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Abstract: Building carbon footprint analysis is a key instrument for assessing the impact of different
constructions on climate change. Several standards and methodologies are available to calculate the
footprint of buildings, including standards and norms, life cycle assessment (LCA), and dedicated
software tools. The use of BIM software for these calculations is both scientifically justified and very
practical. This scientific publication focusses on the application of a BIM-based research
methodology for the analysis of the carbon footprint of a single-family house. The research process
included the following steps: (i) design of a single-family house with timber frame construction
using Archicad BIM software, (ii) simulation of the building energy performance using the
EcoDesigner Star plug-in, (iii) life cycle assessment (LCA) using the plug-in for Archicad, (iv)
preparation of a second model with traditional masonry construction for comparison, and (v)
comparative analysis of the single-family house models with timber frame and masonry
construction. Analysis of the results highlights significant differences in COze emissions between
masonry and timber buildings and the varying impact of individual elements on the total COze
emissions of the buildings studied. These findings are relevant for future work on sustainable
building design and construction, which aims to minimise negative environmental impacts. The
goal of minimising the cumulative carbon footprint of buildings is critical to achieving the
Sustainable Development Goals and combating climate change.

Keywords: carbon footprint of buildings; single-family houses; timber construction; life cycle
assessment LCA; BIM;

1. Introduction

Today, with increasing environmental awareness and the global need to reduce greenhouse gas
(GHG) emissions, sustainable buildings are becoming a priority for the construction industry [1]. For
this reason, it is possible to calculate the carbon footprint in the design of sustainable buildings, which
is an important tool to assess the impact of construction on climate change [2,3].

This scientific publication is focused on the study of the carbon footprint of single-family houses.
The carbon footprint includes the emissions of carbon dioxide (CO:z), methane, nitrous oxide, and
other GHGs, expressed in CO: equivalent, emitted during the entire life cycle of a building, from the
design and construction phase through operation to the end of its life. The measure of a carbon
footprint is kg CO2e, a kilogram of carbon dioxide equivalent. Different greenhouse gases contribute
to global warming in different ways, and the carbon dioxide equivalent allows emissions of different
gases to be compared on a common scale. This allows us to compare different building solutions,
whole structures and technologies, to choose the ones with the lowest CO2 emissions. It is estimated
that buildings are responsible for up to 40% of global CO:z emissions [4,5]. The aim of the research is
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to understand the impact of different parts of a building's life cycle and the impact of the building's
structural elements on its carbon footprint and to compare masonry and timber frame construction
in terms of their impact on GHG emissions. In the context of the design and construction of residential
buildings, the study of the carbon footprint becomes very important as emissions are still at a high
level and the construction sector is not on a path to decarbonisation by 2050 [6]. Firstly, reducing
GHG emissions is necessary to help mitigate climate change and protect the natural environment [7].
Given that the building sector is one of the main sources of these emissions, it is particularly
important to adopt an environmentally friendly and sustainable approach to the design and
construction of residential buildings [8,9]. Secondly, the carbon footprint study provides an
opportunity to compare different design solutions in terms of their impact on GHG emissions [10].
In the case of residential buildings, the comparison between masonry and timber frame construction
is particularly important, as differences in building materials and manufacturing processes can lead
to significant differences in the carbon footprint. Finally, there is an economic dimension to analysing
the carbon footprint of the design and construction of residential buildings [11,12]. A growing
number of investors and developers are recognising that buildings with a low carbon footprint can
be a source of long-term financial savings through reduced operating costs and energy consumption
[13].

1.1. Building carbon footprint assessment

Several standards and methodologies have been developed to calculate the carbon footprint of
buildings. The most popular methods include: (i) standards, (ii) life cycle assessment (LCA), and (iii)
a dedicated computer software tool.

The assessments are based on ISO 14040 [14] and ISO 14044 [15] standards, which are the key
standards for Life Cycle Assessment (LCA) and are commonly used to measure the carbon footprint
of buildings and building materials [16]. The LCA method is a comprehensive research method that
takes into account all stages of a building life cycle: from raw material sourcing, production,
construction, exploitation, and destruction. [17,18]. The basic elements of LCA are: (1) the
identification and quantitative assessment of the environmental impacts, i.e., the materials and
energy consumed and the emissions and waste released into the environment; (2) the assessment of
the potential impacts of these impacts; and (3) the assessment of the options available to reduce the
impacts. The LCA method is widely used in the study of the carbon footprint of buildings due to its
holistic approach and its consideration of many aspects of the building (Table 1) [19-21].

