impact. The results are analysed
based on the Global Warming Potential (GWP) and the aggregated impact,
expressed in COz-eq and Points respectively. The results show that the
environmental impact ranges from 66 to 235 mPt/m?, or from 534 to 1,572 kg
C0O2-eq/m?, with the large variation attributable to the share of the operational
impact (up to 79%). The floors show the highest contribution (35-59%) to the
embodied impact due to the structural elements and floor finishes. This is
followed by walls (15-38%), windows (5-22%), roofs (7-20%), and beams and
columns (1-15%). Furthermore, the whole structure accounts for more than 50%
of the total embodied impact, although interior finishing materials also take up a
notable share.

1. Introduction

1.1 Environmental impact of the building stock

Buildings have a substantial negative impact on the environment, particularly due to their
contribution to climate change and resource consumption. In 2021, the building sector was
responsible for around 37% of global CO. emissions. Although the European Union has set
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ambitious climate goals for 2050, the building sector is currently not on course to reduce its
emissions at the required pace [1]. To mitigate the carbon footprint, enhancing the energy
efficiency of the building stock has become a key priority within the building sector and beyond.
However, efforts to reduce the operational energy use lead to a grow in the relative importance of
other life cycle stages and their environmental impact [2,3]. Verhaeghe et al. [4] demonstrate that,
under current construction practices, the limits of the planetary boundaries are being exceeded.
To enable a shift toward more sustainable construction practices, it is first essential to understand
which building elements (e.g., external wall, internal floor, and flat roof) and building materials
contribute most significantly to the total environmental impact of buildings.

1.2 Non-residential buildings and MFHs

Many studies have already assessed the environmental impact of buildings through life cycle
assessment (LCA) accounting for both embodied and operational impacts. However, there is a
dominant focus on single-family houses (SFHs) [4,5]. The studies about non-residential buildings
and multi-family houses (MFHs) typically focus on a single case study. For instance, Gimeno-
Frontera et al. [6] revealed that a food retail store has an environmental impact of 800 kg CO»-
eq/m? year. Alfalah et al. [7] analysed an office building in Saudi Arabia, focusing on the glass
curtain wall, and reported an environmental impact of 21,300 t CO,-eq. Furthermore, in an LCA
of an information and consulting centre in Germany, Theilig et al. [8] estimated the impact, placing
emphasis on the integration of recycled materials and renewable energy sources, to amount to
4.7 kg COz-eq/m>.

In addition, several studies that examine a larger sample of buildings highlight the large
variation in embodied impacts across building typologies. Nevertheless, the underlying causes of
this variation remain insufficiently understood. Rock et al. [9], for instance, showed that the
embodied carbon of newly constructed non-residential buildings in Europe ranges from 100 to
1200 kg CO,-eq/m?. Similarly, a literature review by Bahramian and Yetilmezsoy [10], covering
LCA results of residential and commercial buildings from 1997 to 2018, reported a wide range of
environmental impacts, from 0.07 to 35795 kg CO:-eq/m?* for low-rise buildings. This
considerable spread indicates a high potential for optimization in design and material choices.

1.3 Study objective
Despite the clear potential for reducing the environmental impact of non-residential buildings
and MFHs, building professionals, such as architects and contractors, often lack accessible and
practical knowledge about the environmental performance of these building types. Although LCA
tools exist, it is frequently perceived as complex and ambiguous, which limits its use in daily
practice. This challenge is further amplified for non-residential buildings and MFHs, as their
modelling typically requires more detailed input and is often more complex than for SFHs.
Therefore, this study assesses the environmental impact of seven recently constructed non-
residential buildings and MFHs in Belgium via LCA. The study compares the operational and
embodied impacts to highlight their relative importance. In addition, the building elements (e.g.,
floor, roof, etc.) and building component categories (e.g., structural works, insulation and finishes)
that contribute most significantly to the overall impact are identified. The findings aim to provide
building professionals with actionable insights into which elements and materials should be
focused on to reduce the environmental impact of these building types.



SBE25-TRONDHEIM 10P Publishing

IOP Conf. Series: Earth and Environmental Science 1615 (2026) 012009 doi:10.1088/1755-1315/1615/1/012009

2. Methods

2.1 Case studies

This study examines seven recently constructed Belgian non-residential buildings and MFHs
which differ in building typology and construction method. The building typologies include an
office building, a primary school, an assisted living facility, three childcare centres, and an
apartment complex. Four of the buildings employ traditional solid construction (e.g., ceramic
bricks and concrete slabs). The remaining three are timber-based: two massive timber
constructions (i.e., CLT) and one timber frame construction. Table 1 presents an overview of the
cases, with information on their typology, construction method, and gross floor area (GFA). Each
case is identified via an abbreviation that reflects the building’s typology. These abbreviations are
used throughout the paper. Table 2 presents the assemblies per building element for the various
cases. It is possible that multiple assemblies per building element occur within a single case, but
only the building assembly with the greatest presence, i.e., the largest surface area, is shown in
this table.