Table 1. Overview of the available LCA software.

Software Description
OpenLCA is an advanced open source software for Life Cycle
Assessment (LCA) and Environmental Impact Assessment (EIA) of
OpenLCA products and services. It has the advantage of being accessible and
versatile, which makes it widely used in research and industrial

practise [22].

SimaPro is a professional tool that provides a comprehensive
assessment of the environmental footprint of products and
processes. Report Maker is a tool that integrates with SimaPro and

SimaPro + Report

k
Maker allows the creation of advanced reports and visualisations of the
results of the LCA [23].
Tally (GaBi) Tally is a specialised software dedicated to analysis in the

construction sector, mainly in the United States [24].

Umberto LCA+ can calculate carbon footprints, perform LCA
Umberto LCA+ analysis, create EPD declarations, and use the integrated ecoinvent
database [25,26].
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One-Click LCA is an expert package that allows you to split into an
One Click LCALCA module and a Carbon Footprint + EPD. However, the
Product Carbon &functionality of this software is limited to calculating the carbon
EPD Generator footprint. It is integrated with an EPD generator based on the
EN15804 standard [27].

In conclusion, an analysis of five different LCA and carbon footprint calculation tools shows that
there are specialised solutions on the market to meet the needs of researchers, designers, and building
professionals. The variety of tools available, such as OpenL.CA, SimaPro + Report Maker, Tally (GaBi),
Umberto LCA+ and OneClickLCA Product Carbon & EPD Generator, allows the right choice to be
made according to project specifics and user preferences. This diversity ensures that users can carry
out a comprehensive analysis of the carbon footprint of buildings, which is crucial in the context of
today's sustainability and environmental challenges. Whatever the specific needs and expectations,
there are tools on the market that allow such analysis to be carried out professionally and efficiently.
However, these tools have limited functionality for building designers - there is a need to go one step
further and provide a tool to perform assessments at the design and decision stage, e.g., using BIM.

1.2. BIM in assessing the carbon footprint of buildings

The carbon footprint and life cycle assessment of buildings in the design process can be
examined in the present project using Building Information Modelling (BIM) technology. BIM offers
a comprehensive solution by integrating building information into a central model, creating a ‘digital
twin’ of the building, which is under design. [28,29]. In the area of carbon footprint assessment, BIM
software facilitates the handling of data on building materials used in project designs. These data
play a crucial role in the accurate calculation of carbon emissions. It takes into account the
manufacture, transport, and installation of building materials [30,31]. By using BIM software to
design building elements with appropriate materials, it is possible to precisely monitor the influence
of individual building design components on the entire carbon footprint of the building.

Due to increased attention in the field, there are now an increased number of tools available on
the market for computing a structure's carbon footprint. The most accurate and efficient tools are
those that are developed based on a high-precision 3D model of the structure, established using BIM
technology. [32,33]. Integration of these tools enables users to import data from the BIM model,
including building geometry, material information, and energy consumption. This feature makes it
possible to perform a comprehensive carbon footprint analysis [34-36]. Using BIM software, it
becomes feasible to consider all pertinent factors that impact GHG emissions throughout the life of a
building. Additionally, BIM software also offers energy simulation tools to account for energy
consumption during a building [37,38]. Simulations provide data on the GHG emissions related to
heating, cooling and ventilation, facilitating the evaluation of a building's carbon footprint with
respect to its operation. An essential benefit of BIM software is its ability to enable teamwork with
different design and construction crews on a project. In this way, objective information on materials,
energy consumption, and GHG emissions can be collected and updated in real-time. Technical terms
are explained as necessary, and biased language is avoided. A precise and grammatically correct
language variant is employed, adhering to conventional academic standards and formatting.
Through ongoing data analysis, it is possible to identify the areas that have the greatest impact on
carbon footprint, allowing a strategic reduction plan to be developed [39,40].

The use of BIM software to calculate the carbon footprint of buildings is not only scientifically
reliable, but also pragmatic. They offer sophisticated tools for data collection, analysis, and
visualisation, facilitating a deeper understanding of the impact of individual elements on carbon
footprint. This enables informed design and construction decisions to minimise GHG emissions
(Table 2).
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Table 2. Overview of the available software in BIM technology.