Table 1. Features of the seven study cases

Typology Assisted Office Primary Apartment Childcare Childcare Childcare
living building school complex centre centre centre
facility
Abbreviation ALF OB PS AC CC1 CcC2 CC3
Construction Solid Solid Solid Solid Massive Timber Massive
method timber frame timber
GFA [m?] 1,704 2,306 2,198 2,348 330 1,122 2,219
Table 2. Building assemblies of the main building elements per building case
Case External wall Internal wall Roof Internal floor Slab on grade Structural
(bearing & non- (pitched or flat elements (beams
bearing) roof) & columns)
ALF Gypsum plaster Gypsum plaster Roofing Click vinyl Click vinyl Steel I-beams
Calcium silicate Calcium silicate EPS with Cement screed Cement screed
block block graphite Cement screed Cement screed
EPS Gypsum plaster Cement screed with EPS grains with EPS grains
Clay brick Poured concrete  Poured concrete  Poured concrete
Hollow concrete  Hollow concrete =~ Compacted sand
slab slab
Gypsum plaster Gypsum plaster
OB Gypsum plaster Gypsum Roofing Nylon or ceramic ~ Nylon or ceramic Concrete
Hollow clay brick plasterboard PUR floor tile floor tile
PUR SLS + stone wool ~ Poured concrete Cement screed Cement screed
Concrete wall tile Gypsum slab Poured concrete PUR
plasterboard Gypsum Hollow concrete Cement screed
plasterboard slab with EPS grains
Gypsum plaster Poured concrete
Compacted sand
PS Gypsum plaster Gypsum Concrete tile or Vinyl or ceramic Vinyl Concrete
Calcium silicate plasterboard green roof floor tile Cement screed
block 0SB Roofing Cement screed XPS
Stone wool Metal stud PUR XPS Aerated concrete
Clay brick 0SB Cement screed Aerated concrete  Poured concrete
Gypsum Poured concrete  Poured concrete Cement mortar
plasterboard Hollow concrete  Hollow concrete

slab
Gypsum plaster

slab
Gypsum plaster
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Table 2 (continued). Building assemblies of the main building elements per building case
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Case External wall Internal wall Roof Internal floor Slab on grade Structural
(bearing & non- (pitched or flat elements (beams
bearing) roof) & columns)
AC Gypsum plaster ~ Gypsum plaster Wooden terrace  Ceramic floor tile Polished Concrete + steel
Hollow clay Hollow concrete or green roof Cement screed concrete I-beams
brick block Roofing Cement screed Poured concrete
EPS Gypsum plaster PUR with EPS grains Compacted sand
Exterior plaster Poured concrete Poured concrete
Hollow concrete Hollow concrete
slab slab
Gypsum plaster Gypsum plaster
CC1 CLT CLT Galvanised steel / Polished CLT
Wood wool sheet concrete
MDF Counter batten XPS
Fibre cement Fibreboard Poured concrete
wall tile [-joist Compacted sand
Wood wool
CLT
Cc2 Gypsum Gypsum Green roof Vinyl Vinyl SLS + steel I-
plasterboard plasterboard EPS with graphite Epoxy Epoxy beams
OSB MDF Roofing Gypsum fibre Cement screed
SLS + straw SLS + wood wool 0SB board EPS
Fibreboard MDF SLS + stone wool Stone wool Aerated concrete
Fibre cement Gypsum Wood wool OSB Poured concrete
board plasterboard cement board SLS Compacted sand
Battens
MDF
CC3 CLT CLT Gravel Parquet or Parquet or Steel I-beams
Wood fibre Roofing ceramic floor tile  ceramic floor tile
board EPS with graphite Cement screed Cement screed
Wooden CLT Stone wool XPS
cladding Gravel Cement screed
CLT with EPS grains

2.2 LCA methodology
To assess the life cycle environmental impact of the case study buildings, an LCA is conducted with
the software tool SimaPro [11]. The LCA applies the methodology of the Belgian LCA tool, TOTEM
[12]. In this study, the reference study period is equal to 60 years, which represents the life span
of a building. The functional unit is defined as the gross floor area (GFA). The analysis includes
both envelope elements (i.e., external walls, slab on grade, roofs, external doors and windows)
and internal elements (i.e., internal walls, internal floors and internal doors), excluding technical
installations. Moreover, the life cycle inventory is obtained from the Ecoinvent 3.9 database [13],
which contains generic environmental data relevant to the European context. Additionally, the
results are aggregated into a single score, expressed in Points, applying the EN 15804+A2
methodology and incorporating Product Environmental Footprint (PEF) normalization and
weighting factors [12]. Besides the single-score results, the analyses are also conducted looking
solely to the GWP indicator, with the results expressed in kg CO;-eq. In addition, the results will
be assessed in relation to the gross floor area (GFA) through normalisation. For biogenic carbon,

Poured concrete
Hollow concrete
slab
Compacted sand



SBE25-TRONDHEIM 10P Publishing
IOP Conf. Series: Earth and Environmental Science 1615 (2026) 012009 doi:10.1088/1755-1315/1615/1/012009

in contrast to the TOTEM methodology, the 0/0 approach is applied, meaning that the uptake and
release of biogenic CO; is not accounted for in this study.

Regarding the embodied impact, this study includes the following life cycle stages: the
production stage (A1-A3), construction stage (A4-A5), replacement stage (B4), and the end-of-life
stage (C1-C4). To quantify the embodied impact, assumptions (e.g., transport distances and end-
of-life scenarios) are in line with the TOTEM methodology [12]. In addition to the embodied
impact, the environmental impact of the operational energy use (B6) is assessed following the
Flemish EPBD-method (Energy Performance of Buildings Directive), a semi-stationary monthly
heat balance method [14]. The seven selected cases are recently built, and all comply with the
EPBD requirements in Flanders. The final energy uses for heating, cooling, domestic hot water
(DHW), and auxiliary energy (electricity for fans and pumps) are derived from the EPBD-
calculations of each building, as listed in Table 3. Note that no EPBD-calculation was available for
AC. Consequently, this case is excluded from the analysis of operational impact and total
environmental impact of the buildings. To calculate the operational impact, these values are
multiplied with the study period and the environmental impact per M] (presented in Table 4),
which depends on the energy source: gas or 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 again based on available data in Ecoinvent 3.9.

The total environmental impact is the sum of the embodied and operational impact.

Table 3. Final energy consumption for heating, cooling, domestic hot water (DHW), and auxiliary
energy for each case, expressed in MJ.

Case Heating Cooling DHW Auxiliary Energy source (Gas
energy or Electricity)

ALF 77,019 6,083 22,539 11,116 E

OB 67,438 3,287 41,938 82,760 E

PS 284,214 14,946 26,777 59,954 G+E

AC / / / / /

cc1 257,798 65,540 88,376 249,728 E

cc2 28,665 6,786 60,720 21,771 G+E

CC3 138,610 42,831 119,404 41,377 G+E

Table 4. Environmental impact per M] of each energy source, expressed in mPt and kgC02-eq.

Energy source Aggregated impact [mPt] GWP [kg CO2-eq]
Gas 3.88E-03 7.30E-02
Electricity 8.87E-03 5.29E-02

3. Results and discussion

3.1 Total environmental impact

This section incorporates both the embodied and operational impact in order to provide a
comprehensive understanding of the total environmental impact and the relationship between
both aspects. The embodied impact, indicated in red in Figures 1a and 1b, exhibits limited
variation across the cases and is examined in greater detail in the subsequent sections. To set the
stage, the operational impact, depicted in blue, is addressed first. The operational impact shows
a wide variation, ranging from 36 to 185 mPt/m? or 218 to 1,103 kg CO2-eq/m?. For both the
aggregated impact and the GWP, the operational impact contribution is the highest for CC1 and



SBE25-TRONDHEIM 10P Publishing
IOP Conf. Series: Earth and Environmental Science 1615 (2026) 012009 doi:10.1088/1755-1315/1615/1/012009