Software Description

It is a commonly used assessment tool to measure the
environmental sustainability of construction projects. One Click
LCA can be added to Autodesk Revit, ArchiCAD and SketchUp as
an additional feature. It enables users to perform sustainability
assessments during the design process, considering factors like
building materials, energy usage, and emissions.

One Click LCA

It is an add-on to Autodesk Revit that allows you to explore the

environmental impact of buildings as you design them. It allows
Tally the assessment of various aspects of sustainability, including carbon
footprint, energy consumption, water consumption, materials, and

waste.
It is a cloud-based LCA tool that integrates with BIM software such
as Revit and ArchiCAD. It allows detailed LCA analyses to be
eToolLCD carried out, taking into account various aspects of the building, such
as building materials, energy consumption, waste management, and
greenhouse gas emissions.
It is an LCA tool developed by the Carbon Leadership Forum. It

EC3 (Embodied
( . can be an add-on to BIM software such as Revit, Rhino, and
Carbon in . .
. Grasshopper. It makes it easy to measure the carbon footprint of
Construction o . . . .
building materials, which can help designers choose sustainable
Calculator)

materials and make informed decisions about construction.

2. Materials and Methods

This article analyses the carbon footprint of a single-family house using a BIM-based research
methodology. The analysis was conducted in the following stages:

e  Stage I. Designing a model for analysis, which is a single-family detached house in timber frame
construction, using BIM technology (in Archicad software).

*  Stage II. An energy performance simulation of the building was conducted in Archicad, using
the EcoDesigner Star add-on. Through examination of the building's geometry, materials,
heating and cooling systems, an energy simulation was performed to estimate the energy
consumption over the life of the building (50-year period).

e  Stage IIl. A Life Cycle Assessment (LCA) was conducted using the Archicad add-on DesignLCA
[41]. A simplified approach was employed, which considered modules A1-A3 responsible for
embedded emissions during the product phase, as well as module B during the use phase.

In this step, a detailed material analysis was conducted on the building materials used in the
construction. OKOBAUDAT, a publicly available database in accordance with EN 15804+A2, was
referenced for this purpose [42].

e Stage IV. A second model was analysed, constructed using traditional masonry methods. The
previous stages (I-IlI) were repeated for this secondary model.

® Phase V. A comparative analysis of single-family building models in wood frame and masonry
construction was carried out.

2.1. Analysed single-family house model

The designed building is a single-family detached house without basement. The functional
program of the ground floor includes a garage, a living room with a kitchenette, a bathroom, a
vestibule, and a storage room, while the first floor includes: three bedrooms with a bathroom and a
laundry room. Additionally, a non-utility attic and a part of the garage are considered as space for
sanitary installations (Figure 1). The property provides long-term housing for at least four occupants.
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The rectangular structure features a symmetrical gable roof with a pitch of 40 degrees. The design
evokes the archetype of a ‘modern house” with a gabled roof and a stylish facade in understated hues
(Figure 2).
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Figure 1. [a] Ground floor plan, description of rooms: 101 — Entrance lobby (Entry), 102 — hall, 103 —
bathroom, 104 - living room with kitchen, 105 — utility room, 106 — garage, 107 — technical room. [b]
Floor plan, description of the rooms: 201 — Landing, 202 — bedroom I, 203 — bedroom II, 204 — bedroom
III, 205 — bathroom, 206 — utility room.

Figure 2. Architectural visualisation (project authors: Lukasz Mazur, Katarzyna Furgol, Mariela
Soria).

The subsequent phase of the study involved the use of BIM technology in Archicad to replicate
the energy efficiency of the structure. This application enables meticulous simulation of the energy
evaluation of the intended building via the built-in EcoDesigner Star add-on. The energy assessment
was carried out in Warsaw (Poland), located at 16 Lezakowa Street (52°09'32.0 "N21°05'32.0 "E).
Weather data from the Warsaw Okecie measuring station (52°09'46.0 "N 20°57'40.0 "E), located less
than 10 km from the site, were used.
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2.1.1. Building A - Masonry building

The carbon footprint of masonry construction in the context of detached houses is a complex
issue, stemming from the diverse range of building materials and processes used. Specific factors do
contribute to a larger carbon footprint for masonry construction. In the energy simulation of Building
Model A, the primary energy sources for domestic water heating and home heating were an air
source heat pump, and monocrystalline photovoltaic panels. Additional sources of energy for heating
and cooling were met through electricity (Figure 3, 4).

Monthly energy requirement
~1904.7

e ~1500
Lighting and equipment
B ~1000 83,2 KWhir
) Solar gain
l — T I ~ 500 2849,1 kWhir
Heating
s s s e < essees [ | 10183,8 KWhir

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. [kWh]

0 Permeation
- [ ] b— 11648:5 KWh/r
~500 Infiltration
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~1000 Ventilation
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~1500 Cooling
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Monthly energy emissions

Figure 3. Energy analysis of building A in masonry construction.
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Figure 4. Energy consumption by source in building A in masonry construction: [a] amount of energy,
[b] main source of energy.

Most importantly, the production of building materials used in masonry, such as cement,
concrete, and bricks, is an energy-intensive process that results in significant carbon dioxide
emissions. Manufacturing cement releases large amounts of greenhouse gases, so the building
materials themselves can contribute to a considerable proportion of total CO: emissions while
building a home. Furthermore, brick buildings often demand increased energy usage throughout
construction stages, such as transportation, construction, and material installation. Using heavier
materials when building masonry structures can increase the amount of fuel required for
transportation, leading to higher GHG emissions. The carbon footprint of masonry structures is also
influenced by the thermal insulation used. Masonry structures often need extra insulation for proper
thermal performance. This may lead to the use of more insulation material, which comes with
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environmental costs related to manufacturing and disposal. However, it is important to mention that
the advancement of novel building methods and techniques, such as using lower-emission materials
during the manufacturing process, adopting renewable energy in construction procedures, and
improving energy efficiency in masonry residences, may aid in decreasing the carbon footprint of
single-family masonry homes. To obtain an exact calculation of the masonry constructions, it is
suggested to perform a full life evaluation of the building. This includes the production of building
materials, construction process, use, and dismantling. Such a study would help identify the key
factors that contribute to the carbon footprint of the masonry constructions of individual houses. It
would allow the suggestion of effective tactics to reduce GHG emissions.

2.1.2. Building B - Wooden building

Wooden buildings are important in the calculation of carbon footprints. Wood is a natural
material that has low GHG emissions compared to conventional building materials such as concrete
or steel. This is mainly because wood can store carbon dioxide during its growth period and the
production of wood requires less energy compared to other materials. In the energy simulation of
Building Model B, we used an air source heat pump and monocrystalline photovoltaic panels for
water heating, home heating and cooling. The additional energy sources for heating and cooling are
electricity (Figures 5, 6).

Monthly energy requirement
— . ~—10503
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Figure 5. Energy analysis of building B in wooden construction.
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Figure 6. Energy consumption by source in building B in wooden construction: [a] amount of energy,
[b] main source of energy.
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The environmental impact of wooden buildings must consider every stage of their lifecycle,
starting with timber production and including the GHG emitted from the harvesting of trees and the
transport of the timber. As a building material, wood has the ability to store carbon dioxide, making
its emissions lower throughout the lifecycle of the building. During the use of a wooden construction,
energy usage may be reduced compared to other buildings. This is due to the insulation materials
and design that limit the thermal bridges in the building. This allows for maintaining the comfort of
the building temperature and reducing the energy for heating and cooling systems. This reduces the
GHG emissions that come from a wooden building. However, it is important to consider other factors
when analysing the carbon footprint of wooden buildings, such as the production and transport of
materials used in the wooden structure, including glues and finishes. Furthermore, the assessment of
GHG emissions in relation to a wooden building's life cycle should encompass the demolition and
disposal stages for a precise analysis.

3. Results

3.1. Comparative analysis

A detached house energy study in masonry and wooden construction was carried out to find
the level of CO:2 emissions needed to identify point B6, which is the energy use in the upcoming LCA
analysis. For meaningful findings, both buildings A and B are identical models for this study (Table
3).

Table 3. Dimensional parameters for the building cases studied.