the lowest for ALF, which is explained by the stricter energy requirements with residential
buildings compared to other typologies. The high contribution of operational impact in CC1 is
primarily attributable to the size of the building. Due to its limited floor area, the operational
impact, which is relatively consistent across all childcare centres in absolute terms, is distributed
over a smaller GFA, resulting in a higher impact per m? GFA. In comparison to other typologies,
the impact of DHW in childcare centres is higher, as it accounts for example for the preparation of
warm meals. In addition, auxiliary energy also contributes significantly. This impact becomes
more prominent in CC3 when considering the absolute operational impact. In this case, the
contribution of fans is attributable both to the building’s care function and to the default values
applied for circulation pumps in the EPBD-calculation. This explains why CC3 exhibits the highest
operational impact in absolute terms. Furthermore, cooling also represents a substantial share,
as observed in CC2. This is related to the high cooling demand associated with an indoor
temperature of 23°C assumed in the EPBD-calculation. Lastly, significant differences are observed
in the contribution of heating. These are due, on the one hand, to the heating demand (notably in
CC1 and CC3), and on the other hand, to the low efficiency of gas boilers, which are considered as
primary heating system in PS and secondary heating system in CC2 and CC3.
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Figure 1. Total environmental impact, comprising both the embodied and operational impacts, expressed
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Furthermore, the total environmental impact is assessed, ranging from 66 to 235 mPt/m? or
534 to 1,572 kg CO;-eq/m?. Regarding the aggregated score, the operational impact contributes
between 54% and 79%. For GWP, the share of the operational impact is slightly lower, ranging
from 40% to 72%. An important remark is that the EPBD-calculations give a theoretical energy
consumption, which does not necessarily reflect for the actual energy consumption of the
building. In addition, a static electricity mix is employed. A dynamic electricity mix, wherein the
emissions associated with the mix gradually decrease due to an increasing share of renewable
energy sources, will result in a reduced operational contribution. Consequently, the relative share
of the embodied impact is expected to increase.

In both cases, the total environmental impact is the highest for CC1 and the lowest for ALE. In
contrast, a shift in ranking is observed when the results are assessed according to the absolute
score. The impact ranges from 80 to 322 Pt or from 533 to 2,113 t CO,-eq. For both aspects, the
highest impact is observed in CC3 and the lowest in CC1.
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3.2 Embodied impact

This section analyses the embodied impact of the seven study cases, as illustrated in Figures 2 and
3. First, an overview of the total embodied impact per case and the variation across the cases is
given. Subsequently, the contribution of individual building elements is examined in order to
identify the elements that offer the greatest potential for environmental reduction. Finally, the
analysis explores how these impacts relate to the broader building component categories. This
presentation method of the results is incorporated as it reflects the approach employed by
contractors in structuring their bill of quantities.

3.2.1 Total embodied impact

Figure 2 presents the embodied impact per building element, ranging from 30 to 50 mPt/m? or
from 317 to 491 kg COz-eq/m?. The highest impact is observed in CC1 (Figure 2a) and in CC2
(Figure 2b), where the impact is distributed over a relatively smaller floor area. Conversely, ALF
shows the lowest impact, resulting from a combination of low embodied impact and relatively
large GFA. This ranking exhibits a greater variation when the absolute impact is considered. AC
exhibits the highest impact, while CC1 shows the lowest. Additionally, in most cases, the timber-
based buildings perform better than buildings with a solid construction, an observation that is
not apparent when assessing the impact per m? GFA. In the aggregated impact per m? GFA,
however, solid construction appears to outperform timber construction, which is attributable to
the larger floor area of the masonry cases. Only CC3 follows a similar trend, due to the comparable
floor area. Moreover, the land use indicator has a significant influence on the impact of timber
construction, resulting in high aggregated impacts.

3.2.2  Contribution of building elements

Initially, floors contribute most to the total embodied impact, accounting for 35-59%. In timber
constructions, this is primarily due to the slab on grade (23-44%), whereas in solid constructions,
both the slab on grade (8-33%) and the internal floors (20-41%) represent a significant share.
The substantial impact of the floors is primarily due to the concrete slab and floor finishing
materials such as ceramic tiles and vinyl. The high impact of ceramic tiles is due to the high
production impact, while vinyl flooring has a relatively short life span of 15 years, resulting in a
high impact due to the multiple replacements.
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Figure 2. Embodied environmental impact for all cases, categorized by building element. Graph a) shows
the results in mPt/m?, while graph b) displays the impact in kg CO2-eq/m?. The red scatter plot represents
the absolute impact, expressed in Pt and t COz-eq, respectively.
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Secondly, walls also exhibit a considerable contribution to the total embodied impact,
accounting for 15-38%. In most cases, the contribution of external walls (6-17%) is equal to or
greater than that of internal walls (3-21%), with the exception of ALF. This is attributed to the
larger surface area of internal walls compared to external ones. For wall assemblies, the impact
primarily stems from the use of massive structural materials such as calcium silicate bricks or CLT.
However, in the case of external walls, insulation materials, such as PUR applied in OB, can also
contribute negatively to the environmental performance.

Thirdly, windows account for a contribution of 5-22%. This contribution is highly dependent
on the total surface area of the window openings. Moreover, aluminium frames exhibit higher
impacts compared to PVC or timber alternatives, while the use of triple glazing also leads to an
increase in embodied impact.