Parameter Building A Building B unit
Masonry building Wooden building

Gross floor area 153,80 139,80 m?2
Usable floor area 113,90 115,70 m?2
Number of storeys 2 2
Number of bedrooms 3 3 units
U-value thermal conductivity
coefficient [W/m?2K]
external walls 0,16 0,17 W/m2K
roof 0,12 0,12 W/m2K
floor on the ground 0,14 0,14 W/m2K
Net heating energy 57,21 41,32 kWh/m?r
Net cooling energy 5,02 12,13 kWh/m?r
Total net energy 62,23 53,45 kWh/m?r
Energy consumption 63,02 54,19 kWh/m?r
Fuel consumption 9,34 9,11 kWh/m?2r
CO2 emissions 2,02 1,97 kg/m?r
Internal temperature
(annual average value)
heated rooms 20,66 21,51 °C
non-heated rooms 14,83 15,32 °C

3.2. LCA analysis

The LCA analysis was carried out according to the EN 15978. The authors used a simplified
methodology for the product phase: Al (extraction of raw materials), A2 (transport to the production
site), A3 (production of the product), and the use phase: B6 (energy consumption). The analysis was
carried out using the Archicad add-in DesignLCA. As part of our research, we analysed the emissions
generated by the building materials used in both Building A (traditional brick construction) and
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Building B (timber frame construction). Emissions associated with building materials contribute
significantly to the total carbon dioxide (CO2e) emissions from buildings. Table 4 provides a
summary of the building materials used in Building A and Building B. Information on the emissivity
of the materials was obtained from the public database OKOBAUDAT, which complies with EN

15804+A2.
Table 4. Emissions produced by construction materials used in buildings A and B.
Embodie
Density d energy c(ljaizb((l)(r; Water
Material Unit 1 g/m3) (1’1\1/3[1]\?1(3 CO2/unit mA3/m"3
A1-3 )

Reinforcing Steel kg 7850 5545 0,47 1,4540
Concrete C20/25 kg/m® 2400 912 178,00 0,7600
Masonry bricks kg/m3 575 1180 113,00 0,1710
KVH cnstruction timber kg/m? 492,92 1124 -767,80 0,2247
External silicone plaster kg 1700 13,79 0,69 0,0219
Internal gypsum plaster kg/m3 1000 87,27 119,40 0,2412
Steel galvanized kg 7850 25,86 2,78 0,0031
Gypsum Fibreboard kg/m3 1180 17,4 1,14 0,0070
Gypsum plaster board kg/m? 10 34,85 1,62 0,0079
Swisskrono OSB kg/m® 614,55 3950 -890,00 0,7980
Solid wood parquet kg/m? 575 87,27 -18,74 0,0230
Aerated concrete P3 kg/m3 380 1263 184,40 0,6385
Sand kg 1 0,03812 0,00 0,0000
Profiled aluminium sheets for roof  kg/m? 2,9 360,3 27,03 0,3715
Stoneware tiles glazed kg/m? 20 100,4 6,18 0,0135
Stone wool aqustic insulation kg/m3 155 1836 196,60 0,4590
Stone wool heat insulation kg/m3 155.0 1836 196,60 0,4590
Extruded Polystyrene (XPS) foam ke/m? 327 7865 5424 03555
board
Air barrier membrane kg/m? 0,1715 15,81 1,18 0,0149
PE foil dimpled kg/m? 1,2 114,7 4,12 0,0161
Humidity variable air and vapour kg/m? 0092 12,53 0.53 0,0035
membrane
Underrf)of membrane reinforced kg/m? 0.14 10,96 0.43 0,0037
PE fabric

In the case of Building B, emissions related to building materials are concentrated mainly
concentrated in the production of wood and insulation materials. As a natural building material,
wood has relatively low COze emissions compared to other materials such as steel or concrete. In
addition, the use of low-emission insulation materials helps reduce the energy used to heat and cool
the building, which has a positive impact on total COze emissions. In the case of Building A, emissions
related to building materials are mainly in the production of cement, which is the main component
of concrete. Cement production is an energy intensive process and is associated with high COze
emissions. Furthermore, emissions from the production of steel, which is used in the structure and
load bearing elements of the building, also contribute to the total CO:e emissions of Building A.

Based on the data in Table 2, it was possible to perform an analysis of the impact of each building
element on total COze emissions. As part of this study, we have broken down the impact of each
element on total COze expenditure, taking into account both the production phase (A1-A3) and the


https://doi.org/10.20944/preprints202309.0916.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2023 doi:10.20944/preprints202309.0916.v1

10

use phase (B6) of the building. The results of our study for each building element are presented in
the following (Table 5).

Table 5. Impact of building elements on the distribution of total COz2e emissions.

. Building A Building B
Construction
Masonry building Wooden building
component
[kg CO2e] [%] [kg CO2e] [%]
Foundations 1045,61 3,69% 1030,86 -103,19%
External walls 9829,70 34,70% 159,75 -15,99%
Internal walls 1307,40 4,62% -754,03 75,48%
Inter-storey floor 4076,31 14,39% -5191,64 519,67%
Roof 1271,73 4,49% 1376,55 -137,79%
Internal installations 2575,00 9,09% 224,00 -22,42%
Stairs 2035,05 7,18% -573,21 57,38%
Windows 5971,84 21,08% 2515,39 -251,78%
Doors 213,30 0,75% 213,30 -21,35%
Global Warming
Potential - total (GWP- 28325,94 100,00% -999,03 100,00%
total)
Total emission 28325,94 5519,85
Excess CO2 accumulation 0,00 -6518,88

The table shows that buildings A and B differ significantly in terms of carbon dioxide emissions
associated with the different construction elements. In Building A, which is a masonry building, the
largest contributors to the total COze emissions are the external walls (9829,70 kg CO2e),, the
windows (5971,84 kg COze) and the ceiling between floors (4076.31 kg COze). On the other hand, in
Building B, which is a timber building, the main contributors to the total COze emissions are:
windows (2515,39 kg COxze), roof (1376,55 kg CO2¢) and foundations (1030,86 kg COze).

The external walls are responsible for maintaining the thermal insulation of the building,
ensuring its structural stability and protecting it from the weather. In the case of Building A
(masonry), the COze emissions associated with this element are 9829,70 kg CO:ze, which represents
up to 34,70% of the total COze emissions of the building. Therefore, external walls are one of the main
elements responsible for the negative environmental impact of masonry buildings. To minimise the
impact of COze emissions associated with external walls, it is possible to use alternative building
materials with a lower environmental impact, such as materials with low CO: emissions during
production. In addition, improved thermal insulation can reduce the amount of energy used to heat
and cool the building, which will have an impact on the long-term reduction of COze emissions.

The roof plays a key role in protecting the building from precipitation, wind, and other external
factors. In the case of Building A (masonry), the COze emissions associated with the roof are 1271,73
kg COze, representing 4,49% of the total COze emissions of the building. Compared to Building A,
the roof of Building B generates lower COze emissions due to the use of wood as a building material,
which has lower COze emissions compared to the traditional building materials used in Building A.
Optimising the COze emissions associated with the roof can include using wood from renewable
sources, minimising heat loss through adequate insulation and considering energy saving
technologies when using materials on the roof.

It should be noted that the CO2e emissions associated with building A are significantly higher
than those of Building B. This means that masonry buildings have a greater environmental impact
than timber buildings, at least as far as the analysed aspect of COze emissions is concerned. However,
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it should be stressed that the impact of individual elements on total COze emissions of the buildings
is related to the use of wood, which absorbs CO:. For example, in Building B, elements such as the
ceiling (-5191,64 COze), internal walls (-754,03 COze) and stairs (-573,21 kg COze) generate negative
emissions and absorb more CO2 than they emit.

In summary, the analysis of the table shows significant differences in COze emissions between
masonry and wood buildings, and the differential impact of individual elements on the total COze
emissions of the buildings studied. These conclusions are relevant for further work on sustainable
design and construction of buildings that minimise negative environmental impacts.

The cumulative energy comparison (expressed in megajoules - MJ) is an important indicator in
assessing the sustainability of buildings. It allows us to compare the total energy consumption
associated with different building materials and construction methods. By comparing the cumulative
energy consumption of two buildings, we can obtain information on the energy efficiency of different
construction approaches (Table 6). This highlights the importance of choosing construction materials
and methods that minimise energy consumption throughout the building life cycle. Choosing energy
efficient materials, exploring renewable energy sources, and implementing energy saving strategies
can significantly reduce the cumulative energy consumption of buildings and promote building

sustainability.
Table 6. Cumulative energy comparison [M]].
Cumulative energy [M]]
Life cycle phase Building A Building B
Masonry building Wooden building
A1-A3 production stage 9 340 581,87 7 936 714,68