Roofs additionally contribute for 7-20% to the total embodied impact. Flat roofs, primarily
found in buildings with solid construction, account for 7-17%, with the concrete structure being
the main source of impact. In contrast, timber-based cases are commonly equipped with pitched
roofs, contributing for 10-19%, where the CLT panels represent the most significant contributor.

Subsequently, structural elements such as columns and beams account for 1-15% to the
embodied impact. This contribution is particularly prominent in cases AC and CC3, due to the
extensive use of steel I-sections. Lastly, the contribution of both internal and external doors is
limited, amounting to a maximum of 4%. Although these elements exhibit a relatively high
environmental impact per m?, their total surface area within the cases remains limited.

3.2.3  Contribution of building component categories

Figure 3a and 3b again present the embodied impact per case, but this time categorized by
different building component categories: structure, insulation, interior finishing, and exterior
finishing. The structure contributes for 29-70% of the impact. In most cases, they represent the
largest share among the building component categories. The highest contribution, revelant for
both the aggregated impact and the GWP indicator, is observed in CC1. This can be attributed to
the exposed CLT structure, where no additional finishing materials are applied. In contrast, CC2
is the case with the lowest structural contribution, due to the more pronounced environmental
advantage of timber frame buildings over solid and massive timber construction.
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Figure 3. Embodied impact for all cases, categorized by building component category. The contribution of
each building component category is shown as a percentage of the building’s total embodied impact.
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Interior finishes appear to be the second most significant category in most cases,
contributing between 6% and 47%. Both graphs present similar trends: the highest contribution
is observed in CC2, while the lowest is found in CC1. In CC2, the application of finishing materials
requires additional sheeting and battens to be installed on the timber frame, which, combined
with the vinyl flooring, results in a high overall share. In contrast, CC1 leaves the CLT structure
exposed throughout the building, meaning that only the floor finishing of the slab on grade is
included within this category.

Finally, insulation and external finishes contribute 7-22% and 4-12%, respectively. These two
building component categories show less variation across the cases, with the exception of
insulation in OB and CC3. In these cases, the use of environmentally unfavourable materials such
as PUR results in a significant increase in the environmental impact. A similar effect is observed
for wood fibre boards when considering the GWP indicator.

4. Conclusion

This study assesses the life cycle environmental impact of seven recently constructed non-
residential building and MFHs in Belgium, which differ in typology and construction method. The
building typologies include an office building, a primary school, three childcare centres, an
assisted living facility and an apartment complex. The construction method varies between solid,
massive timber and timber frame construction. The LCA is conducted according to the Belgian
LCA method, and includes both embodied and operational impacts.

Initially, the operational impact is examined. The operational impact ranges from 36 to 185
mPt/m? or 218 to 1,103 kg COz-eq/m?. Various assumptions, including building typologies,
temperature setpoints, and the preparation of hot meals, contribute to substantial differences in
the final energy demand for heating, cooling, DHW, and auxiliary energy. In addition, the total
environmental impact is analysed, along with the share attributed to operational energy use. The
total impact ranges from 66 to 235 mPt/m?, or from 534 to 1,572 kg COz-eq/m?, with the
operational share accounting for 54-79%. The absolute impactis also assessed: results range from
80 to 322 Pt or from 533 to 2,113 t CO,-eq.

Secondly, the embodied impact of the seven cases is assessed, which varies between the
cases, ranging from 30 to 50 mPt/m?. In terms of GWP, the impact ranges from 317 to 491 kg CO,-
eq/m?. The results indicate that floors represent the largest contributor (35-59%) across all
cases. In solid construction, this includes both the internal floors and the slab on grade, whereas
in timber construction, the slab on grade accounts for the majority of the impact. Walls also made
a substantial contribution (15-38%), with external walls generally contributing equally or more
than internal walls. Windows (5-22%) and roofs (7-20%) followed, with flat roofs being
predominant in solid buildings and pitched roofs in timber structures. Additionally, structural
elements such as beams and columns accounted for 1-15% of the impact.

In addition to the contribution of individual building elements, the impact is also assessed at
building component categories level. This analysis reveals that the structure accounts for the
largest share of the impact (29-70%), representing a share of more than 50% in the majority of
cases. This is followed by interior finishes, with contributions ranging from 6-47%, primarily due
to the high impact of the floor finishing materials. Thereafter, insulation (7-22%) and exterior
finishes (4-12%) follow. The findings may serve as a basis for reducing the environmental impact
of buildings by implementing targeted measures on those building elements and building
component categories with the highest environmental contribution.
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