A comparison of the cumulative carbon footprint (expressed in kilogrammes of COze) is an
important indicator to evaluate the sustainability of buildings (Table 7). It allows us to compare the
total greenhouse gas emissions associated with different building materials and construction
methods. By comparing the cumulative carbon footprint of two buildings, we can obtain information
on the efficiency of reducing GHG of different building materials and construction methods. This
highlights the importance of choosing low-carbon materials, exploring alternatives such as recycled
materials, and implementing strategies to reduce the carbon footprint throughout the lifecycle of a

building.
Table 7. Cumulative carbon footprint comparison [kg CO2 e].
Carbon footprint [kg CO2 e]
Life cycle phase Building A Building B
Masonry building Wooden building
A1-A3 production stage 28 325,94 -2 019,89

B6 energy consumption
over a 50-year life cycle
Total 46 060,29 8306,73

17 734,35 10 326,62

Comparing total water use is an important aspect in assessing the sustainability of buildings.
Water is a natural resource with limited availability, so it is important to understand how much water
is used by different buildings and construction methods [43,44]. Comparing the total combined water
use of two buildings can provide information on the efficiency of water resources of different
building materials and methods (Table 8). There is a need to develop technologies and strategies to
minimise water consumption in both the production and use phases of buildings. Optimising
production processes, using low-impact materials, and implementing water-saving solutions in
buildings are key to achieving sustainable water use and conserving natural resources.
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Table 8. Cumulative of total water consumption [m3].

Water consumption [m3]

Life cycle phase Building A Building B
Masonry building Wooden building
A1-A3 production stage 2 536,46 2121,80

Table 9. Embodied carbon emission intensity.

Net  Emissions Emissions Emissions
Emission Intensity Intensity Intensity Energy
House type s kg kg kg kWh/yr

kg CO2e CO2e/m2 CO2e/m2/yr CO2e/bedroom
Building - A= Masonry ¢ 06029 299,48 5,99 1535343 94387
building
Building B~ Wooden ¢ 535675 59,4 1,19 2768,91 47,72
building

The carbon dioxide equivalent (COze) is an important indicator for assessing the sustainability
of buildings. It refers to the amount of carbon dioxide emitted per unit area or unit of use of a building.
It measures the energy efficiency and climate change impact of the building. Comparing the intensity
of CO2e of Building A and Building B allows the energy and environmental performance of different
building materials and construction methods to be evaluated. It also highlights the need for further
research and innovation to develop low carbon building solutions that have less impact on climate
change. The drive to reduce the intensity of COze emission is key to achieving sustainability and
environmental protection [45].

4. Discussion

To reduce the negative environmental impact of the construction sector on the development of
single-family homes, the discussion should begin with the size of the homes designed and the
appropriate planning for the needs of future residents [46]. Research by Magwood and Huynh [47]
shows that sensible choices at the design stage deliver the highest CO: reductions. Every construction
project has a negative environmental impact, but by designing and implementing in a sensible and
limited way, it is possible to easily reduce the negative impact. Detailed analyses of house designs by
Arceo et al. [48] indicate that the elimination of only masonry basements in single-family houses can
lead to an average reduction of 56% in total consumption of building materials (in terms of weight)
— which significantly reducing GHG emissions from the atmosphere.

When building a single-family home, it is important to consider the needs of future occupants
when analysing the space. The right design of the living space is important not only in terms of
comfort and functionality, but also in terms of energy efficiency [49] and sustainable development.
Regarding the project analysed (described in the publication), there is approximately 28 m? of living
space per person for a family of 4 (2 parents and 2 children). This size is in line with the
recommendations found in the literature on residential design. According to a study by Bierwirth
[50], who suggested 35 m? per person in EU countries. Research has shown that this size is sufficient
to provide a satisfactory level of comfort while minimising the environmental impact of the building
by reducing the consumption of building materials and energy during operation. At the same time,
the design of an optimal house footprint, i.e. one that does not unnecessarily increase the surface area,
is an important element of sustainable building design. As suggested by Seo and Hwang [51], the
sustainable design of single-family houses should consider both the needs of the occupants and the
environmental impact of the building throughout its life cycle. In their study, the authors showed
that most of the CO2 emissions during the life cycle of a residential building are due to the operation
of the building, accounting for 87-97% of the total CO: emissions.
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Another critical aspect of creating low-carbon homes is the selection of appropriate energy-
efficient building materials. It is important that these materials are not only sustainable and energy
efficient, but also have the lowest possible environmental impact throughout their lifecycle, from raw
material extraction, production and use to recycling or disposal [52,53]. According to Sathre and
O'Connor [54], replacing non-renewable building materials such as concrete or steel with wood can
lead to significant reductions in greenhouse gas emissions. The authors emphasise that wood, as a
renewable material, has significant potential to store carbon, which contributes to reducing overall
CO:z emissions of a building, provided that forests are managed sustainably and wood residues are
used responsibly. However, the use of wood as a building material alone does not guarantee low CO:z
emissions. As shown in a study by Polgar [55], some woods can emit more CO: than others,
depending on the method of production, transport and processing. Therefore, it is important to
consider the entire life cycle of a building material when choosing the most suitable one to build a
sustainable home.

Studies carried out on masonry and timber buildings confirm that the use of renewable building
materials such as wood-based materials, e.g. structural wood, OSB, significantly reduces the CO:
emissions of the building. The use of wood frame construction for external walls reduced CO:
emissions by almost 40%. These results are in line with the trend observed in many other building
studies. According to Gustavsson et al. [56], timber frame buildings actually consume less energy and
emit less CO:z in the atmosphere compared to buildings with concrete structure buildings. The
authors pointed out that wood as a building material can store carbon over the lifetime of a building,
which contributes to reducing carbon dioxide emissions into the atmosphere. Werner and Richter
[57], who highlighted in their study that wood as a building material has an overall favourable profile
of the CO:z emission profile throughout the LCA cycle.

Low-carbon building design should include not only the careful selection of appropriate
building materials, but also a holistic energy analysis of the building's use over at least the next 50
years [58,59]. This is important because it is the energy use of a building that accounts for most of its
total life cycle CO2 emissions. According to a study by Ramesh et al. [60], 80-90% of the energy
consumption depends on its operation. This long-term analysis allows for the careful design and
selection of appropriate energy sources. The introduction of efficient heating and cooling systems, as
well as the use of renewable energy sources such as solar or wind power, can contribute significantly
to reducing CO2 emissions [61]. For example, in studies by Feist [62,63], a passive building can use
up to 90% less energy for heating than a standard building. Choosing such solutions not only
improves energy efficiency, but also allows for a significant reduction in usable and final energy
demand [64-66].

5. Conclusions

The aim of this paper is to provide a holistic view of the carbon footprint and resource
consumption in the context of single-family homes. Using advanced research tools, including
Building Information Modelling (BIM) technology, a detailed analysis of individual structural
elements was carried out and their impact on the whole life cycle of the building was assessed. The
research process was complemented by a Life Cycle Assessment (LCA) and an Energy Performance
Audit to estimate COze emissions and total energy consumption over the life of the building.

The study compared two building models, one masonry and the other timber frame. By
analysing the CO:2 emissions generated during both the manufacturing process (stages A1-A3) and
the use of buildings (stage B), the study was able to identify the key factors influencing the carbon
footprint. We confirmed that timber structures have a significantly lower carbon footprint than
masonry structures, demonstrating their greater sustainability. Equally important was the
comparison of total energy consumption for both types of buildings. By using the DesignLCA life
cycle analysis software, we were able to accurately calculate the energy consumption (in MJ units).
The results confirmed the superiority of the timber construction, which is characterised by a lower
energy consumption during operation and thus has a positive impact on the environment. Aiming to
minimise the cumulative carbon footprint of buildings is key to achieving sustainability goals and
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mitigating climate change. However, the research did not overlook another important natural
resource - water. Although our research focused mainly on COze emissions and energy consumption,
the analysis of water use was an important complement to our research, highlighting that water use
during construction is an important element.

As a result, this scientific publication provides valuable information and conclusions for the
scientific community, design and construction professionals, and decision makers in the selection of
residential building structures. The research results can contribute to the promotion of greener and
more sustainable building solutions, which is extremely important in the context of climate change
and environmental protection. Further research in these areas can contribute to the development of
knowledge on sustainable construction and provide practical tools and guidelines for designers,
investors, and decision makers to make more informed decisions on the construction of eco-efficient
and energy-efficient buildings.
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